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Further investigations of dust lifting at different locations and different times are also 

important. Simulation of the south polar region throughout the whole year should help 

determine if the thermal contrast of the polar cap always plays a significant role, or if other 

forces are dominant in other seasons. Simulations of dust lifting in other locations should 

also provide insight into which forcing mechanisms are important for generating high wind 

stresses in those locations. 

Investigation of dust lifting by other processes, especially by dust devils, is another 

large avenue of future research. High-resolution simulations, where dust devils are actually 

resolved, present opportunities to define their triggering conditions as well as their dust 

lifting potential. Using this information, studies similar to Chapter 4 can be undertaken 

where the locations and occurrences of dust devils are examined. 

The modeling of local dust storms, both by proscribing a pre-existing local dust storm 

and investigating its evolution, as well as trying to model the creation of local dust storms, is 

a ripe area of investigation. Understanding how a local dust storm grows into a regional or 

global storm can be aided by the combination of mesoscale and general circulation models. 

While these are only general outlines of avenues of research, they present a clear picture 

of the wide range of possible future investigations. The problems described above would 

obviously have to be more narrowly defined, and some projects divided into smaller, an­

swerable parts, before they could ask the questions capable of being answered. However, it 

is clear that the beginning of a better understanding of the dust cycle is possible, both with 

the rosy prospect of many near-future missions to Mars, as well as the availability of tools 

with which to analyze their data. 
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Appendix: Detailed Description of Model 

Conversion 

A.l Introduction 

This appendix describes changes of the MM5 modeling system in order to apply the 

model to Mars (the Mars MM5). The PSU/NCAR Fifth-Generation Mars Mesoscale 

Model (MM5) is extensively documented in A Description of the Fifth-Generation Penn 

State/NCAR Mesoscale Model (MM5) [Grell et al. , 1994], A Description of the Fifth­

Generation Penn State/NCAR Mesoscale Model (MMS) [Haagenson et al., 1994] and 

PSU/NCAR Mesoscale Modeling System Tutorial Class Notes and User's Guide: MM5 

Modeling System Version 3 [NCAR, 2000]. At the time of writing, all of these docu­

ments, and additional descriptions, as well as the source code, are available at the website: 

http://www.mmm.ucar.edu/mm5/mm5-home.html. Here only the changes from the terres­

trial version of the model as presented in those documents is described. 

The model consists of two major portions: 

• the "preprocessing" packages which are responsible for the definition of the experi­

mental domain, as well as the generation of boundary and initial conditions; 

• the numerical model integration of the fluid dynamic and ancillary equations. 

The preprocessing step consists of several individual programs that progressively gener­

ate the necessary information. The entire modeling system is schematically shown in 

Figure A1, including in this case the general circulation model (GCM), which provides 

the context into which the Mars MM5 is embedded, and is responsible for generation of 
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boundary and initial conditions. 

In the following sections changes to the modeling system as compared to the terrestrial 

version are described in the order in which the individual components are executed. One 

should compare Figure A1 with Figure 1-1 of PSUINCAR Mesoscale Modeling System 

Tutorial Class Notes and User's Guide: MM5 Modeling System Version 3 [NCAR, 2000]. 

A.2 TERRAIN 

This is the first step to be executed in both the Martian and terrestrial versions. In the 

terrestrial version, the code is responsible for the definition of a number of basic domain 

properties. Initially the code defines the structure of the domains, including the number 

of grid points in both X and Y horizontal directions, the map projection and orientation 

of the domains (which provides the definition of X and Y previously mentioned, which 

need not be strictly latitude and longitude), and the grid point spacing (and hence model 

domain area). At this point in the processing only the two-dimensional surface definitions 

are constructed. 

Next input maps of topography are interpolated to the newly defined model domains, 

as well as assignment of categorization of land use type (this specifies for each land use 

category a thermal inertia and albedo of the soil, soil moisture availability, and surface 

roughness length) for every grid point. In the Martian version of program all of the above 

processing is done, but the values will be overwritten with those generated in the next 

processing step (MARSTERRAIN). 

Because there is no restriction on the placement of grid points, and the fact that the 

Coriolis parameter is dependent on latitude, the Coriolis parameter at each grid point needs 

to be calculated, and is done at this step. In the Martian version of this program, the value 

of the radius and the rotation rate of Mars are used instead of the terrestrial values. Martian 

values are taken from Kieffer et al. [1992]. 
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Figure A1 : Flow chart of the MM5 modeling system. The white boxes represent original 
elements of the terrestrial MM5 system that are retained with modifications. Red boxes 
represent new additions to the Martian version. Blue boxes represent elements not used in 
the current Mars MM5 system. Yellow boxes represent unimplemented data manipulation 
packages. This figure is comparable to Figure 1-1 of PSUINCAR Mesoscale Modeling 
System Tutorial Class Notes and User's Guide: MM5 Modeling System Version 3 [NCAR, 
2000]. 
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A.3 MARSTERRAIN 

The MARSTERRAIN program provides the definition of surface properties appropriate for 

Mars instead of those defined for the Earth in the previous preprocessing step. The need 

for an independent MARSTERRAIN program arises from the fact that the use of "land 

use categories" is inappropriate for Mars. There exist high resolution gridded maps of 

topography, albedo, and thermal inertia for Mars. It was deemed easier and more robust to 

avoid use of the intermediate terrestrial data archive format, which necessitated the writing 

of an interpolation scheme. 

The topography dataset used in this work was the full pole-to-pole latitude-longitude 

gridded 1/16°map produced by the Mars Orbiter Laser Altimeter team [Smith et al., 1999]. 

In the polar regions, a polar stereographic projection of the topography dataset, also pro­

vided by the Mars Orbiter Laser Altimeter team [Smith et al., 1999], was used. In both of 

these cases, ingestion of this datasets into the model only required interpolation onto the 

chosen model domain. 

For the albedo and thermal inertia fields, no single global map existed. In both of these 

cases, separate equatorial-to-mid-latitude maps (60° S to 60° N) existed from Viking data 

[Palluconi and Kieffer, 1981; Pleskot and Miner, 1981]. In addition, in the polar regions, 

maps of albedo and thermal inertia were taken from Vasavada et al. [2000]. Recently an 

equatorial-to-mid-latitude map of thermal inertia provided by the Thermal Emission Spec­

trometer [Mellon et al., 2000] was added. For both albedo and thermal inertia, depend­

ing upon the definition and extent of the domain, some combination of the polar and/or 

equatorially-centered maps is used. Particular attention was paid to the merging of the 

datasets to reduce edging effects. In all cases, there has been an attempt to correct for 

atmospheric effects. 
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A.4 REGRID 

The MMS is an embedded model, which means by definition it requires forcing by bound­

ary conditions and a specification of initial conditions. In the terrestrial version, this is 

provided by assimilated gridded objective analyses (such as National Centers for Environ­

mental Prediction (NCEP) and European Centre for Medium Range Weather Forecasting 

(ECMWF) reanalyses), which result from the ingestion of radiosonde and satellite data 

into assimilation models. Obviously, such datasets are not available for Mars. Instead, out­

put from the Geophysical Fluid Dynamics Laboratory (GFDL) Mars General Circulation 

Model (GCM) is used. REGRID requires global fields to be ingested in a specific data 

format. This format is specified in terms of the inclusion of header information, tags, and 

the actual meteorological field data. A further requirement is that the three-dimensional 

input meteorological field data must be on constant pressure surfaces. This is done in the 

terrestrial version by a ancillary program called PREGRID, which needs to be run only 

once for any given global dataset, and takes the global reanalyses and puts them on con­

stant pressure surfaces, and writes the output in the intermediate data format needed by 

REGRID. PREGRID is not useful for the Martian version, since it is hardwired for specific 

terrestrial datasets. Instead, a new piece of code (GCM2MM5) was written to convert the 

GCM output into the REGRID intermediate data format. For the Martian version, this code 

also passes along the subsurface temperature fields, as well as surficial ice (both water and 

C02) amounts. 

REGRID is primarily responsible for taking the global datasets, cropping them to the 

size of the model domain, and horizontally interpolating the atmospheric variables to the 

domain grid points. This horizontal interpolation is done on the constant pressure sur­

faces. In the Martian version, the three-dimensional fields interpolated are temperature, 

winds, specific humidity, and dust tracer amounts. The two-dimensional surface fields 

defined in the previous preprocessing steps are passed along without modification. New 
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two-dimensional surface fields (surface temperature, surface pressure, surface ice amounts, 

and the subsurface temperatures at twelve different layers) are generated in this step by the 

interpolation of the GCM fields. 

This code is only slightly modified from the terrestrial version. The biggest modifi­

cation is in the definition of the calendar, which is specified in the terrestrial version by 

the format "YYYY-MM-DD _HH : MM: s S . f f f f ." This was form was unsuitable for the 

Martian version, and was replaced with the format "yy-DDD_HH: MM: SS. f f f f f f f f ." 

This definition of calendar time is used throughout the rest of the modeling system from 

this point on. The only other modification was that pressure levels in the terrestrial ver­

sion were required to be specified as integer values in Pa. At high levels in the Martian 

atmosphere, such a definition is unsuitable, and so real values of pressure were allowed. 

A.S RAWINS/little_r 

An optional preprocessing step included in the terrestrial version is RAW INS I 1 itt 1 e...r. 

This program allows inclusion of radiosonde data for assimilation into the model integra­

tion. This preprocessing is not necessary for the generation of model initial or boundary 

conditions, but the ability to assimilate observations is a useful capability. In the Mar­

tian version, this step is skipped, but could conceivably be used in the future to assimilate 

surface weather station or orbiter data. 

A.6 INTERPF 

The MM5 model uses a terrain-following sigma coordinate in the vertical. Sigma is defined 

as 
P(z)- Ptop 

(I = ____;:......:.._ __ ...:... 
Psurf- Ptop 

(A.l) 
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where Pis the pressure at the given location in the atmosphere, Ptop is the specified pressure 

of the model top, and Psurf is the pressure of the surface at the given location. INTERPF 

is used for vertical interpolation of the three-dimensional meteorological fields from the 

constant pressure levels to these sigma levels. Interpolation is done by converting both 

the constant pressure levels and the sigma levels to a height grid, and then interpolating 

with respect to height. Upon completion of this program, boundary conditions and initial 

conditions are generated, and written to file. The initial conditions populate a domain 

identical to that of the model while the boundary conditions only populate the model walls. 

Modification of INTERPF from the terrestrial version was the most extensive of all 

the preprocessing steps. It essentially required modification of definitions and physical 

constants. Specific definition and physical constant changes include: 

• R, the atmospheric gas constant, is changed to 192 J K- 1 kg- 1 [Zurek et al., 1992]. 

• g, the value of gravitational acceleration at the surface, is changed to 3.711 m s-2 

[Kieffer et al., 1992]. 

• ep, the heat capacity of the atmosphere at constant pressure, is changed to 

770 J K- 1 kg-1 [Touloukian and Makita, 1970]. 

• P0 , the reference surface pressure (i.e., mean pressure at 0 m altitude), is changed to 

the average GCM equatorial surface pressure. This is because the definition of the 

MOLA 0 m altitude surface is the mean of the equatorial altitudes [Smith et al., 1999]. 

This value is primarily used in the calculation of potential temperature necessary for 

vertical interpolation schemes. 

An additional modification not implemented in the terrestrial version was the adjust­

ment of surface pressure. The input topography is generally at much higher resolution than 

the GCM input fields. As such, the surface pressure may be appropriate to a height different 
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from the elevation at the given mesoscale model grid point. Therefore, the GCM derived 

surface pressure is interpolated to the actual elevation of the mesoscale model grid point. 

A.7 INTERPB and NESTDOWN 

The programs INTERPB and NESTDOWN are used to create boundary and initial conditions 

for the MM5 from previous MM5 simulations, including generation of embedded higher­

resolution domains ("nests"). These codes are documented in the tutorial but have not been 

used to date for the Mars MM5. It is not anticipated that these codes would require any 

modification for use with the Mars MM5 system. 

A.S MMS 

The MM5 is the core of the mesoscale modeling system. It contains the machinery to nu­

merically integrate the fluid dynamical equations and ancillary equations. The model is ex­

tensively described in A Description of the Fifth-Generation Penn State/NCAR Mesoscale 

Model (MM5) [Grell et al., 1994], A Description of the Fifth-Generation Penn State/NCAR 

Mesoscale Model (MM5) [Haagenson et al., 1994], and Dudhia [1993]. It is this compo­

nent of the system that has been most heavily modified. 

Flow charts showing the organization of the model are provided in Figures AI , A2, and 

A3 of A Description ofthe Fifth-Generation Penn State/NCAR Mesoscale Model (MM5) 

[Haagenson et al., 1994]. Briefly, it consists of initialization procedures, a time-integration 

section that drives the physical parameterizations, and procedures that handle output. 

A significant difference between the Martian and terrestrial versions of the model is in 

differences in the length of day. This has two implications: one, the diurnal cycle of solar 

forcing must be driven in cycles of a Martian day (88775.2 s [Kieffer et al., 1992]), and 

two, "hourly" sampling of the model for output must be generated at intervals of 3699 s 
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rather than 3600 s . Philosophically, there are two approaches that could be taken with re­

spect to the model clock. First, the definition of a second could be changed to be 1186400 

of a Martian day. However, this is problematic, because all fluxes (and anything dependent 

upon time) are calculated as rates of change in SI-defined seconds. This could be resolved 

by changing physical constant definitions to use a "Martian second," but this seemed exces­

sively complicated, prone to error, and would require conversion of output meteorological 

fields back into their SI-equivalents for comparison to any other datasets. Second, the def­

inition of length of day and fractions thereof for the purposes of output could be changed, 

while holding the second to its SI definition. This is vastly simpler, and was the chosen 

option. 

Many physical constants are defined and used throughout the model. These were 

changed as follows: 

• R, the atmospheric gas constant, is changed to 192 J K- 1 kg- 1 [Zurek et al. , 1992]. 

• g, the value of gravitational acceleration at the surface, is changed to 3.711 m s-2 

[Kieffer et al., 1992]. 

• ep, the heat capacity of the atmosphere at constant pressure, ts changed to 

770 J K- 1 kg- 1 [Touloukian and Makita, 1970]. 

• l4xanet• the planetary radius, is changed to 3389.92 krn [Kieffer et al. , 1992]. 

• n, the planetary rotation rate, is changed to 7.0776 x w - s s-1 (= 27r/(88775.2 s)) 

[Kieffer et al. , 1992]. 

• P0, the reference surface pressure (i.e., mean pressure at 0 m altitude), is inherited 

from the value calculated in the program INTERPF described above. 

The terrestrial version of MM5 possessed a description of the progression of seasons 

and the diurnal cycle that was hardwired to the Earth. This was replaced by a generalized 
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orbital code that provides a time-evolving description of the intensity of solar insolation 

and the diurnal cycle of sun angles for each grid point. The orbital parameters (obliquity, 

eccentricity, argument of perihelion) appropriate to Mars were included to produce a de­

scription of the Martian year and day. The code is as implemented in the GFDL Mars GCM 

[Wilson and Hamilton, 1996]. As with most of the Martian physical parameterizations used 

in the Mars MM5, the fact that the Mars MM5 subroutines are directly derived from rou­

tines in the GFDL Mars GCM guarantees consistency in the representation of physical 

processes that assists in compatibility of the Mars MM5 simulations with the GFDL Mars 

GCM forcing. 

The workhorse of the model is provided by the forecast routine, SOLVE. This subrou­

tine embeds all of the physical parameterizations, and the numerical integration. This is the 

component of the MM5 that has been most heavily modified. The governing equations and 

the numerical approach to their integration are exhaustively documented in Chapter 2 of 

A Description of the Fifth-Generation Penn State/NCAR Mesoscale Model (MM5) [Grell 

et al., 1994, pp. 1-15]. These fundamental routines that deal essentially fluid dynamics 

and discretization have not been modified. 

SOLVE is the main driver for the physical parameterizations within the model. The 

implementation and ordering of the physical parameterization subroutines is illustrated in 

Figure A2. In the following section, the modified subroutines will be described in the 

order shown in this figure. The figure also shows subroutines that have been switched 

off because they provide either data assimilation (not currently used) or representation of 

physical processes inappropriate to Mars (i.e., cumulus parameterizations). These will not 

be discussed. 

The presence of dust tracers in the model required the modification of subroutines deal­

ing with advection, diffusion, and radiation. For advection and diffusion, the implemented 

routines to treat water transport (in its various phases) were extended to include transport 

of dust. Additionally, some parameters relating to total dust amount and dust injection rate 
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Figure A2: Schematic description of the forecast step in MM5 model. The gray boxes 
represent original elements of the terrestrial MM5 system that are unchanged, but extended 
to include dust tracers. Red ·boxes represent replacements of code in the terrestrial version 
with code appropriate to Mars. Blue boxes represent elements of the original terrestrial 
version turned off in the current Mars MM5 model. This figure is comparable to Figure A3 
of A Description of the Fifth-Generation Penn State/NCAR Mesoscale Model (MM5) [Haa­
genson et a/., 1994 ]. SOUND is the subroutine that considers sound waves. FDDA is an 
acronym for Four-Dimensional Data Assimilation. 
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need to be specified in the run script used to initiate model integration. Dust is injected into 

and removed from the model in a subroutine added just before the radiation subroutines. 

Sedimentation is treated using a simple analytic formula that represents fall times based 

on the assumption that terminal velocity is readily attained. The equation is as given by 

Haberle et al. [1982] and appropriate for particles 0.6 and 2.5 J-Lm, the two particle sizes 

treated by the model. Dust injection is treated by simply adding a fixed amount of dust of 

both particle sizes in each times step for which the lowest model level for any grid point at 

which the ground temperature exceeds the lowest level air temperature by 22 K. The flux 

of dust injected in each time step is constant and independent of location. 

A.8.1 Longwave Radiation 

The MM5 longwave radiation scheme was removed and replaced with the scheme im­

plemented in the GFDL Mars GCM. This longwave scheme treats radiation in two broad 

bands associated with absorption and emission by dust and by C02 . The dust scheme is 

described in detail by [Haberle et al., 1982] and uses an emissivity approach (defining an 

effective emissivity for an atmospheric layer based on the amount of dust in that layer). 

The C02 scheme builds a transmission matrix appropriate to the 15 J-Lm C02 band in the 

strong Lorentzian line limit and then uses the matrix to propagate radiation. The scheme is 

that of and fully described in Goody and Belton [1967]. 

A.8.2 Shortwave Radiation 

The MM5 shorwave radiation scheme was also removed and replaced. Again, the imple­

mented Martian schemes are the same as those used in the GFDL Mars GCM. Absorp­

tion of solar radiation by C02 in near-infrared bands is treated with a simple analytic for­

mula developed by Houghton [1963] and as implemented by Burk [1976]. The treatment 

of dust interactions with radiation in the visible considers the full scattering and absorp-
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tion processes. A two-stream delta-Edctington code is used as fully described by Briegleb 

[1992]. Dust properties (single-scattering albedo, asymmetry parameter, etc.) are taken 

from Clancy and Lee [ 1991]. 

A.8.3 Subsurface Heat Diffusion 

Surface temperatures are calculated with a surface heat balance model that is called from 

within the boundary layer subroutine. Two of the three schemes included in the terrestrial 

model were either too complex (involving detailed treatment of surface vegetation and soil 

moisture availability, clearly inappropriate for Mars) or too simple (only one layer). The 

third scheme was appropriate, but did not extend deep enough to capture the annual wave. 

For consistency with the GCM, a fourth option (which is the default in the Mars model) 

was added that uses an implicit integration over 12 subsurface layers that extends to a depth 

of2m. 

The physical constants used in the subsurface heat ctiffusion scheme are: bulk density 

of surficial soil, Pgraund• 1500 kg m- 3 [Christensen and Moore, 1992]; specific heat of soil, 

c, 837.2 J kg-1 K-1 [Wechsler and Glaser, 1965]; and latent heat of sublimation of C02 , 

Lco2 , 5.9 x 105 J kg-1 [Paige, 1985]. 
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