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Introduction: The 2018 Global Dust Storm 

(GDS) has been observed on Mars from the surface 

and from orbit. Recent modeling efforts of the 2018 

GDS highlight that climate models do not simultane-

ously capture both the evolution of surface tempera-

tures, semi-diurnal tide amplitude, and the decay rate 

of global column dust opacities, which suggests that 

significant changes in dust particle sizes may occur 

during the dust storm (e.g., [1], [2]). These models 

typically assume a constant lifted dust particle size—

with size evolution occurring in the atmosphere but 

only because of gravitational sedimentation. For 

instance, simulations with sufficiently large particles 

sizes to produce reasonable decay/sedimentation 

rates also produce excessive infrared radiation at the 

surface, with excessively warm surface temperatures 

during peak dust loading (Fig. 1). 

 
Figure 1. Diurnal max and min surface tempera-

tures near the Curiosity lander site with various con-

stant lifted dust particle size. 

 

One possible way to improve the agreement be-

tween the simulations and the observations is to 

allow the dust particle sizes to change more signifi-

cantly in time and/or space during the simulated 

GDS.  Particle size evolution toward larger radius 

during GDSs is supported by several observations 

(e.g., [3], [4]). Different mechanisms could take 

place during dust storms to shift the dust particle 

distribution towards a larger effective radius, includ-

ing: (1) the lifted particle size at the surface could 

change due to different active reservoirs or due to 

depletion of small particles as the storm increases in 

intensity and (2) the particle size in the atmosphere 

could change more significantly due to Brownian 

coagulation (production of large particles by the 

collisions induced by Brownian motions of the parti-

cles in the gas and subsequent sticking together of 

small particles), or gravitational coagulation (accre-

tion through sedimentation; [5], [6], [7], [8]).  Previ-

ous 1-D studies have explored the impact of coagula-

tion processes and concluded that coagulation only 

affects smaller particles (<0.1 micron) and only 

changes dust opacities by a few percent during dust 

storms (e.g., [5]).  We have previously explored this 

with a GCM and found that it allowed for a better 

decay phase with smaller particles [9].   

Here we use the NASA Ames Mars Global Cli-

mate Model (MGCM) to investigate these processes 

during the 2018 Global Dust Storm. We build our 

investigation upon the previous modeling of the 

GDS performed with a uniform lifted effective parti-

cle radius [1]. That study revealed that the dust num-

ber density during the dust storm is ~10 times higher 

than during non-storm conditions, and should thus 

favor coagulation processes. We will show how 

these mechanisms impact the evolution of particle 

sizes, dust distributions, surface and atmospheric 

temperatures, and tidal components throughout the 

GDS.  

 

Methods: The NASA Ames MGCM is a global 

climate model with Mars physics partially developed 

for the Legacy Mars GCM over the past few decades 

(e.g., [10]), and the FV3 dynamical core from 

NOAA/GFDL [11]. The FV3 dycore uses a cubed-

sphere horizontal grid which avoids the converging 

meridians problem by remapping six faces of a cube 

to a sphere. Horizontal and vertical resolutions are 

highly variable.  Here we use 24 grid cells per cube 

face side, and 28 vertical layers. This corresponds to 

a horizontal resolution of approximately 240 km 

with a model top at approximately 0.05 Pa. Aerosol 

tracers are assumed to have log-normal distributions 

and are represented using the two-moment method, 

tracking mass and number. 

Multiple dust modes. Terrestrial dust lifting is 

typically modeled using multiple modes (e.g., [12], 

[13]). Bimodal dust distributions have been suggest-

ed for Mars while climate models typically use sin-

gle modes to represent dust. Observations suggest 

that the number density of the small mode is 25-100x 

higher than the large mode, while the mass of the 



 

 

small mode is 1-50x less than the large mode ([7], 

[8], 14], [15]).  

In this study we present a self-consistent model 

for multiple modes of dust. Each mode is treated as a 

separate tracer, tracking mass and number for each 

mode. The mass fraction of dust in each mode that is 

lifted is an input parameter, from which the amount 

of dust lifting is calculated so that the simulated dust 

column opacity follows the observations (Daily 

Global Dust Maps, [2]). Although these modes are 

treated independently for advection and sedimenta-

tion, there are physical processes where the modes 

must be considered simultaneously, including the 

total dust opacity for radiation and coagulation rates. 

The total dust extinction of a layer of atmosphere is 

               . Where A0 = πN0Rs
2
, the total 

cross-sectional area of dust particles (N0 is the num-

ber mixing ratio), Qext is the extinction efficiency, 

and      is the thickness of the layer. First, the 

mass and number moments of each mode are con-

verted to a 20-bin normalized number density distri-

bution, ni. The total extinction efficiency (and other 

optical properties) are calculated by multiplying, for 

each bin, Qext,i*ni (assuming Mie scattering) and 

performing a summation over bins [10]. In order to 

find the combined contribution to optical properties 

from all modes, ni is scaled by A0,i/A0,tot, the total 

cross-sectional area of each mode divided by the 

total cross-sectional area of all modes, and an addi-

tional sum over modes is performed to find the nor-

malized number density weighted by cross-sectional 

area of each bin. An example of these distributions 

for varying fractions of a 0.3 μm mode and 3.0 μm 

mode is shown in Figure 2. 

 
Figure 2. Normalized number density weighted 

by cross-sectional area of each bin (ni*A0,i/A0,tot). 

This illustrates how the radiative transfer sees the 

lifted bimodal distributions for a 0.3 μm mode and 

3.0 μm mode with 1%, 5%, 20%, and 50% small 

modes. 

 

The coagulation combines the particle number of 

all modes to a single multi-modal distribution over 

bins then calculates coagulation rates according to 

equations from [16]. Following the coagulation rate 

calculation, the total distribution is split back into the 

original modes according to the original fraction of 

number for each mode to the total. 

 

Results: We have performed simulations of the 

Mars Year 34 global dust storm with bimodal dust 

lifting of a 0.3 μm mode and a 3.0 μm mode with 

varying fractions of small and large modes. We 

compare these results to a default simulation using a 

single dust mode with an effective radius of 3.0 μm. 

The model is run following the Mars Year 34 dust 

climatology from [2] at 9.6 μm. The model is typi-

cally warm started from a spun-up phase, and we 

analyze results from the period of the year surround-

ing the global dust storm. 

Mean dust opacity. We show the mean dust opac-

ity for the latitudes 50° S to 50° N in Figures 3 and 4 

for various dust scenarios compared to the reference 

climatology. Figure 3 shows the mean dust opacity 

in the reference infrared (IR) band at 9.6 μm, while 

Figure 4 shows the ratio of the reference visible 

(VIS) band at 0.67 μm to the reference IR band. 

 
Figure 3. Latitudinal mean (50° S to 50° N) IR 

dust opacity for single mode (with and without co-

agulation), reference climatology, 5% small mode, 

and 20% small mode with and without coagulation. 

 
Figure 4. Latitudinal mean (50°S to 50°N) 

VIS/IR opacity ratio for single mode (with and with-

out coagulation), 5% small mode, 10% small mode, 

and 20% small mode. 

 

The model IR dust opacity is constrained by the 

reference IR dust map, and the model largely follows 

the reference opacity for most of the year except for 

the peak of the dust storm for the single mode case 

as well as the bimodal cases. However, coagulation 

must be considered in the bimodal cases or else the 



small mode will not sediment at a sufficient rate and 

will lead to unrealistic dust loading and slower storm 

decay phase than observed. Lifting a modest amount 

of the small mode of dust can dramatically increase 

the VIS/IR opacity ratio compared to a single large 

mode, and can also impact the amplitude of the 

change in ratio over the annual cycle. 

Equatorial zonal mean temperature. Lifting the 

small mode dust allows dust to reach higher altitudes 

in the atmosphere, as seen in Figure 5. This shows 

the dust mass mixing ratio (ppm) difference between 

the bimodal lifted dust and the single lifted mode 

during the global dust storm at Ls=210° with the 

mass streamfunction difference between the two 

cases overlayed. The bimodal case has significantly 

more dust aloft compared to the single mode case. 

This might be attributed to the rising branch of the 

Hadley cell in the bimodal case being able to lift up 

the smaller mode of dust more effectively. The effect 

of the increased dust mass aloft is apparent in the 

equatorial zonal mean temperature vertical time 

slices. Figures 6 and 7 show the equatorial zonal 

mean temperature versus time for a single dust mode 

of 3.0 μm (Fig. 6) and difference between a bimodal 

lifted dust distribution of 0.3 μm and 3.0 μm at 20% 

small mode and a single 3.0 μm mode (Fig. 7). 

 
Figure 5. Zonal mean dust mass mixing ratio dif-

ference between bimodal lifted (0.3 μm and 3.0 μm 

dust, 20% small mode) minus single lifted 3.0 μm 

dust mode at Ls=210°. The zonal mean mass 

streamfunction difference is overlayed. 

 
Figure 6. Zonal mean equatorial temperature for 

single lifted 3.0 μm dust mode. 

 

 
Figure 7. Zonal mean equatorial temperature dif-

ference between bimodal lifted (0.3 μm and 3.0 μm 

dust, 20% small mode) minus single lifted 3.0 μm 

dust mode.  

 

Using the bimodal dust distribution for lifted dust 

tends to increase temperatures at higher altitudes, 

while decreasing temperatures near the surface. This 

is especially strong during the global dust storm that 

begins around Ls=190°, where 10 Pa temperatures 

are ~10 K warmer in the bimodal case during this 

period (Fig 7).  

REMS temperature comparison. A key factor in 

the hypothesis for evolving particle sizes is the 

REMS surface temperature observations during the 

global dust storm [17]. During onset of the global 

dust storm there is a sudden drop in the diurnal sur-

face temperature cycle amplitude, and a gradual 

recovery during the decay phase. A single constant 

dust mode cannot reproduce the daytime surface 

temperature drop at the onset, while smaller particles 

do not sediment quickly enough during the decay 

phase (Fig. 1) and do not match observations of dust 

particle sizes (e.g., [4]). 

 
Figure 8. Diurnal max and min surface tempera-

tures for REMS, and GCM near the Curiosity land-

ing site for single mode, and 5%, 10%, 20% small 

mode. 

 

Figure 8 shows the diurnal max and min surface 

temperatures from REMS, compared to the GCM 

near the Curiosity landing site for a single 3.0 μm 

mode, alongside 5%, 10%, and 20% small modes. 

Including a small mode to be lifted with a large 



 

 

mode has a significant impact on the surface temper-

ature diurnal cycle, while not dominating the mass of 

dust in the atmosphere. Following the global dust 

storm, the large mode tends to sediment more rapidly 

than a single small mode, while the small mode 

removal is assisted by coagulation creating larger 

particles. The model does not replicate the REMS 

surface temperatures precisely. However, the dis-

crepancy between the dust climatology map and 

Curiosity dust opacity is well-documented [2], and a 

modified map may lead to a closer match. 

Semi-diurnal tide response. The semi-diurnal 

(S2) tide calculated from the pressure observations 

from the REMS instrument is significantly impacted 

by the bimodal lifting of dust. Unlike the surface 

temperature which is highly dependent on local 

parameters such as albedo, thermal inertia, and the 

dust vertical distribution, the S2 tide is more respon-

sive to global forcing. A comparison between the 

simulated and observed S2 tide is shown in Figure 9. 

 
Figure 9. Semi-diurnal tide comparison between 

observed, single lifted 3.0 μm dust mode with and 

without coagulation, and bimodal lifted (0.3 μm and 

3.0 μm dust, 20% small mode) simulations. 

 

The observed S2 tide appears to be a reliable ap-

proximation of the migrating S2 tide which is a ro-

bust measure of the globally-integrated aerosol 

thermal forcing, particularly during the decay of the 

storm after Ls=205°.  This is a consequence of the 

meridionally broad and vertically deep character of 

the dominant Hough function (from classical tide 

theory) excited by globally distributed aerosol heat-

ing. The migrating diurnal tide estimate appears to 

be sensitive to the vertical distribution of dust, which 

depends on the lifted particle size distribution.  As 

shown in Figure 9, the bimodal dust case fits the S2 

tide response better than the single constant dust 

mode cases. 

 

Conclusions: We have demonstrated the sensi-

tivity of the climate to the inclusion of a second, 

smaller mode of dust. Using a self-consistent bimod-

al dust lifting scheme with a minor fraction of a 

small mode leads to an improvement in areas such as 

the diurnal surface temperature cycle during the 

global dust storm. Dust tends to be lifted through a 

deeper column in the atmosphere, and the surface 

temperatures reflect the smaller particles. The ob-

served tides at MSL will also be an important basis 

for evaluating our simulations of evolving particle 

size, as the tidal response has been shown to be sen-

sitive to vertical dust distribution, and thus the lifted 

distribution. Future work will constrain model pa-

rameters such as the effective radii of modes and the 

fraction of each mode lifted by performing compari-

sons to observations. Observations of atmospheric 

temperatures, brightness temperatures, dust particle 

size retrievals, or indirect indications of the particle 

sizes such as the VIS/IR dust opacity ratio. 
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