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Background: As the atmosphere becomes less dense with altitude, collisions between particles become
increasingly rare. This change in the length of the average distance particles travel between collisions as compared
to the density scale height also changes the equations which we use to describe this region of the atmosphere,
forcing a shift from fluid equations to a particle kinetic model.

I. Background and Objective

x

Problem: Fluid model assumptions break down in the upper atmosphere
• Less frequent collisions require additional terms to be included in the

fluid equations
• These modifications become increasingly computationally expensive

and complex [3]

Objective: create a unified model of the atmosphere from 32 km
altitude through the exosphere.
• Couple a fluid model of the lower atmosphere – TIME-GCM – with a

particle model of the upper atmosphere - MONACO
• Ensure both models output the same values in overlapping regions
• Initiate two-way coupling: both simulations exchange information

about their current state Fig 1. The Knudsen number (𝐾𝑛), mean free path 
divided by density scale height, for different solar 
conditions. The transition region (0.01 < 𝐾𝑛 < 10), 
where infrequent collisions disrupt the equilibrium of 
the gas, encompasses the upper thermosphere 
through the lower exosphere.

III. Direct Simulation Monte Carlo (DSMC) Particle Model
Advantage: DSMC models solve the Boltzmann equation while avoiding the 
high computational expense of direct integration [1]. No need to make 
assumptions about the velocity distribution of particles [3]. 

Requirements [3]:
• Time step < mean collision time
• Cell dimension < mean free path
• Dilute gas for which the ratio of the interparticle spacing to the particle 

size is at least ~7 
• A small number of simulation particles is used to represent the full number 

of particles in the atmosphere

Fig 3. DSMC algorithm. A grid of cells is formed 
and populated with particles. The particles are 
propagated forward in discrete time steps. The 
process then repeats [2].

Fig 4. Only particles within the same cell (i.e., within one mean free path) are chosen for 
collisions. Figure from [5].

IV. DSMC Exospheric Model
Exospheric particle model
• A DSMC algorithm is being adapted to function as a 

model of the exosphere 
• The grid of 3-dimensional cells begins at 362 km and 

forms 36 spherical layers (“shells”) that extend radially 
outward

• Forces that govern the motion of particles: 
gravitational, Coriolis, centrifugal, & collisional

Fig 5. A scale visual of the model shell 
heights. Output is reported from 400 km to 
19940 km.

Left: Fig 8. A 
“cubed-
sphere” grid 
forms each 
layer of cells.

Outputs
• Collision rate
• Mean free path
• Mass density
• Number density
• Pressure
• Translational, rotational, & 

vibrational temperature
• Velocity in x, y, z directions
• Species: O, N2, He, & H

V. Coupling to TIME-GCM

DSMC model lower boundary initial conditions 
• Initial conditions are derived from TIME-GCM, a fluid model which extends from 32 km to an altitude ~500 km, 

depending on solar activity [6].
• The DSMC model takes output from TIME-GCM at 362 km, where the ratio of the mean free path of constituents 

to the DSMC grid separation is ≤ 1 for both solar minimum and maximum conditions.

Fig 10. The DSMC model results diverge from the diffusive 
equilibrium  state dictated by the properties of the upper 
boundary of TIME-GCM.

Fig 9. While the number density of N2, O (a), and He in TIME-GCM and the DSMC 
model agree well at 400 km, the number density of H (b) has up to a 30% difference 
between the two models at that altitude, requiring further investigation.

II. Significance
• Provide a coupled, physical description of the upper atmosphere and exosphere, significantly extending the

upper boundary of TIME-GCM.
• Improve accuracy in projecting drag affecting the orbital trajectories of spacecraft and debris, minimizing

spacecraft maneuvers and decreasing the risk of collisions [7].
• Provide a better understanding of atmospheric escape without assuming a Maxwellian distribution of particles

and a collisionless exosphere (e.g., [4]).

VI. Future Steps
• Allow exiting ballistic particles to

reenter the model upper boundary
• Examine the accuracy of the model

at higher altitudes which may be
lacking due to the low number of
simulation particles

• Perform 2-way coupling
1. Ensure parameters (especially

diffusion coefficients, viscosity
coefficients, and density)
match at regions where the
simulations overlap

2. Determine how to feed
information from the DSMC
model back into the upper
boundary of TIME-GCM

Fig 7. Number of simulation particles in each cell of the simulation grid for a total 
number density simulation. The structure of the cubed-sphere grid (below) is 
visible.  

Fig 6. The collision rate of particles is one output of the DSMC model.Left: Fig 2. Applicability of equation sets to an 
atmospheric regime based on Knudsen number. 
Modified from [1]. 
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