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Mo#va#on	  for	  Neutral	  Density	  and	  
Satellite	  Drag	  Specifica#on	  
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Satellite	  drag	  errors	  degrade	  capability	  to:	  
• Maintain	  accurate	  catalog	  of	  all	  space	  objects	  

• Predict	  and	  avoid	  space	  collisions	  
• Predict	  satellite	  reentry	  Sme	  &	  locaSon	  

from	  Picone	  et	  al.	  2005	  

h[p://celestrak.com/events/collision.asp	  



Al#tude	  Regimes	  of	  Satellite	  Drag	  
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Satellite	  Drag	  and	  Neutral	  Densi#es	  
Rela#ve	  importance	  of	  various	  scales	  

What	  physical	  processes	  are	  important?	  
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[Anderson	  et	  al.	  2009]	  

24	  Hour	  Orbital	  In-‐Track	  Error	  at	  400km	  
Circular	  Orbit	  

Global	  
Storm	  Response	  

Seasonal	  Variability	  

Cusp	  Density	  
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Summary	  of	  Goals	  

Develop	  an	  ensemble	  assimilaSve	  neutral	  density	  model	  

•  AF	  requirement	  for	  be[er	  satellite	  drag	  specificaSon	  
and	  forecast:	  improve	  specificaSon	  beyond	  JB08	  and	  
HASDM	  

•  Provide	  a	  modeling	  tool	  that	  outperforms	  current	  AF	  
capabiliSes	  

•  Consists	  of	  ensemble	  of	  world-‐class	  first-‐principles	  
well-‐validated	  IT	  models	  

•  AssimilaSve	  
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Overview	  
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ADAM	  top	  level	  design	  
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TIE,	  TIME,	  CTIPe,	  Empirical	  Models	  
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Feasibility	  

JB08	  and	  CHAMP	  densiSes	  compared	  with	  best	  performing	  model	  in	  super-‐ensemble	  of	  full-‐
physics	  members	  

PRELIMINARY	  RESULTS	  
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Op#ons	  for	  addi#onal	  inputs	  

Data	  Type	   Assimila#on	  
Time	  Span	  

Notes	  

Orbit	  Average	  Drag	  
i.e.	  Calspheres,	  DANDE,	  
POPACS	  

6-‐72	  h	   Infer	  observed	  energy	  dissipaSon	  rate	  (EDR)	  
from	  general	  perturbaSons	  (TLEs)	  or	  special	  
perturbaSons	  (high	  task	  tracking	  data).	  	  Select	  
30-‐90	  objects	  with	  stable	  ballisSc	  coefficients.	  

HASDM	  DensiSes	   6h	   EDR	  is	  inferred	  from	  HASDM	  density	  outputs	  

Orbit	  Average	  DensiSes	   24	  hours	   Already	  processed	  high-‐task	  tracking	  data	  

Orbit	  Resolved	  Drag:	  GPS	   15-‐30	  min	   Observed	  EDR	  from	  special	  perturbaSons	  and	  
GPS	  measurements	  

Orbit	  Resolved	  Drag:	  
accelerometers	  (Swarm)	  

15	  min	   Observed	  acceleraSon	  at	  10-‐45	  sec	  cadence	  
(in-‐track	  and	  cross-‐track),	  binned	  to	  15	  min	  

O/N2	  (GOLD)	   30	  min	   Dayside	  disk	  composiSon	  

Mass	  Spectrometer	   10-‐30	  sec	   In-‐situ	  day	  and	  night	  composiSon	  

Assimilated	  Data	  Types	  
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Test-‐data	  coverage	  
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Assimila#on	  

…	  
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Storm	  response	  modeling	  
8/24/2005	  

Time-‐series	  of	  model	  and	  measured	  densiSes	  along	  the	  CHAMP	  satellite	  track.	  	  Various	  models	  
are	  represented	  above	  showing	  the	  improvement	  in	  the	  representaSon	  of	  high	  laStude	  density	  
features	  when	  using	  AMIE.	  	  It	  is	  also	  seen	  that	  TIME-‐GCM	  with	  AMIE	  outperforms	  the	  empirical	  
models.	  
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Lower	  boundary	  parameter	  
assimila#on:	  2004	  to	  2007	  
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[Pilinski	  and	  Crowley,	  2015]	  



March	  17th	  2015	  
Storm	  Results	  
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DFH-‐1,	  ~430km	  

Explorer	  VII,	  ~500km	  

Venera	  8,	  ~200km	  
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Conclusion	  

•  New	  state-‐of-‐the-‐art	  assimilaSve	  model	  of	  the	  
atmosphere	  is	  being	  developed	  to	  include	  many	  
of	  the	  lessons	  learned	  from	  NADIR	  MURI	  

•  Improve	  over	  operaSonal	  drag-‐specificaSon	  
models	  

•  Includes	  alStudes	  up	  to	  and	  above	  1000km	  

•  Future	  plans	  to	  make	  outputs	  commercially	  
available	  to	  civilian	  customers	  
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Ques#ons	  

Thank	  You!	  

We	  appreciate	  your	  ques5ons	  and	  feedback	  
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Design	  Features	  

•  Dynamically	  tuned	  models	  result	  in	  opSmum	  
background	  atmospheric	  state	  

•  MulSple	  model	  (super-‐ensemble)	  approach	  
allows	  for	  graceful	  degradaSon	  in	  case	  of	  input-‐
stream	  or	  model	  interrupSon	  

•  Inclusion	  of	  TIME-‐GCM	  allows	  for	  specificaSon	  of	  
densiSes	  in	  the	  re-‐entry	  regime,	  down	  to	  30km	  

•  Inclusion	  of	  Helium	  in	  several	  models	  allows	  for	  
drag	  computaSon	  up	  to	  1000km	  

Pilinski	  et	  al.	   17	  9/8/15	  



Tes#ng	  with	  Orbit	  Average	  data	  

•  TLE’s	  are	  being	  used	  as	  a	  stand	  in	  for	  orbital	  arcs	  analysis	  
– Cadence	  and	  arc	  length	  is	  a	  conservaSve	  stand-‐in	  for	  the	  
special-‐perturbaSons	  approach	  available	  operaSonally	  to	  the	  
customer	  

– TransiSon	  to	  6-‐hour	  arcs	  from	  special	  perturbaSons	  analysis	  in	  
Phase	  III	  

Pilinski	  et	  al.	   18	  

•  TLE’s	  provide	  some	  of	  the	  
same	  sampling	  
characterisScs	  and	  
measurement	  parameters	  as	  
the	  special-‐perturbaSons	  
approach	  

•  Drawbacks	  
–  Lower	  signal-‐to-‐noise	  
–  Latency	  (~1	  day)	  

ConjuncSon	  of	  four	  calibraSon	  objects	  
and	  the	  NRLMSISE-‐00	  model	  

9/8/15	  



Requirements	  

Requirement	   Goal	  

Nowcast	   RMSE	  lower	  than	  JB08	  more	  than	  
half	  the	  Sme	  for	  storm	  Sme	  and	  
quiet	  condiSons	  250	  to	  1000km.	  
JB08:	  7-‐18%	  at	  200-‐800km	  

RMSE	  be[er	  than	  HASDM	  more	  
than	  half	  the	  Sme	  for	  storm	  Sme	  
and	  quiet	  condiSons	  30-‐1000km	  
HASDM:	  6-‐10%	  at	  200-‐800km	  

72h	  Forecast	   RMSE	  lower	  than	  JB08	  in	  forecast	  
mode	  

RMSE	  be[er	  than	  HASDM	  in	  
forecast	  mode	  Pilinski	  et	  al.	   19	  9/8/15	  



Phase	  I	  Accomplishments:	  	  
storm	  response	  

AMIE	  and	  
Weimer	  
driven	  TIME-‐
GCM	  
compared	  
with	  JB08	  
and	  CHAMP	  
densiSes	  for	  
two	  storms	  
in	  January	  
2005.	  
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Phase	  I	  Accomplishments:	  	  
seasonal	  effects	  and	  tuning	  

Model-‐data	  comparisons	  of	  global-‐mean	  neutral	  density	  at	  400	  km.	  Black:	  neutral	  density	  
derived	  from	  drag	  data	  of	  more	  than	  5000	  orbiSng	  objects	  [Emmert,	  2009];	  Red:	  TIE-‐GCM	  
simulated	  neutral	  density.	  (a):	  model-‐data	  comparisons	  when	  the	  default	  constant	  eddy	  
diffusion	  was	  imposed	  at	  the	  model	  lower	  boundary;	  (b):	  model-‐data	  comparisons	  when	  the	  
variable	  eddy	  diffusion	  was	  imposed	  at	  the	  model	  lower	  boundary.	  

Pilinski	  et	  al.	   21	  9/8/15	  



What	  is	  Satellite	  Drag?	  
Rela#ve	  importance	  of	  various	  scales	  

24	  Hour	  Orbital	  In-‐Track	  Error	  at	  400km	  
Circular	  Orbit	  

•  Large	  scale	  perturbaSons	  
can	  be	  misrepresented	  in	  
empirical	  models	  

•  It	  takes	  long-‐wavelength	  
perturbaSons	  to	  cause	  
significant	  posiSon	  errors	  

•  3U	  sun-‐poinSng	  CubeSat	  

•  100m	  errors	  are	  considered	  
“significant”	  by	  USAF	  at	  400	  
km	  alStude	  [Anderson	  et	  al.	  
2008]	  

[Anderson	  et	  al.	  2009]	  
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Lower	  Boundary	  Forcing	  
(Dynamic	  Tuning)	  –	  to	  backup	  

Seasonal	  variability	  exists	  in	  the	  
GCMs	  prior	  to	  introducing	  
variable	  eddy	  diffusion	  

TIME-‐GCM,	  constant	  Kzz,	  no	  GSWM	  
TIME-‐GCM,	  constant	  Kzz	  +	  GSWM	  
TIME-‐GCM,	  variable	  Kzz	  +	  GSWM	  
CHAMP	  accelerometer	  v2.3	  

•  Example	  of	  dynamically	  tuned	  eddy	  diffusion	  coefficient	  
•  Our	  approach	  combines	  dynamic	  calibra#on/tuning	  with	  assimila#on	  

Pilinski	  et	  al.	   23	  

Pilinski	  and	  Crowley,	  2015	  
9/8/15	  



Ensemble-‐Member	  Real-‐#me	  
Architecture	  

Pilinski	  et	  al.	  

Run	  starts	  as	  cronjob.	  	  Determine	  real	  Sme,	  start	  Sme	  

Set	  run	  parameters,	  based	  on	  found	  
restart	  file	  

Found	  
restart	  file?	  

Subtract	  run	  
cadence	  from	  Sme	  

Create	  input	  file	  and	  run	  script,	  copy	  
any	  necessary	  data	  files,	  

OK	  to	  run?	  
Check	  status	   EXIT	  with	  WARNING	  

Launch	  run	  

Check	  status	  
Complete?	  

End	  Sme	  =	  
current	  
Sme?	  

EXIT	  successfully	  
Increment	  start	  
Sme,	  restart	  file	  

Y	  

N	  

N	  

Wait	  
Running	  

Y

Y	  

Crashed	  
EXIT	  with	  ERROR	  

Y	   N	  

•  Implemented	  and	  tested	  
with:	  
•  TIE,	  TIME,	  CTIPe	  

•  Ensembles	  executed	  in	  
parallel	  on	  mulSple	  cores	  

•  Schedule	  based	  rather	  than	  
event	  based	  operaSon	  
•  Leads	  to	  graceful	  

degradaSon	  in	  event	  of	  
data-‐loss	  

Unified	  Input	  
Database	  

24	  9/8/15	  



Real#me	  Ensemble	  Tests	  
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TIME-‐GCM,	  TIMED/SEE	  x85%	  
TIME-‐GCM,	  TIMED/SEE	  x115%	  

9/8/15	  


