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Introduction: Previous recent entries at Mars, 
like Pathfinder, Mars Exploration Rovers (MER) 
and Phoenix, were ballistic and therefore had smaller 
downrange distances between entry and touchdown 
compared to the Mars Science Laboratory (MSL) 
guided entry. See Figure 1. Consequently “hand-
crafted” vertical profiles of the atmosphere at the 
landing site, tailored for the expected conditions on 
the day of entry by individuals, were sufficient for 
the trajectory simulations used to design the earlier 
missions. 

 

 
Figure 1.  Comparison of entry trajectory down-
range versus altitude for MER, MSL and the Phoe-
nix Lander normalized at an altitude of 40 km.  

 
MSL, however, faces several different challenges 

that require alternative methods for atmosphere 
modeling.  The first challenge is that the increase in 
range covered during the entry as compared to the 
ballistic missions does not allow the use of a single 
vertical density and wind profile for accurate entry 
simulations. Second, the MSL guided entry has 
much higher sensitivities with respect to timeline 
and altitude margins than previous lander missions. 
The guided entry allows for landing within 10 km of 
a target so many of the proposed landing sites are 
located in landscapes that offer much more challeng-
ing local atmosphere effects near critical events like 
parachute deploy than has been experienced in pre-
vious missions. Additionally, much of the entry se-
quence relies on sensed triggers that are also highly 
sensitive to atmospheric conditions.  

Monte Carlo trajectory simulations are relied on 
heavily to characterize entry, descent and landing 
(EDL) margins (e.g. propellant, timeline, altitude, 

etc.) by accounting for all known uncertainties.  Un-
certainties that are typically modeled include aero-
dynamics, mass properties, reaction control system 
thruster performance, parachute drag, and initial 
delivery and knowledge states and attitude errors.  
However one of the largest uncertainties at Mars is 
the highly variable and sparsely sampled atmos-
phere.  In order to meet the demands of the MSL 
EDL design, the engineers evaluating the entry per-
formance of the vehicle have teamed with atmos-
pheric scientists to develop models of density and 
wind profiles at all potential MSL landing sites. 
These scientists develop models at all spatial scales 
from very large scale global circulation to regional 
or mesoscale models to small scale Large Eddie 
Simulations.  

This paper describes the implementation of 
mesoscale atmosphere models through the use of the 
engineering Mars Global Reference Atmosphere 
Model (MarsGRAM)1 interface in MSL EDL per-
formance simulations.  MarsGRAM contains density 
and wind perturbation models that can be easily 
tuned to match desired characteristics. The 
mesoscale models selected for MSL are briefly de-
scribed as is the process for reducing the large 
amounts of mesoscale data into a MarsGRAM simi-
lar format such that the MarsGRAM perturbation 
models can be used.  Finally a discussion of the re-
sults of the mesoscale model implementation and the 
EDL design implications of those results are pro-
vided.  
 

Mesoscale Implementation: The standard at-
mosphere model in the MSL Program to Optimize 
Simulated Trajectories2 (POST2) entry and descent 
6DOF simulation is MarsGRAM 2005. It is fully 
integrated into the structure of the simulation code 
and design engineers are familiar with the mathe-
matical models it uses to apply atmospheric pertur-
bations. For this reason, the existing MarsGRAM 
structures and functionality were retained and util-
ized to simplify the implementation of the mesoscale 
model data.  POST2 also has the capability to read in 
multidimensional tables of atmosphere data.  It is the 
combination of these features that allows for ease of 
the mesoscale data implementation.   

The MarsGRAM mean density is a function of 
latitude (φ), longitude (θ), altitude (h), Julian Date of 
entry, and local time from entry (t) and is based on 
information from the NASA Ames Mars Global Cir-
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culation Model (GCM) in the altitudes of interest for 
MSL.  The perturbed portion, also a function of φ, θ 
and h, includes a random part (R(t)), the one sigma 
density perturbation (σGCM) and a perturbation scale 
factor (rpscale).  The MarsGRAM equation for den-
sity is shown in Equation 1.   

 
ρ(φ,θ,h,t) = μGCM(φ,θ,h,t)  +  

  R(t)*σ GCM (φ,θ,h,t)*rpscale      (1) 
 
In the nominal case, rpscale is equal to one. POST2 
was modified to allow the MarsGRAM variables of 
μGCM, σGCM and rpscale to be provided as tables in-
stead of single values. Therefore, Equation 1 be-
comes   

 
     ρ(φ,θ,h,t) = μ(table)  +  

  R(t)*σ MGCM (table)*rpscale(table)     (2) 
 
Replacing the MarsGRAM mean and sigma values 
with the mesoscale mean and sigma tables yield 
Equation 3. 
  
     ρ(φ,θ,h,t) = μMeso_ρ(φ,θ,h,t)+ 
                                          R(t)*σ Meso_ρ (φ,θ,h,t)    (3) 
 
Where the perturbation scale factor, rpscale, is de-
fined as 
 

(4) 
 
 
The equations for the horizontal and vertical winds 
are similar, though vertical winds are not considered 
at this time. This method provides the flexibility for 
EDL design engineers to tune models and test the 
robustness of the entire system to atmosphere varia-
tions using POST2 simulations.  

At the time of the release of this paper, two me-
soscale models were evaluated and incorporated into 
the performance simulation for MSL.  The models 
include: 1) Mars Mesoscale Model 5 (MMM5)3 de-
veloped at Oregon State University and 2) Mars Re-
gional Atmospheric Modeling System (MRAMS)4 
developed at the Southwest Research Institute. Pre-
liminary analysis of the two models suggested that 
MMM5 and MRAMS produced comparable results.  

Entry trajectories at all of the potential landing 
sites identified at the time of the release of this paper 
(See Table 1) have been simulated using both the 
standard MarsGRAM atmosphere as well as the two 
mesoscale models, MMM5 and MRAMS. To sim-
plify the large quantities of mesoscale data to be read 
into the EDL performance simulation it was decided 
that the initial evaluation of the landing sites would 
consider only vertical profiles along the entry trajec-
tory.  Because the trajectory slows as it approaches 
the ground, more vertical profiles should be selected 
near the landing site. For example, consider the 

nominal ground track at the Nili Fossae Trough site 
based on the MarsGRAM atmosphere.  See Figure 2. 
Vertical profile locations were selected at the lati-
tude and longitude of entry 1 km apart for 10 km on 
each side of the landing site to account for dispersed 
cases. Vertical profiles are 4 km apart to ~100 km 
uptrack and 10 km apart beyond.  Vertical profile 
resolution includes samples every 10 meters from 
the surface to 1 km, every 100 meters from 1 km to 
10 km and every 500 meters from 10 km above the 
surface to the top of the mesoscale model (~40 km).   
 
Table 1.  Potential MSL Landing sites 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rpscale(table) =  
σMeso_ρ(φ,θ,h,t) 

σMGCM(φ,θ,h,t) 
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Figure 2.  Latitude and Longitude of the nominal 
MSL trajectory using MarsGRAM atmosphere at 
Nili Fossae Trough site.  Red dots denote locations 
for vertical profiles along the trajectory.  Black x 
denotes nominal landing location. 

 
The mesoscale models were then queried at each 

of the vertical and horizontal points. The means and 
standard deviations of the temperature, pressure, 
density, and winds were calculated over 5 hours sur-
rounding the expected entry local solar time for five 
to 20 sols around the expected entry date. The means 
and standard deviations were converted to a POST2 
tabular format. The standard deviations were then 
used to calculate the MarsGRAM scale factors (i.e. 
rpscale and rwscale) as shown in Equation 4. Fi-
nally, the MSL EDL performance simulation was 
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executed using, as the atmosphere model, a multi 
dimensional (e.g. function of longitude and altitude) 
linear interpolation between the vertical profiles of 
mesoscale tabular data. It should be noted that pres-
sure and density were linearly extrapolated in natural 
log space above the maximum altitude of the 
mesoscale models (~40 km).  Temperature was held 
constant above the top of the mesoscale model 
where as the winds and wind perturbation scale fac-
tors (rwscale) were set to 0 m/s and the density per-
turbation scale factor (rpscale) was set to one.    

Figure 3 shows the MarsGRAM nominal Nili 
Fossae Trough altitude profile versus longitude plot-
ted over the MRAMS mean density vertical profiles.  
The topography at the site is also plotted in the fig-
ure.  Despite the variable terrain just before arrival in 
the vicinity of Nili Fossae, the highly dense atmos-
phere is not encountered until the spacecraft is di-
rectly above the landing site.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Altitude versus longitude for the nominal 
MSL trajectory using MarsGRAM atmosphere at 
Nili Fossae Trough site plotted over mean MRAMS 
queried vertical density profiles.   
 

Results: Once the tables of mesoscale data were 
generated and incorporated into the performance 
simulation, the MarsGRAM perturbation process 
was applied to the mesoscale standard deviation to 
produce atmosphere perturbations in the Monte Car-
los simulations for MMM5 and MRAMS. The 
Monte Carlo simulations used for this analysis con-
sisted of 2000 POST2 dispersed trajectories. Output 
parameters such as parachute deploy opening loads 
and touch down footprints allow EDL design engi-
neers to assess the impact of the various atmosphere 
models on the overall EDL system level perform-
ance when all other dispersions remain unchanged. 

Figure 4 shows a histogram of the altitude at 
parachute deploy for the three atmosphere models at 
the Nili Fossae Trough.  The MarsGRAM simulation 
has a 25 m/s engineering wind in addition to the per-
turbed winds to test the robustness of the system. 
Therefore, it is expected that, for most parameters of 
interest, the mesoscale results should remain 

bounded by the MarsGRAM results.  The mesoscale 
results are also based on a smaller dataset which 
have smaller dispersions and are likely to be less 
conservative than MarsGRAM.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

MarsGRAM  
MMM5 
MRAMS

Figure 4.  Histogram of the altitude at parachute 
deploy for 2000 perturbed MSL entry trajectories 
from each atmosphere. 
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In fact for almost all of the performance metrics 

considered for MSL, the mesoscale models are 
bounded by MarsGRAM.  One notable exception is 
the parachute opening loads shown in Figure 5.  For 
MRAMS the mean opening loads are almost 10% 
higher than MarsGRAM values.  The reason for this 
is the mesoscale Mach numbers at parachute deploy 
are lower than nearly a third of MarsGRAM values 
where as the dynamic pressures remain about the 
same.  See Figure 6.   

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 5.  Histogram of the parachute opening 
loads for 2000 perturbed MSL entry trajectories 
from each atmosphere. 
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Another metric for comparing the three atmosphere 
models is the final touchdown location relative to the 
target.  A footprint of the results is shown in Figure 
7. Figure 7 shows that by touchdown, both MRAMS 
and MMM5 produce similar results and that those 
results are completely contained within the Mars-
GRAM tail wind results.   
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Figure 6.  Mach number versus dynamic pressure at 
parachute deploy for 2000 perturbed MSL entry 
trajectories from each atmosphere model. For clar-
ity the MarsGRAM results are divided into headwind 
and tail wind ellipses. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.  Nili Fossae touchdown footprint. Latitude 
versus longitude at rover touchdown for 2000 per-
turbed MSL entry trajectories from each atmosphere 
model. 

 
It should also be noted that, in an effort to ensure 

that the characteristics of a self-consistent atmos-
phere in both time and space were not compromised 
in the averaging process, a three dimensional analy-
sis was also performed.  This analysis confirmed that 
the two dimensional and three dimensional methods 
gave nearly identical results. Therefore, it was con-
cluded that the two dimensional method, which 
greatly simplified the model implementation, will be 
sufficient for the initial landing site evaluation. 

Additionally, the comparison of the model land-
ing site footprints at other candidate landing sites 
produce results similar to that shown for Nili Fossae. 

 
Conclusion: A method has been developed that 

allows for the MSL-specific atmospheric density and 
wind profiles to be combined with the engineering 
perturbation model of MarsGRAM. This capability 

is being used in the evaluation of potential MSL 
landing sites. Results to date show that MarsGRAM, 
without this new capability, produce results that en-
compass the MSL-specific atmosphere results. The 
most significant exception is parachute loads, where 
using the MSL-specific atmospheres produce higher 
loads.  Current plans are to continue to use both the 
standard MarsGRAM and MSL-specific density and 
wind characteristics for EDL analysis and landing 
site evaluations.  

Due to the lack of observed data to fully validate 
models of the atmosphere at Mars, EDL design en-
gineers are forced to use engineering models.  To 
ensure system robustness for unknown unknowns, 
the engineers must currently identify very conserva-
tive bounding cases.  However, the availability of 
atmosphere models based on large quantities of ob-
served, real time data, along with highly accurate 
initial conditions, might enable more of Mars to be 
explored with lower risk.  
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