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predicted by some of the models and is largest in the exospheric region above 500 km. Note also 

that aerodynamic models such as the Semi-Empirical Satellite Accommodation Model (SESAM) 

are constrained by aerodynamic data but that this data has thus far been limited to altitudes below 

500km [Pilinski et al., 2013a]. Figure 1c and 1d demonstrate the discrepancies in atmospheric 

neutral densities between various atmospheric models computed along the paths of two satellites 

flying at 800 km and 600 km respectively. The differences between models can reach as much as 

100%. It has long been understood that a significant amount of these model discrepancies are 
caused by 

assumptions made 

about satellite drag 

coefficients during 
the construction of 

those models. 

Furthermore, 

the region of the 

atmosphere near 

and above 500 km 

is critical both 

scientifically and 
operationally. It is 

the source of 

material diffusing 

up into the Space-

Atmosphere-

Interaction-Region 

(SAIR), it is where 

many important 

geodetic satellites fly, and it is where much of the LEO space-debris and resident space object 

population shares space with critical NASA (A-train Earth Observation satellites, etc.), military 

(DMSP etc.), and commercial (Iridium etc.) assets (see Figure 2). Collision prediction in this 

region of space is strongly dependent on uncertainties in atmospheric drag modeling which is 

tied both directly (through CD) and indirectly (through atmospheric model construction) to 

assumptions made about gas-surface interactions on spacecraft surfaces. Although it is true that 
orbit perturbations like solar radiation pressure are generally higher than the magnitude of the 

satellite drag force above ~500 km, satellite drag is still the most variable of the two 

perturbations and the one which leads to more sporadic orbit prediction errors for example. 

The dependence of atmospheric solutions on gas-surface interactions has been described by 

multiple authors [Cook 1965, Nier et al. 1974, Imbro et al. 1975, Moe and Moe 2005, Pilinski et 

al. 2010, 2013a]. Several researchers have attempted to address the problem by basing satellite 

aerodynamic models on hyperthermal experiments but many of these studies have been hindered 

by the lack of knowledge about the actual surface conditions on the satellite. In particular, 
adsorption of reactive atmospheric species has been theorized to change the nature of the gas-

surface interaction in earth orbit and to cause uncertainties in the specification of satellite 

aerodynamics and atmospheric densities. Previously discussed discrepancies between observed 

aerodynamics and laboratory investigations [Moe and Moe 2005] resulted from lack of control of 

the atmospheric surface contamination including adsorption caused by the atomic beam itself. 

Figure 2: Regions of satellite concentrations, atmospheric model 

uncertainties, and atmospheric composition. 
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Predicting Collisions: Conjunction Assessment

• Collision Probabilities (Pc) determine 
the threshold for operational action

• General Assumptions

– Two spheres

– Gaussian probability distributions

• Pc is the “integral of the combined 
positional error distribution (C) within 
the tube swept out by the relative 
motion of the primary with respect to 
the secondary (vm) given a combined 
hard body radius (ra)” (Cerven 2015)

From Cerven 2015 (AAS 15-571)

10cm to few meters

100’s of meters to few km
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Conjunction Assessment

• To do well at CA

– Need accurate initial state vector (position and velocity)

– Need accurate orbit forecast (24-72 hrs)

– Need for uncertainty specification (Hejduk and Snow 2018)

• Satellite drag has a significant impact on Pc of LEO objects via 
orbital forecasting

– Combined positional probability distribution

– Estimate of relative positions

• With the growing numbers of RSO’s, number of warnings 
based on Pc is starting to be “not actionable”
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Aerodynamic Drag Acceleration
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Aerodynamic Drag Acceleration
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Atmospheric Physics Properties

Solar EUV Solar Wind

Drag Coefficient (CD)
Physics

Attitude and External 
Geometry

Spacecraft Mass



Aerodynamic Drag Scaling
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Air Density
(400 km altitude)

A/m CD V2 aD (FD) Dist. 
Traversed 
in 90 
minutes

Work 
Done by 
Drag (90 
minutes)

Change in In-
Track Position 
after 24 hours
(vs. no drag)

LEO satellite 
(solar max)

2.7 x 10-12 kg/m3 0.01 m2/kg 2.5 6.4x107 m2/s2 2.12x10-6 m/s2

(0.02 μg)
4.3x107 m 9,120 J 160 km 

(21 seconds)

Bike Ride 
(10 mph*)

1.0 kg/m3 0.005 m2/kg 0.8 20 m2/s2 0.04 m/s2

(4000 μg)
2.4x104 m 76,800 J -

* … or 5 mph ground speed with 5 mph headwind



Thermospheric Influence on Satellite Orbits 
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Thermospheric Influence on Satellite Orbits 

13

E=(−GmM)/(2a)

Energy

Semi-major axis and 
orbital period

Mean-motion

2 a2001

2 a2003



Thermospheric Influence on Satellite Orbits 
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Thermospheric Influence on Satellite Orbits 
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Free-Stream Properties
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Doornbos, 2010

Most probable thermal velocity

Speed ratio

low atmospheric temperature Ta

high atmospheric temperature Ta

Speed ratio and shape/orientation drive the ratio of low-incidence to 
high-incidence interactions 



Aerodynamic Forces
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𝐹𝐷 =
∆𝑝

∆𝑡

𝐹𝐷~ 𝑐1 𝑠 𝐴𝑛𝑖𝑉𝑖 𝑐2 𝜃𝑖𝐸𝑖 …  𝑚𝑖𝑉𝑖

𝐹𝐷~𝑐1 𝑠 𝑐2 𝜃𝑖𝐸𝑖  𝐴 𝜌 𝑉𝑖
2

𝐹𝐷~𝐶𝐷 𝐴 𝜌 𝑉𝑖
2

length of N2 molecule is 
~0.0003 μm 

SEM of solar panel surface 
(Skurat et al.)

FDBulk Flow



Drag Coefficients in LEO: An Emerging Picture

• Scattering from real “engineering” materials can be 
represented by a broad (backscattering) component 
and a quasi-specular component with incomplete 
tangential momentum accommodation

• The more cosine-like component is not necessarily  
related to thermal desorption (although 
adsorption/desorption is occurring)

• Tangential momentum accommodation (and normal 
energy accommodation) appears to be higher for 
Helium than for AO 
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Thermospheric Space Weather and Orbit Prediction
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Thermospheric Space Weather and Orbit Prediction
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Orbit Sensitivity to Density Perturbations

Anderson et al., 2009 (JSR), DOI: 10.2514/1.42138 
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24 Hour Orbital In-Track Error at 400km
Circular Orbit, CHAMP cross sectional area and mass

Values scale with satellite A/m; CubeSat effects might be 10x higher

• Multiple-scales can affect the satellite 
trajectory in different ways

• However, that doesn’t mean some 
scales are not impactful to satellite drag 
(due to multi-scale processes indirectly 
driving behavior across the spectrum)

• Whether an effect is impactful or not 
depends on the specific user
• Satellite Geodesy: mm-cm
• Relative Positioning or station 

keeping: meters
• Ground antenna pointing: 

kilometers
21



Satellite Drag Record and Aeronomy
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Phenomena discovered or studied using 
satellite drag

– Semiannual variation

– Helium bulge

– Geomagnetic storm response

– Long-term thermospheric cooling

– …



Evaluating Nowcast and Forecast Driver Mapping
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Evaluating Nowcast and Forecast Driver Mapping
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CAFE (MSIS-DA)

IDEA (TIEGCM-DA)
TIEGCMGPI

NRLMSISE-2.1

CAFE (MSIS-DA)

IDEA (TIEGCM-DA)
Issued Kp

Data Assimilation (DA) Nowcast Driver Database and Validation

(Model - SwarmA)/SwarmA

Examples of Estimated and Issued Drivers



Evaluating Nowcast and Forecast Driver Mapping
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Evaluating Nowcast and Forecast Driver Mapping
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SWARM-A SWARM-B* GRACE-FO

MSIS-2.1 14% - 22% 17%-25% 16%-23%

CAFE 6% - 12% 7% - 11% 6% - 10%

HASDM 3% - 9% 4% - 10% 4% - 9%

2014*-2025 Drag Dissemination Tool Validation
log-normal standard deviation of orbit effective densities

2014*-2025 Data Assimilative Drivers (CAFE)



HASDM, Another Aside
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Data can be accessed at:
• HASDM

https://sol.spacenvironment.net/Hasdm_database/
• MSIS-DA and Drag Visualization

https://swx-trec.com/cafe/

https://sol.spacenvironment.net/Hasdm_database/
https://sol.spacenvironment.net/Hasdm_database/
https://sol.spacenvironment.net/Hasdm_database/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/


Evaluating Nowcast and Forecast Driver Mapping

S107
50 x QEUV

F107



Density Equivalent Power Index (DA Kp)
Issued Kp

K
p

Day Since Storm Onset

Issued and Observed Drag

Power at storm peaks underspecified

Power after recovery overspecified
• Improve model physics (post storm cooling)
• Implement NO cooling index/observations



Machine Learning and Forecast Mapping
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Andong Hu, SWxTREC



Machine Learning and Forecast Mapping
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Andong Hu, SWxTREC



IDEA (TIE-GCM) Forecast Experiments: Definitive Drivers
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Observed

“Predicted” = Observed

72-Hour “Forecast” using 
Definitive Drivers:

EDDYDIF:  Fixed
NO Beta2: Fixed

Eric Sutton, SWxTREC



IDEA (TIE-GCM) Forecast Experiments: Definitive Drivers
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Observed

“Predicted” = Observed

72-Hour “Forecast” using 
Definitive Drivers:

EDDYDIF:  Variable
NO Beta2: Fixed

Eric Sutton, SWxTREC



IDEA (TIE-GCM) Forecast Experiments: Definitive Drivers
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72-Hour “Forecast” using 
Definitive Drivers:

EDDYDIF:  Variable
NO Beta2: Temperature 
  Dependent

Observed

“Predicted” = Observed

Eric Sutton, SWxTREC



IDEA (TIE-GCM) Forecast Experiments: Definitive Drivers
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72-Hour “Forecast” using 
Definitive Drivers:

EDDYDIF:  Variable
NO Beta2: Temperature 
  Dependent
Kp Bounds: Expanded
Geomag F’cst: Hp30

Eric Sutton, SWxTREC



Real-World Forecast Example
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Density Equivalent Power Index (DA)
Nowcast Issued Ap
Forecast Ap



Real-World Forecast Example
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Density Equivalent Power Index (DA)
Nowcast Issued Ap
Forecast Ap

Energy input (output) specification
• Interface physics/coupling
• Energetics
• Parametrizations
• Model physics

Energy input forecasting
• Solar wind plasma propagation
• Solar and solar-wind 

observations / properties
• Event detection
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• Thermospheric weather has a significant impact on satellite orbits in LEO

• A multidisciplinary problem, the community has a lot of work to do!

• Some ongoing efforts include

– Publicly/Commercially available assimilation schemes for thermospheric ND

– Better utilization of existing on-orbit data like POD

– Improvement in atmospheric model-physics and coupling

– Improvements in drag coefficient physics

– Solar wind forecast improvements using ML and other techniques

– Characterization of impacts to on-orbit assets mpilinski@spacewx.com



Satellite Atmospheric Drag
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Upper 
Atmosphere

(Heliophysics/Aeronomy)

Aerodynamics
(Gas-Surface Interactions)

Orbital 
Mechanics

Satellite
Drag



CAFÉ DA Process
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CAFE DA Process
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Assimilated Data Spatial Information
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Observability of Driver Estimates
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Observability of Driver Estimates
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Assimilated Data Temporal Information
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Satellite 1 (OA)

Satellite 2 (OA)

…

Satellite N (OA)

POD Sat. 1

…

POD Sat. N

Solar Occultation

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Days Elapsed since Epoch à



Assimilation Data, Examples

46

200 km 330 km 610 km

Days Since 2017-08-16

(post-fit)

(apriori)

(post-fit)

(apriori)

(post-fit)

(apriori)

x-bars indicate integration time 
span (fit-span)

y-bars are the assumed errors



Drag Coefficients in LEO: An Emerging Picture

• Scattering from real “engineering” materials can be 
represented by a broad (backscattering) component 
and a quasi-specular component with incomplete 
tangential momentum accommodation

• The more cosine-like component is not necessarily  
related to thermal desorption (although 
adsorption/desorption is occurring)

• Tangential momentum accommodation (and normal 
energy accommodation) appears to be higher for 
Helium than for AO 

47



Satellite Drag Record and Aeronomy
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Phenomena discovered or studied using 
satellite drag

– Semiannual variation

– Helium bulge

– Geomagnetic storm response

– ETA

– Thermospheric Winds

– Long-term thermospheric cooling

– …



Importance of Satellite Drag
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Model Construction

• Orbit-Average Drag

– Jacchia and 
Jacchia-Bowman

• Orbit-Average and 
Accelerometers
– NRLMSIS

– DTM

Model Validation and 
Tuning

• TIE-GCM

• GITM

• CTIPe

• WAM-IPE

Assimilation

• HASDM

• IDEA

• …other

Examples



Drag Environment and Data Assimilation

0.0 0.10 0.20

Calibration Atmosphere with Forcing Estimates

CD

Subset of Analytical Drag Coefficient Models Evaluated for Spheres



Free-Stream Properties

51

Doornbos, 2010

Most probable thermal velocity

Speed ratio

low atmospheric temperature Ta

high atmospheric temperature Ta

Speed ratio and shape/orientation drive the ratio of low-incidence to 
high-incidence interactions 



Aerodynamic Forces
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𝐹𝐷 =
∆𝑝

∆𝑡

𝐹𝐷~ 𝑐1 𝑠 𝐴𝑛𝑖𝑉𝑖 𝑐2 𝜃𝑖𝐸𝑖 …  𝑚𝑖𝑉𝑖

𝐹𝐷~𝑐1 𝑠 𝑐2 𝜃𝑖𝐸𝑖  𝐴 𝜌 𝑉𝑖
2

𝐹𝐷~𝐶𝐷 𝐴 𝜌 𝑉𝑖
2

length of N2 molecule is 
~0.0003 μm 

SEM of solar panel surface 
(Skurat et al.)

FDBulk Flow



Historical Overview
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Diffuse and quasi- 
specular scattering

Effect of surface 
contamination

Diffuse with variable 
energy accommodation

Quasi-specular with variable 
energy and momentum 
accommodation



GSI Currently in Use for Published Density Datasets (Mostly)
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Diffuse (Cosine) Reflection with Incomplete Accommodation (DRIA)

+ ≤ 1 =

• Static energy accommodation (values between 0.8 – 1.0)

• Semi-empirical model of energy accommodation (SESAM)

• Similar approach can be taken with CLL scattering model but there 
are now two GSI parameters



Density Ratio Altitude Corrections
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Figure: Avg. altitude profiles of observed-to-modeled density ratios during solar minimum conditions. Observations from spherical satellites 
(blue circles) are based on TLE analysis, while GRACE density (black star) is accelerometer-derived. The atmospheric model used in 
NRLMSISE-00

(Bernstein & Pilinski, SWJ, 2022)

Incorporating laboratory-derived GSI into CD

models
• L1: Extrapolate fitted GSI parameters GRACE panels based on 

incident angle

• L2: Weighted average laboratory-derived GSI parameters 
based on surface area

Motivation | Background | Data & Methods | Research Objective 1 | Research Objective 2 | Research Objective 3 | Research Objective 4 | Conclusions 47

GRACE sphere



GSI consistent with GRACE-sphere comparisons (work by Valerie Bernstein)
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Δ𝑅 =
𝜌𝑜𝑏𝑠

𝜌𝑚𝑜𝑑
𝐺𝑅𝐴𝐶𝐸

−
𝜌𝑜𝑏𝑠

𝜌𝑚𝑜𝑑
𝑠𝑝ℎ𝑒𝑟𝑒

Figure: Average derived density ratio differences between GRACE and compact satellites in three different atmospheric He/O 
conditions. Different colors and markers represent different CD models, and vertical error bars represent compact satellite density 
uncertainty



GSI consistent with GRACE-sphere comparisons (work by Valerie Bernstein)
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Δ𝑅 =
𝜌𝑜𝑏𝑠

𝜌𝑚𝑜𝑑
𝐺𝑅𝐴𝐶𝐸

−
𝜌𝑜𝑏𝑠

𝜌𝑚𝑜𝑑
𝑠𝑝ℎ𝑒𝑟𝑒

Figure: Average derived density ratio differences between GRACE and compact satellites in three different atmospheric He/O 
conditions. Different colors and markers represent different CD models, and vertical error bars represent compact satellite density 
uncertainty



Laboratory Investigation
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• Laboratory investigation of GSI 
(Tim Minton, CU Aerospace 
Engineering)
▪ Examine both AO scattering from 

common s/c materials

▪ Fit model parameters to 
laboratory results

Solar Cell Cover Glass FR4 Alodined Aluminum Teflon



Laboratory Results, High Incidence Angles
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• Laboratory scattering exhibits 
broad distributions that are 
well-represented by combining 
cosine and quasi-specular (CLL) 
scattering

• For the quasi-specular 
component, tangential 
momentum is incomplete

• Very little thermal desorption



Laboratory Results, Lower Incidence Angles
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• Laboratory scattering exhibits 
broad distributions that are 
well-represented by combining 
cosine and quasi-specular (CLL) 
scattering

• For the quasi-specular 
component, tangential 
momentum is incomplete

• As incident angle decreases, the 
cosine portion increases



Main findings – Gas-surface energy transfer

Energy transfer to the surface is very well fitted by the soft spheres model. 

The deflection angle is what matters, it fits well every incident angle and 
both in-plane and out-of-plane (OOP) data.

Surface morphology does not dictate energy transfer behavior. SiO2 is 
the smoothest surface and shows similar energy transfer as the Al and PCB 
samples.

From Pedro Jorge and Tim Minton



Main findings -  Fraction of thermal particles

Surface roughness 
and energy transfer 
(proportional to 
deflection angle) 
correlates well with 
the fraction of 
thermal particles.

This also holds for 
Kapton experiments 
where roughness was 
gradually increased. 

Is there an intrinsic 
threshold of 
roughness that most 
engineering materials 
achieve?

From Pedro Jorge and Tim Minton



Surface Roughness and Scattering (courtesy of Pedro Jorge)
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• Work by Pedro Jorge (visiting graduate 
student from VKI)

• On the left is a scattering model 
compared with lab results wherein the 
model uses the imposition of effective 
wall temperatures to scale the thermal 
velocity to yield broader distributions 
using CLL. 

• On the right, the imposition of a 
corrugation parameter and potential well 
depth results in closer data-model 
agreement. 

• Independent work by Sabin Anton and 
Christian Siemes at TU Delft, modeling 
the scattering from real surfaces semi-
analytically also implies significant levels 
of backscatter. 



Surface Roughness and Scattering (Sabin Anton)
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Precise Aerodynamic Modelling through Swarm Attitude Maneuvers
Sabin V. Anton a, Christian Siemes a, Jose van den IJssel a, Natalia Hładczuk a and Pieter Visser a

a Department of Astrodynamics and Space Missions, Delft University of Technology, Delft, Netherlands

Background & Motivation

Figure 4: Angular scattering indicatrix of Argon from smooth and degraded Kapton surfaces at 
incidence angles of 0o and 60o – simulated vs. experimental plots by Erofeev et. al [2].

Figure 5: Angular scattering indicatrix of Helium from an Aluminium surface at incidence angles 
of 0o , 45o and 60o – simulated vs. experimental plots by Erofeev et. al [2]. .

Figure 7: Aerodynamic model parameter fitting for 
density consistency at different instances in 
Swarm’s attitude maneuver [3].

Figure 6: Simulation of Swarm’s aerodynamic 
behavior at different attitudes using the 
ATHENS raytracing software.

Modelling Surface Roughness Scales Parameter Fitting with Swarm Maneuver

Key Take-Aways

References

As the density of objects in Low Earth Orbit (LEO) increases, the accuracy of aerodynamic modelling 
becomes crucial. Existing models using simple one or two-parameter kernels for gas-surface 
interactions—assuming either diffuse or quasi-specular reflections—prove inadequate above 400 
km altitude, where the disparity between model predictions and experimental data, such as the 
drag coefficients from satellites STELLA and GRIDSPHERE, becomes evident. estimations over existing 

empirical models.

Figure 1: On the left: US Space Catalog orbital debris (2023). On the right: the modelled drag 
coefficient of a sphere vs. altitude, assuming diffuse reemission, for different solar 
conditions, plotted against drag coefficients of the STELLA and GRIDSPHERE satellites [1].

Aluminium Foil
Black Kapton

Black KaptonSolar Panel (Silicon)

RTV Adessive

OSR Radiator
Glass Mirrors

Beta Cloth

Figure 3: Swarm geometry model for aerodynamic simulations, with representative assigned 
materials. These materials may show large levels of roughness.

Figure 4: The influence of surface roughness on the 3D scattering indicatrix of Helium, assuming 
a normal energy accommodation coefficient of .

• Existing gas-surface interaction models cannot capture the aerodynamic behavior of RSOs 
at altitudes above 400 km, where Helium becomes significant;

• The neglection of the prominent geometric roughness spectrum of real surfaces (such as 
Kapton and aluminium) may constitute the root cause of disagreement with observations;

• A new model based on electromagnetic wave scattering theory can accurately recreate the 
experimental angular scattering indicatrices of several gases on rough surfaces at the 
expense of one extra parameter ( );

• By varying the gas incident angles, Swarm attitude maneuvers would prove very useful in 
fitting the parameters of this model, to enable more consistent neutral density 
measurements.

[1] Walker, A., Mehta, P., & Koller, J. (2014). The effect of different adsorption models on       
satellite drag coefficients. In Astrodynamics 2013 - Advances in the Astronautical 
Sciences (pp. 675–686).

[2] Erofeev, A. I., Friedlander, O. G., Nikiforov, A. P. et al. (2012). The influence of roughness of 
the surface on the interchange of momentum between gas flow 405

 and solid surface. In AIP Conference Proceedings. AIP. URL: 
http://dx.doi.org/10.1063/1.4769673. doi:10.1063/1.4769673.

[3] March, Günther, van den IJssel, Jose, Siemes, Christian, Visser, Pieter N. A. M., Doornbos, 
Eelco N., & Pilinski, Marcin. (2021). Gas-surface interactions modelling influence on 
satellite aerodynamics and thermosphere mass density. J. Space Weather Space 
Clim., 11, 54. doi:10.1051/swsc/2021035

The influence of geometric surface roughness on gas-surface dynamics, often overlooked, could 
account for observed discrepancies in data. A new kernel, , rooted in electromagnetic 
wave scattering theory and paired with a local scattering kernel,  is proposed to 
address these roughness effects..

! "

where
# #

are the incident and reflected velocities in the global and local reference frames; 

and  are the local and global normal vectors. When accounting for self-shadowing and multi-
reflections with the escape probability , the total scattering probability becomes empirical 

models.

$% $&

The Swarm satellite pair serves as an excellent testbed, through its variety of rough surface materials.
models.
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a normal energy accommodation coefficient of .

• Existing gas-surface interaction models cannot capture the aerodynamic behavior of RSOs 
at altitudes above 400 km, where Helium becomes significant;

• The neglection of the prominent geometric roughness spectrum of real surfaces (such as 
Kapton and aluminium) may constitute the root cause of disagreement with observations;

• A new model based on electromagnetic wave scattering theory can accurately recreate the 
experimental angular scattering indicatrices of several gases on rough surfaces at the 
expense of one extra parameter ( );

• By varying the gas incident angles, Swarm attitude maneuvers would prove very useful in 
fitting the parameters of this model, to enable more consistent neutral density 
measurements.

[1] Walker, A., Mehta, P., & Koller, J. (2014). The effect of different adsorption models on       
satellite drag coefficients. In Astrodynamics 2013 - Advances in the Astronautical 
Sciences (pp. 675–686).

[2] Erofeev, A. I., Friedlander, O. G., Nikiforov, A. P. et al. (2012). The influence of roughness of 
the surface on the interchange of momentum between gas flow 405

 and solid surface. In AIP Conference Proceedings. AIP. URL: 
http://dx.doi.org/10.1063/1.4769673. doi:10.1063/1.4769673.

[3] March, Günther, van den IJssel, Jose, Siemes, Christian, Visser, Pieter N. A. M., Doornbos, 
Eelco N., & Pilinski, Marcin. (2021). Gas-surface interactions modelling influence on 
satellite aerodynamics and thermosphere mass density. J. Space Weather Space 
Clim., 11, 54. doi:10.1051/swsc/2021035

The influence of geometric surface roughness on gas-surface dynamics, often overlooked, could 
account for observed discrepancies in data. A new kernel, , rooted in electromagnetic 
wave scattering theory and paired with a local scattering kernel,  is proposed to 
address these roughness effects..

! "

where
# #

are the incident and reflected velocities in the global and local reference frames; 

and  are the local and global normal vectors. When accounting for self-shadowing and multi-
reflections with the escape probability , the total scattering probability becomes empirical 

models.

$% $&

The Swarm satellite pair serves as an excellent testbed, through its variety of rough surface materials.
models.

Work by Sabin Anton and Christian Siemes
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Effect of different surface materials based on laboratory 
atomic oxygen flux is < 5% (~2% for spheres), consistent 
with Moe and Bowman (2005) orbital analysis of spheres 
and Pilinski et al. (2011) Starshine satellite analysis.

 7 

Figures 1, 2, and 3 are in agreement: Different surface materials and treatments cause 

small, but real differences in fitted drag coefficients, as was first reported by Tan and 

Badhwar
2
.   More precise evidence is presented below in Table 3, which shows the mean 

fitted CD value and the percent CD differences among smooth chrome-plated spheres, 

roughened aluminum spheres, and painted spheres.  The 2299x spheres were released into 

orbit in 1994, while the 2347x spheres were released a year later.   
 

 

Satellite Diameter Surface CD Mean Sig Delta CD %

% (-aluminum)

22991 4" sand-blasted aluminum 1.99 0.2 -----

22990 4" polished chrome 1.93 0.2 -3.0

23472 4" white chemglaze paint 1.96 0.2 -1.5

22995 6" sand-blasted aluminum 2.01 0.2 -----

22994 6" polished chrome 1.96 0.2 -2.5

23471 6" black iridite 1.97 0.2 -2.0  
 

Table 1.  Mean and standard deviation CD values, with differences from a roughened aluminum sphere, for 

the 4” and 6” ODERACS spheres at an average altitude of about 280 km. 

 

 

The small differences among the fitted drag coefficients reported above for the different 

materials are surprising, if one believes that the accommodation coefficients that have 

been measured for decades on clean surfaces in the laboratory apply in space: Goodman
30

 

has established and Trilling
26

 confirmed that the accommodation coefficients, α, 

measured in the laboratory are well represented by the equation, 
 

                                    α   =   3.6 u cos φ / (1 + u) 
2
,            (3)  

 

where u is the ratio of mass of the gas molecule to that of the surface atom, and φ is the 

angle of incidence measured from the normal to the surface.  From Goodman’s Equation 

(3), one can calculate that if the satellite surfaces had been clean, the accommodation 

coefficients of aluminum and chromium would have been in the ratio of 83 to 62.  When 

we inserted Goodman’s theoretical accommodation coefficients into Schamberg’s 

equation (Equation 2) for the physical drag coefficient of a sphere, we found the drag 

coefficients of clean spheres of aluminum, chrome, and paint to be 1.82, 1.88, and 1.92, 

respectively.  But from Sentman’s model for contaminated spheres using orbital 

measurements of accommodation, we calculated physical drag coefficients near 2.3 at an 

altitude of 300 km (see Appendix A).  We attribute most of this enormous difference to 

the fact that atomic oxygen is adsorbed on satellite surfaces at 160 to 700 km altitude, as 

satellite measurements by pressure gauges and mass spectrometers have shown
14-16, 29

.  
 

The fact that the fitted drag coefficient of sandblasted aluminum is slightly higher than 

that of chemglaze paint, which is higher than that of polished chrome, while the physical 

drag coefficient of aluminum calculated from Schamberg’s model is slightly lower than 

both, is more difficult to explain.  Healy
31

 solved the differential equation for clean, 

roughened surfaces, showing that roughening the surface results in quasispecular 

Moe and Bowman, 2005
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Figure 6.12: Surface material CD comparisons for (a) GRACE and (b) spherical satellite 12138 on

DOY 1, 2003. Di↵erent curves represent di↵erent surface materials which have been assumed for

the satellite surfaces. The maximum average di↵erence for GRACE CD at t ributed to surface e↵ects

is 4.2%. For the spherical satellite, the maximum average CD di↵erence associated with di↵erent

surface materials is 2%.

Figure 6.13: Surface material CD comparisons for (a) GRACE and (b) spherical satellite 12138 on

DOY 1, 2008. Di↵erent curves represent di↵erent surface materials which have been assumed for

the satellite surfaces. The maximum average di↵erence for GRACE CD at t ributed to surface e↵ects

is 4.2%. For the spherical satellite, the maximum average CD di↵erence associated with di↵erent

surface materials is 2%.

Bernstein 2022

Incorporating laboratory-derived GSI into CD

models
• L1: Extrapolate fitted GSI parameters GRACE panels based on 

incident angle

• L2: Weighted average laboratory-derived GSI parameters 
based on surface area

Motivation | Background | Data & Methods | Research Objective 1 | Research Objective 2 | Research Objective 3 | Research Objective 4 | Conclusions 47



Starlink Drag Analysis (David Fitzpatrick) at 550 km
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While somewhat complicating on-orbit operations, this dual-focus attitude profile is necessary to balance efficient

power generation with optimal communication performance. From the perspective of this study, however, the large

variations in the cross-sectional area of the solar panel relative to the atmosphere present a remarkable opportunity for

studying gas-surface interactions, discussed more in Section §3.

(a) (b)

Fig. 1: Rendering of a STARLINK v1.0 satellite in (a) a shark-fin and (b) an open-book configuration (from

www.spacex.com/updates [16]).

In addition to the solar panel, nearly all v1.0 satellites launched since 7 August 2020 have included two sunshade

visors to reduce light reflectivity in order to make them less obtrusive to the night sky for astronomical groups [17].

Although these visors are considerably smaller in area than the solar panel, they remain significant for solar radiation

pressure and aerodynamic force modeling. Theapproximate design specifications of the STARLINK v1.0 satellites are

detailed in Table 3, while the specific details of the satellite geometry utilized in this study are protected by SPACEX

asconfidential.

Table 3: Approximate details for the STARLINK v1.0 satellite bus.

Approximate Geometry

Mass [kg] 260

Spacecraft Bus Nadir/Zenith-Facing Area
⇥
m2
⇤

4

Solar Panel Area
⇥
m2
⇤

20

Combined Visor Area
⇥
m2
⇤

1

Besides the measurements of the spacecraft geometry, SPACEX has provided the authors with position/velocity/time

(PVT) data from the onboard Global Positioning System (GPS) receiver, attitude quaternions for both the spacecraft

bus and solar panel orientations, as well as pertinent information from the onboard navigation and control filter.

SPACEX hasalso provided housekeeping telemetry dataso that timeswhen thesatellites arenot in an operational mode

which is appropriate to the methods described by Section §3 can be filtered out. Periods characterized by propulsive

maneuvers for formation keeping and reconfiguration, such as when a new batch of satellites are raised from their

commissioning orbit around 210 [km] to operational altitudes, are excluded to avoid unnecessary complications in

force modeling.

Copyright © 2024  Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) – www.amostech.com 
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detailed in Table 3, while the specific details of the satellite geometry utilized in this study are protected by SPACEX

asconfidential.
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Besides the measurements of the spacecraft geometry, SPACEX has provided the authors with position/velocity/time

(PVT) data from the onboard Global Positioning System (GPS) receiver, attitude quaternions for both the spacecraft

bus and solar panel orientations, as well as pertinent information from the onboard navigation and control filter.

SPACEX hasalso provided housekeeping telemetry dataso that timeswhen thesatellites arenot in an operational mode

which is appropriate to the methods described by Section §3 can be filtered out. Periods characterized by propulsive

maneuvers for formation keeping and reconfiguration, such as when a new batch of satellites are raised from their

commissioning orbit around 210 [km] to operational altitudes, are excluded to avoid unnecessary complications in

force modeling.

Copyright © 2024  Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) – www.amostech.com 
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Work by David Fitzpatrick and Eric Sutton

Based on AO-scattering

Hybrid-Model (Fitzpatrick)

CLL, consistent with 
Bernstein and Pilinski 2022

• Caveat: baseline CD is not controlled for
• DRIA model does not work well with 

”flat plate” geometries
• Fits based only on AO scattering also fall 

short
• Hybrid DRIA+CLL seems to produce the 

most consistency

12%

Observed-Modeled Density Ratio based on Orbit-Average Drag from ~1500 Satellites



GRACE analysis at 500 km (Valerie Bernstein)
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180

Figure 6.10: (a) GRACE and (b) sphere CD over the course of 12 hours on DOY 1, 2003 using

di↵erent implementat ions of laboratory-derived GSI parameters. For GRACE, the GSI parameters

used for the Weighted Avg. model are cf = 0.58, ↵COS= 0.10, ↵nQ S
= 0.96, and σtQ S

= 0.83. For the

sphere, theGSI parametersused for theWeighted Avg. model arecf = 0.79, ↵COS= 0.44, ↵nQ S
= 0.98,

and σtQ S
= 0.74. Also included for comparison are two DRIA models and a CLL QS model used in

Chapter 5.

of Figure 5.8 from Chapter 5, modified to include the new laboratory-derived model results labeled

as ‘L1’ and ‘L2’. Figure 6.11 shows density discrepancies between GRACE and high-inclinat ion

compact satellites for the years 2002-2010. As is described in Chapter 5, the ∆ R values are

sorted and binned according to the He/ O mass density fract ion along the GRACE satellite orbit

during conjunct ion t imes. Each panel in Figure 6.11 shows the averaged ∆ R results for one of

the three He/ O bins indicated by the panel t it le. The left -most panel includes density discrepancy

data in low-helium atmospheric condit ions, while the right -most panel includes data in helium-rich

atmospheric condit ions. Di↵erent colors represent di↵erent CD models used to derive the e↵ect ive

density rat ios. Each of the colored data points are separated by a small amount in the horizontal

direct ion in order to dist inguish CD model di↵erences. Vert ical error bars represent the root mean

squared error of the compact satellite density rat ios compared to the best-fit density rat io alt itude

profile as described in Sect ion 5.2.

10%

Lab Based (AO scattering)

Orbit-Based (GRACE-Sphere Comparisons)



Conclusions
• Tangential momentum accommodation is incomplete in both laboratory scattering of AO from engineering surfaces and 

as implied by comparative aerodynamics above and below the O/He transition in the Earth’s thermosphere [Bernstein 
and Pilinski 2022]

• Remaining Challenges: Large uncertainties remain in quantifying the level of tangential momentum accommodation for 

both AO and (esp.) He in orbit and in the laboratory. 
• Atoms are backscattered with very broad angular distributions, somewhat like DRIA, but not well represented by CLL. 

For the quasi-specular component, tangential momentum is incomplete. As the incident angle decreases, the near-
cosine portion increases.

• Remaining Challenges: constraints of the current laboratory facility do not allow the detection of in angular positions 
that are close to the incident beam. Need better models of out of plane scattering on engineering surfaces.

• Tangential momentum accommodation (and normal energy accommodation) appears to be higher for Helium than for 
AO. This conclusion is based on comparative drag analysis but is also consistent with early results of Jorges, Anton and 
Siemes as well as work by Erofeev et al. 2012. This increase in tangential momentum accommodation for Helium could 
be associated with even larger “backscattered” fluxes in the Helium-dominated upper thermosphere. Implies increase in 
drag coefficient with increasing altitude for most satellite geometries. 

• Remaining Challenges: Refining estimates of the tangential momentum accommodation values for Oxygen and Helium.
Solar Cell Cover Glass FR4 Alodined Aluminum Teflon



Conclusions
• Laboratory results include a small thermal-desorption (TD) component ranging from a few percent to 20% of the 

scattered flux. This TD component is not sufficient to explain most of the observed broad scattering distributions. 
• Open Questions: Is thermal desorption and/or the presence of adsorbate playing a role in determining aggregate gas-

surface interactions alongside with a change in tangential momentum accommodation from oxygen to helium, and is it 

strongly dependent on the adsorbate coverage fraction as has been supposed over the last 1-2 decades? 

• In the AO rich thermosphere (lower altitudes), surface-composition/roughness differences might be responsible for 2-5% 
CD variation according to our results 

• Open Questions: What is limiting the impact of surface composition and roughness (at a variety of spatial scales on the 
surface)? 
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Thermospheric Space Weather and Predicting Orbits

73 Emmert et al. 2018

• 400 km altitude
• High ballistic coefficient (0.1m2/kg)



Drag Coefficient Calculator and Software
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https://swxtrec.github.io/vector/model

• Compute drag coefficient for basic and complicated 
shapes

• Still under development… but we welcome your 
feedback

• MatLab code available on github
https://github.com/SWxTREC/vector-code/

• Being updated to include latest results

https://swxtrec.github.io/vector/model
https://github.com/SWxTREC/vector-code/
https://github.com/SWxTREC/vector-code/
https://github.com/SWxTREC/vector-code/


• Web-interface for V&V and 
Satellite Drag Visualization. 
Flythrough code showing the 
CSIM CubeSat orbit.

• Compare DA and non-DA 
results

• Select from a list of satellites

• https://swx-trec.com/cafe/
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https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
https://swx-trec.com/cafe/
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