
1 

Model Refinement for  
Space Weather Modeling 

Dennis S. Bernstein 

University of Michigan 
 

 
Thanks to: 

Aaron Ridley,  

Harish Palanthandalam-Madapusi, 

Tony D’Amato, Asad Ali, Angeline Burrell, 

Alexey Morozov, Ankit Goel 

 

Supported by Frederica Darema, 

AFOSR DDDAS Program 



Accomplishments of Bernstein DDDAS Project 

 To facilitate DDDAS applications, we developed  

 Retrospective Cost Model Refinement (RCMR) 

 Retrospective Cost Adaptive Input and State Estimation (RCAISE) 

 RCMR provides the ability to estimate 

 An unknown input/driver 

 The dynamics of an inaccessible subsystem 

 As a special case, unknown parameters 

 RCAISE provides state estimates for strongly driven systems 

 The thermosphere is strongly driven 

 Applied RCMR to space weather modeling 

 Goal is to estimate density in the thermosphere to facilitate orbital predictions 

 Technical accomplishments 

 Used Global Ionosphere Thermosphere Model developed at Univ. Michigan 

 Used RCAISE to estimate solar flux F10.7 by assimilating spacecraft data 

 Used RCMR to estimate Photoelectron Heating Efficiency by assimilating spacecraft data 

 Used RCMR to estimated eddy diffusion coefficient by assimilating GPS data (in progress) 
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Practical Modeling Philosophy 

Models only represent reality 

 Therefore, model ≠ reality 

 All models are wrong   

 All models have errors 

 Parameter errors 

 Errors in dynamics----wrong or missing 

 Everything is uncertain to some extent 

 But some models are useful! ☺ 
 And some models are more useful than others 

 The “accuracy” of a model is meaningful  

only relative to its intended purpose 
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What Is Model Refinement? 

 Model + Data = Better Model 

 Model correction 

 Model calibration 

 Model updating 

 Model refinement 
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𝐺𝑐 𝐺 
𝑟 𝑦 𝑧 = 𝑟 − 𝑦 𝑢 + 

− 
Command Command 

following 

error 

Control Output 

Controller Plant 

What Is Feedback Control? 

Disturbance 
 𝑤 

The reason for feedback is uncertainty 
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Command 

following 

error 

𝐺𝑐 𝐺 
𝑟 𝑦 𝑧 = 𝑟 − 𝑦 𝑢 + 

− 
Command Control Output 

Controller Plant 

Adaptation 

What Is Adaptive Feedback Control? 

Disturbance 
 𝑤 

Adaptive control learns the uncertainty 
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State Space Model 𝑥 = 𝐴𝑥 

𝑘2 
𝑚1 𝑚2 

𝑘1 

𝑞1 𝑞2 

Uncertain 

parameter 

Uncertain Stiffness 

Newtonian Dynamics 

𝑘2 𝑘2 

𝑘2 𝑘2 

𝑘2 

𝑘2 𝑘2 

𝑘2 
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𝑚1 𝑚2 
𝑘2 𝑘1 

𝑞1 𝑞2 

 𝒌𝟐 =  𝒌𝟐,𝟎 +𝑲 
𝒌𝟐,𝟎 is the nominal value 
𝑲 is the parameter error 

Matrix Decomposition Trick 
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This is the 

distance 

between the 

masses 

 𝒚 
This is the force 

exerted by the  

stiffness error K 

 𝑣 

• If 𝒗 and 𝒚 are measured, then it is easy to estimate 𝑲 using 𝑲 = 𝒗/𝒚 

• If 𝒗 and 𝒚 are not measured, then the unknown parameter 𝑲 is inaccessible  

• How can we estimate 𝑲 in this case?  

Create Faux Feedback Structure 

𝒙 = (𝑨𝟎+𝑭𝑲𝑮)𝒙 

𝑲 

Faux 

Feedback! 
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This distance between 

the masses is  

NOT measured 

This force exerted by the 

unknown stiffness K is  

NOT measured 

𝑲 

This signal IS measured 

 𝑣  𝑦 

 𝑦0 

Measured displacement Displacement NOT measured 

      Unknown parameter 

Feedback Loop 

𝒌𝟐 = 𝒌𝟐,𝟎 +𝑲 

𝑲 is the parameter uncertainty 

 𝑣 
𝑚1 𝑚2 

𝑘2 𝑘1 

𝑞2 
  𝑞1  𝑦 

Force NOT measured 

 𝑤 

Measured force 

 𝑤 This signal IS measured 

Internal and External Signals 
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𝑤  𝑦0 
 𝑚1  𝑚2 

𝑘2,0 𝑘1 

𝑞1 𝑞2 

𝑧 = 𝑦0  − 𝑦 0 

+ 
− 

This signal 

IS measured 

This signal 

IS measured 

  𝑦 0 

 𝑦   𝑣  
This signal is 

computed by 

retrospective 

optimization 

This signal is  

calculated 

This signal is  

calculated 

𝑲 
 𝑦  𝑣 

This signal is  

NOT measured 

This signal is  

NOT measured 

Unknown parameter 

𝑲  is an estimate of 

the unknown 

parameter K 

This error signal 

measures the 

model mismatch 

Parameter Estimation 

Parameter update 

𝒙  = 𝑨𝟎 𝒙 + 𝑭𝒗 + 𝑩𝒘 
𝒚 𝟎 = 𝒒 𝟏  

𝒚 = 𝑮 𝒙  

𝑲  

Inaccessible 



Feedback Subsystem 

The inaccessible feedback subsystem may be 

dynamic and nonlinear  
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 𝒒 = −𝒒 +  𝒚𝟑 

𝒗 = 𝐬𝐢𝐧 𝒒 

Main Physical System 

Feedback Subsystem 
Inaccessible, dynamic, and nonlinear 

𝒚 𝒗 



A Dynamic and Nonlinear Subsystem 
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 𝑚1  𝑚2 

𝑘2 𝑘1 

𝑞1 𝑞2 

 𝑚3 

𝑘3 

Main Physical System 

Feedback Subsystem 
Dynamic and nonlinear 

Force 
Reaction 

Force 

Friction 

A feedback subsystem need not  

be a physically separate entity 
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Model Refinement = Adaptive Control! 

𝒘 𝒘 𝒚𝟎 

𝒚 𝟎 𝑦 0 

𝒛 = 

𝒚𝟎 

𝒚 𝟎 

𝒛 =  

𝒚 𝒚 

𝒗 𝒖𝟎 

𝒗  𝒖 

𝒚  𝒚  

Main  

Physical System 

Main Physical 

System Model 

Unknown 

Subsystem 

Unknown  

Subsystem 

Model 

Ideal 

Plant 

Ideal Feedback 

Controller 

Physical 

Plant 

Adaptive Feedback 

Controller 

Controller Update Model Update 

𝒚𝟎 − 𝒚 𝟎  𝒚𝟎 − 𝒚 𝟎  



 There are no “do-overs” in control! 

 Control is not signal processing 

 

 Consider actual control actions over a trailing 

      time window 

 We know the controls we used (we chose them) 

 We know the consequences of those controls (we have data) 

 

 Could we have done better if we had used different controls? 

 

 Idea:  Re-optimize the controls that were used based on past data (“pseudo 

do-over” controls) 

 Use the retrospectively optimized controls to retune the controller 

 Learn from the past rather than speculate about the future 

 

Retrospective Cost Adaptive Control  
Back to the Past 
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 Start with input-output convolution model for the performance variable 

Known Unknown? Known 

 where  and 

 

 Stack delayed performance variables 

Retrospective Cost Adaptive Control  
Derivation 



 Start with input-output convolution model for the performance variable 

Known Known! Known 

 where  and 

 

 Stack delayed performance variables 

Retrospective Cost Adaptive Control  
Derivation 



 Quadratic cost function 

Past controls to be 

re-optimized 
 

Known 

 Replace actual past controls with to-be-retrospectively-optimized controls 

 Optimization yields the retrospectively optimized controls 

control  

penalty 

Control penalty  
Modeling information 

𝑈   𝑘 − 1 = −
1

2
𝐴−1 𝑘 𝐵(𝑘)  

Retrospective Cost Adaptive Control 
Retrospective Performance 



 Update 𝑴𝒊(𝒌) and 𝑵𝒊(𝒌)  using recursive least squares (RLS) 

Use retrospectively  

optimized controls here 

Controller gains to be optimized 

 Set up feedback controller 

Retrospective Cost Adaptive Control 
Controller Update 



RCAC 

  

  

  

Retrospective Cost Adaptive Control  
Applications 



• Gains are too 

aggressive and 

oscillatory 

• Variable forgetting 

factor makes slight 

changes in gain 

evolution 

• Requires manual 

tuning  

• Continual gain 

evolution using KF 

• Q is chosen by trial 

and error 

Gains adapting 

Retrospective Cost Adaptive Control  
Missile Control 



 90-deg heading change 

 At t = 200 s, the aileron is jammed at 2 deg 

Unknown  

aileron jam Rudder 

compensates!! 

Gains adapting 

Retrospective Cost Adaptive Control  
Aircraft Control with Unknown Aileron jam 



 
 Goal is to use feedback to 

suppress road and wind noise 

 

 These are broadband 

disturbances 

 

 Classical Bode integral constraint  

implies that suppression across a 

certain band necessitates 

amplification (“spillover”) in other 

bands. 

 

 Idea:  Shape the response by 

frequency-weighting the 

performance signal 

Spillover occurs in other bands 

Primary content is suppressed by 
roughly 18 to 23 dBV from 78 to 117 Hz 

Retrospective Cost Adaptive Control 
Active Interior Noise Control 



 

Retrospective Cost Adaptive Control 
Attitude Control using CMG 

 Challenges 

 Time-varying input matrix 

 Singularities restrict instantaneous torque 

direction 

 Assumptions 

 Spacecraft bus is a rigid body 

 Bus inertia is known 

 Three single-gimbal CMGs 

 Constant-speed wheels 

 CMGs are aligned with a principal body frame 

 Gimbals are directly velocity controlled 

 No separate steering law 

 Maneuvers 

 Rest-to-Rest 

 



 

Retrospective Cost Adaptive Control 
Attitude Control using CMG 

Principal Axis Rest-to-Rest Step Command, θd = -90 deg 

 Singular values of the input matrix show that the CMG singularities do not prevent 

RCAC from reaching the desired attitude 

 



 

Retrospective Cost Adaptive Control 
Attitude Control using CMG 

 Controller parameters respond to the command change at 100 sec 

 

Principal Axis Rest-to-Rest Ramp Command, θd = -90 deg 



RCMR 

  

Retrospective Cost Model Refinement 
Applications 



 Series RLC circuit 

 

 Driving signal is circuit voltage 

 

 The only measurement is the 

voltage drop across the resistor 

 

 The inductance and capacitance 

are assumed to be unknown 

These parameters are  

unknown and inaccessible 

Current and voltage drops 

are NOT measured 

𝑉𝑜𝑢𝑡 

This signal 

IS measured 

Retrospective Cost Model Refinement 
Circuit Experiment 

𝑉𝑖𝑛 

𝐿 
𝐶𝑑 

𝑳𝒙 + 𝑹𝒙 +
𝒙

𝑪𝒅
= 𝑽 𝒊𝒏 

𝑽𝒐𝒖𝒕 = 𝑹𝒙 



Estimated inductance 

Estimated capacitance 

True value 

RCMR estimate 

Initial estimate 

True value 

RCMR estimate 

Initial estimate 

Retrospective Cost Model Refinement 
Estimates of L and C 



Only pitch angle  

is measured 
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All of these  

entries  

involve 𝑼𝟎  

 𝜃 

Can use as a health 

diagnostic for the pitot tube 

Retrospective Cost Model Refinement 
Estimates of Aircraft Trim Speed U0 

 𝛿𝑒 

Known 

Input 



 Objective: Monitor battery health by estimating film growth  

at the negative electrode using charging measurements 
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Side 

Reaction 

Intercalation 

Current JS 

Resistive 

Film 

film 

Retrospective Optimization 

Retrospective Cost Model Refinement 
Battery Health Monitoring 

𝑤 𝑘  𝑦0 𝑘  

𝑦 0 𝑘  

𝑧 𝑘  
= 𝑦0  − 𝑦 0 

𝑦 𝑘  

𝑢 𝑘  

𝑢 𝑘  𝑦 𝑘  

Main Battery 

System 

Unknown Film 

Growth Subsystem 

Main Battery 

System Model 

Adaptive Film Growth 

Subsystem Model 



Strongly Driven Systems 

𝑦 = 𝑢 

32 

𝑦 = −𝑦 + 𝑢 
Strongly Driven System NOT Strongly Driven System 

𝑢 = sin(t) 

𝑒
𝑡
=
𝑦
𝑡
−
𝑦
(𝑡
) 

𝑒
𝑡
=
𝑦
𝑡
−
𝑦
(𝑡
) 



Adaptive input and state estimator 

𝑢 (𝑘)  

w(𝑘) 

𝑤 (𝑘) 

Main Physical System 

     Internal State  𝒙(𝒌) 
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Retrospective Cost Adaptive 
Input and State Estimation (RCAISE) 

 Idea:  Estimate the unknown driver 

 

 The adaptive input and state 

estimator uses the error 𝑧(𝑘) to 

update the driver-estimator 

subsystem  

 

 Want 𝑤 (𝑘) to converge to 𝑤(𝑘) 
 

 The driver estimate 𝑤 (𝑘) 
asymptotically drives the error    

𝑧 𝑘 =   𝑦0 𝑘 − 𝑦 0 𝑘 to zero 

 

 For a strongly driven system, the 

state of the main physical system 

model 𝑥 (𝑘) converges to the state 

𝑥 𝑘  of the main physical system 

 

 If the system is not strongly driven, 

may need to build a state estimator 

𝑤 𝑘  

Unknown input/driver 

Retrospective Optimization 

Main Physical  

System Model 

      Internal State  𝑥 (𝑘) 

Driver Estimator 

Subsystem 

Estimate of the  

unknown input/driver 

𝑦0 𝑘  

𝑦 0 𝑘  

𝑧 𝑘  

Strongly driven 

system 

= 𝑦0 𝑘 − 
𝑦 0(𝑘) 



RCAISE 
Example 



 Problem 
 Unknown changes to the atmospheric density degrade the accuracy of GPS 

and impede the ability to track space objects 

 Goals 
 Use input reconstruction to estimate atmospheric drivers that determine the 

evolution of the ionosphere-thermosphere 

 Use model refinement to improve the accuracy of atmospheric models 

 Achieve more accurate data assimilation 

 

Space Weather Modeling 

Space Debris 

Effects on Earth 
 

 Space weather affects the terrestrial environment 

 

 Space weather disturbances interfere with satellite and 

radio communications and operations 

 

 Extreme space weather events can knock out the power 

grid, melt electronics, damage satellites, and disrupt polar 

air routes 

Orbit Determination 
 

 Orbital prediction error is principally caused by problems in 

estimating atmospheric drag 
 

 Predicting atmospheric drag requires prediction of the 

atmospheric density and understanding ion-neutral 

interactions 
 

 Measurements in the upper atmosphere are primarily 

space-based 



 Space weather is caused by variations in the Sun 

 Long term variations in the solar irradiance, 

radiation, and magnetic field occur on the scale of 

decades 

 Short term solar disturbances can occur in minutes 

or persist for days 

2010 2012 2013 

Figures: SDO/AVI; NOAA/SWPC 

Space Weather 



 Satellites 

 Solar Missions 

 Magnetospheric Missions 

 Atmospheric Missions 

 

 Ground-Based Observatories 

 Ionospheric characteristics and disturbances 

 Atmospheric winds 

 Solar, magnetic, and current indices 

 

 Monitoring and Data Centers 

 NOAA Space Weather Prediction Center 

 Heliophysics Events Knowledge base 

 Dominion Observatory in Penticton, British 

Columbia, Canada 

 

Figures: NASA 

Monitoring Space Weather 

Launched 15 July’00 

Re-entered 12 Sept’10 

Launched 17 March’02 

In decaying orbit till 2016 



Physics-based model of the ionosphere-thermosphere 

Configured for 

GITM 
Global Ionosphere Thermosphere Model 

Earth Mars Titan 

Auroral Heating Wind Field Estimation 



Magnetic Field 

Ion Species Density 

Ion Temperature 

O+ Velocity 

Electron Temperature 

Electron Density 

Neutral Species Density 

Neutral Species Wind 

Bulk Neutral Wind 

Neutral Temperature 

Inside	GITM	

Initialize Ionosphere and 
Thermosphere 

Ion Species 
O2

+, O+(4S), O+ (2D), O+ (2P), 

N+, N2
+, NO+, H+, He+ 

Neutral Species 
O, O2, N(2D), 

N(2P), N(4S), N2, 

NO, H, He 

 

Electrons 

Electron Characteristics 

EUV 

Neutral Dynamics 

Vertical 

Horizontal 

GITM iscoupled to a largenumber of modelsof

the high-latitude ionospheric electrodynamics. For

example, wecan run GITM using results from the

Assimilative Mapping of Ionospheric electrody-

namics(AMIE) technique(Richmond and Kamide,

1988; Richmond, 1992) as high-latitude drivers in

realistic, highly dynamic timeperiods. Wecan also

usetheWeimer (1996), Foster (1983), Heppner and

Maynard (1987) or Ridley et al. (2000) electro-

dynamic potential patterns and the Hardy et al.

(1987) or Fuller-Rowell and Evans (1987) particle

precipitation patternsfor moreidealized conditions.

GITM isalso part of theUniversity of Michigan’s

Space Weather Modeling Framework (Tóth et al.,

2005), so it can becoupled with a global magneto-

hydrodynamic (MHD) model (Powell et al., 1999)

of themagnetosphere. This allows investigation of

thecoupling between thethermosphere–ionosphere

and the magnetosphere systems (e.g. Ridley et al.,

2003).

2.1. Neutral dynamics

GITM solves in altitude coordinates, and does

not assume hydrostatic equilibrium, therefore the

vertical solver isdifferent than most other thermo-

sphericcodes. Theexponential stratifiedatmosphere

isdifficult to solvefor becausethevertical gradients

arequitestrong. Wehaveaddressedthisproblemby

splittingthevertical andhorizontal advection. After

theadvection iscompleted, sourceterms(e.g., Joule

heating, chemical sourcesand losses, viscosity, etc.)

areadded.

In the horizontal direction we use the total

mass density r and number densities Ns of the

individual species, where s is the index of the

particular species. The mass density is the sum of

thespeciesdensities:

r ¼
X

s

MsNs, (1)

whereMs is themolecular massof speciess. In the

horizontal direction all of the neutral species are

assumed to move with the same velocity. We

introducea normalized neutral temperature

T ¼p=r , (2)

where p is the total neutral pressure. Using these

variablesthecontinuity equation is

qNs

qt
þ Nsr uþ u r Ns¼0, (3)

where u is the neutral velocity and t is time. The

momentum equation is

qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ

While the density varies exponentially with height,

the logarithm of density varies linearly, which is

much easier to handle numerically. For the same

reason wewritetheenergy equation in termsof the

normalized temperatureT instead of theexponen-

tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent

mixing becomes very small, and the individual

species start to become hydrostatically balanced,

instead of all the species having the same hydro-

static fall off. In these variables, the continuity

equation for each speciesthusbecomes

qN s

qt
þ r usþ us r N s¼0. (8)

Themomentum equationsfor thespeciesare

qus

qt
þ us r usþ

k

Ms

r T þ
k

Ms

Tr N s¼0, (9)

where

T ¼
mn

k
T (10)

is the un-normalized temperature. The number

density weighted average mass is denoted as mn.

In thetemperatureequation, theaveragevelocity u

is used, which is calculated from the species

velocitiesas

u¼
1

r

X

s

MsNsus. (11)

ARTICLE IN PRESS
A.J. Ridley et al. / Journal of Atmospheric and Solar-Terrestrial Physics68 (2006) 839–864844

Horizontal 

Vertical 

Ion Dynamics 

Magnetic 
Field 

High 
Latitude 

Vertical Neutral Dynamics 

Horizontal Neutral Dynamics 

Horizontal Ion Dynamics 

Vertical Ion 

Dynamics 

GITM 
Global Ionosphere Thermosphere Model 



40 
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3 

4 

5 4 0 5 0 

6 C E L L S 

7 

8 
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 Resolution is specified by the number of 

blocks covering the Earth 

 

 Each block has 4050 cells 

9 longs X 9 lats X 50 alts 

  

 Each cell as 28 states 

 7 neutrals, 8 ions, 3 temperatures, 

7 neutral velocities, 3 ion velocities 

 Each block has 113,400 states 

 

 Typical grids are  

      (longitude blocks)x(latitude blocks): 
 2x2 (4 processors)  

       Testing purposes, 10° × 20°  
       453,600 states 

 8x8 (64 processors)  

       Low resolution physical runs, 5° × 2.5° 
       7,257,600 states 

 8x12 (96 processors)  

       High resolution physical runs, 5° × 1.67° 
       10,886,400 states 

 

 

GITM Is Fully Parallelized 

 2x2 Grid of the Earth (4 blocks) 

1 Block 

1 Block 1 Block 



Simulation of the effects of a solar flare on July 14, 2000 

Figures: SOHO, Jie Zhu 

Current sub-solar point 

Sub-solar point at time of flare 

Current midnight point 

Use GITM to Simulate Space Weather Events 

The upper atmosphere is  

strongly driven by the Sun! ☺ 
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 GITM uses an empirical model (the EUVAC model) that determines 

solar flux in 37 wavelengths using daily and averaged F10.7 values 

 Objective: Minimize the error between satellite data and GITM 

outputs to obtain F10.7 estimates 

Estimate F10.7 Driver 

Sun 

Measurements of F10.7 are 

provided once per day by the 

Dominion Radio Astrophysical 

Observatory in Penticton, British 

Columbia, Canada 

EUV 
X-RAY 

𝐹10.7 
Magnetic Field 

Ion Species Density 

Ion Temperature 

O+ Velocity 

Electron Temperature 

Electron Density 

Neutral Species Density 

Neutral Species Wind 

Bulk Neutral Wind 

Neutral Temperature 

Inside	GITM	

Initialize Ionosphere and 
Thermosphere 

Ion Species 
O2

+, O+(4S), O+ (2D), O+ (2P), 

N+, N2
+, NO+, H+, He+ 

Neutral Species 
O, O2, N(2D), 

N(2P), N(4S), N2, 

NO, H, He 

 

Electrons 

Electron Characteristics 

EUV 

Neutral Dynamics 

Vertical 

Horizontal 

GITM iscoupled to a largenumber of modelsof

the high-latitude ionospheric electrodynamics. For

example, wecan run GITM using results from the

Assimilative Mapping of Ionospheric electrody-

namics(AMIE) technique(Richmond and Kamide,

1988; Richmond, 1992) as high-latitude drivers in

realistic, highly dynamic timeperiods. Wecan also

usetheWeimer (1996), Foster (1983), Heppner and

Maynard (1987) or Ridley et al. (2000) electro-

dynamic potential patterns and the Hardy et al.

(1987) or Fuller-Rowell and Evans (1987) particle

precipitation patternsfor moreidealized conditions.

GITM isalso part of theUniversity of Michigan’s

Space Weather Modeling Framework (Tóth et al.,

2005), so it can becoupled with a global magneto-

hydrodynamic (MHD) model (Powell et al., 1999)

of themagnetosphere. This allows investigation of

thecoupling between thethermosphere–ionosphere

and the magnetosphere systems (e.g. Ridley et al.,

2003).

2.1. Neutral dynamics

GITM solves in altitude coordinates, and does

not assume hydrostatic equilibrium, therefore the

vertical solver isdifferent than most other thermo-

sphericcodes. Theexponential stratifiedatmosphere

isdifficult to solvefor becausethevertical gradients

arequitestrong. Wehaveaddressedthisproblemby

splittingthevertical andhorizontal advection. After

theadvection iscompleted, sourceterms(e.g., Joule

heating, chemical sourcesand losses, viscosity, etc.)

areadded.

In the horizontal direction we use the total

mass density r and number densities Ns of the

individual species, where s is the index of the

particular species. The mass density is the sum of

thespeciesdensities:

r ¼
X

s

MsNs, (1)

whereMs is themolecular massof speciess. In the

horizontal direction all of the neutral species are

assumed to move with the same velocity. We

introducea normalized neutral temperature

T ¼p=r , (2)

where p is the total neutral pressure. Using these

variablesthecontinuity equation is

qNs

qt
þ Nsr uþ u r Ns¼0, (3)

where u is the neutral velocity and t is time. The

momentum equation is

qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ

While the density varies exponentially with height,

the logarithm of density varies linearly, which is

much easier to handle numerically. For the same

reason wewritetheenergy equation in termsof the

normalized temperatureT instead of theexponen-

tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent

mixing becomes very small, and the individual

species start to become hydrostatically balanced,

instead of all the species having the same hydro-

static fall off. In these variables, the continuity

equation for each speciesthusbecomes

qN s

qt
þ r usþ us r N s¼0. (8)

Themomentum equationsfor thespeciesare

qus

qt
þ us r usþ

k

Ms

r T þ
k

Ms

Tr N s¼0, (9)

where

T ¼
mn

k
T (10)

is the un-normalized temperature. The number

density weighted average mass is denoted as mn.

In thetemperatureequation, theaveragevelocity u

is used, which is calculated from the species

velocitiesas

u¼
1

r

X

s

MsNsus. (11)
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GITM iscoupled to a largenumber of modelsof

the high-latitude ionospheric electrodynamics. For

example, wecan run GITM using results from the

Assimilative Mapping of Ionospheric electrody-

namics(AMIE) technique(Richmond and Kamide,

1988; Richmond, 1992) as high-latitude drivers in

realistic, highly dynamic timeperiods. Wecan also

usetheWeimer (1996), Foster (1983), Heppner and

Maynard (1987) or Ridley et al. (2000) electro-

dynamic potential patterns and the Hardy et al.

(1987) or Fuller-Rowell and Evans (1987) particle

precipitation patternsfor moreidealized conditions.

GITM isalso part of theUniversity of Michigan’s

Space Weather Modeling Framework (Tóth et al.,

2005), so it can becoupled with a global magneto-

hydrodynamic (MHD) model (Powell et al., 1999)

of themagnetosphere. This allows investigation of

thecoupling between thethermosphere–ionosphere

and the magnetosphere systems (e.g. Ridley et al.,

2003).

2.1. Neutral dynamics

GITM solves in altitude coordinates, and does

not assume hydrostatic equilibrium, therefore the

vertical solver isdifferent than most other thermo-

sphericcodes. Theexponential stratifiedatmosphere

isdifficult to solvefor becausethevertical gradients

arequitestrong. Wehaveaddressedthisproblemby

splittingthevertical andhorizontal advection. After

theadvection iscompleted, sourceterms(e.g., Joule

heating, chemical sourcesand losses, viscosity, etc.)

areadded.

In the horizontal direction we use the total

mass density r and number densities Ns of the

individual species, where s is the index of the

particular species. The mass density is the sum of

thespeciesdensities:

r ¼
X

s

MsNs, (1)

whereMs is themolecular massof speciess. In the

horizontal direction all of the neutral species are

assumed to move with the same velocity. We

introducea normalized neutral temperature

T ¼p=r , (2)

where p is the total neutral pressure. Using these

variablesthecontinuity equation is

qNs

qt
þ Nsr uþ u r Ns¼0, (3)

where u is the neutral velocity and t is time. The

momentum equation is

qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ

While the density varies exponentially with height,

the logarithm of density varies linearly, which is

much easier to handle numerically. For the same

reason wewritetheenergy equation in termsof the

normalized temperatureT instead of theexponen-

tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent

mixing becomes very small, and the individual

species start to become hydrostatically balanced,

instead of all the species having the same hydro-

static fall off. In these variables, the continuity

equation for each speciesthusbecomes

qN s

qt
þ r usþ us r N s¼0. (8)

Themomentum equationsfor thespeciesare

qus

qt
þ us r usþ

k

Ms

r T þ
k

Ms

Tr N s¼0, (9)

where

T ¼
mn

k
T (10)

is the un-normalized temperature. The number

density weighted average mass is denoted as mn.

In thetemperatureequation, theaveragevelocity u

is used, which is calculated from the species

velocitiesas

u¼
1

r

X

s

MsNsus. (11)
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Estimate F10.7 Using Artificial Data 

This signal is the 

retrospectively optimized 

F10.7 driver 

 Artificial value of F10.7 is time-varying 

 We assume that F10.7 is unknown, but we make an initial guess 

 Faux Earth GITM and RCAISE GITM have different initial conditions 

due to error in  the F10.7 initial guess 

 We apply RCAISE to GITM to estimate F10.7 using artificial CHAMP data 

 

Faux Sun 

Faux Earth (run GITM) 

This signal is 

NOT available 

to RCAISE 

NOTE:  This is a 

pure simulation 

test of RCAISE 

Faux Champ 

Retrospective Optimization 



Estimated temperature  

above Ann Arbor 
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 The RCAISE F10.7 estimate converges to 

the artificial value of F10.7, and follows it 

afterwards 
 Driver estimate converges correctly 

F10.7 Estimate 

 The neutral density estimate from RCAISE 

converges to the artificial neutral density 

data along the CHAMP orbit 
 RCAISE state estimate converges correctly 

 The RCAISE temperature estimate 400 km 

above Ann Arbor converges to the artificial 

value 
 No temperature data are assimilated 

 Independent state estimate possible due to 

strongly driven system 

90 minute averaged 𝝆𝐞𝐬𝐭𝐢𝐦𝐚𝐭𝐞𝐝  

along the CHAMP orbit 

Estimate F10.7 Using Artificial Data 

Artificial F10.7 

90-minute averaged 𝝆𝐚𝐫𝐭𝐢𝐟𝐢𝐜𝐢𝐚𝐥 
along the CHAMP orbit 

Artificial temperature above Ann Arbor 
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 We estimate F10.7 and states using neutral density measurements from the real CHAMP satellite 

 We assimilate the real CHAMP satellite data from 2002-11-24 to 2002-12-06 

 Neutral density measurements from the real GRACE satellite are used as a quality metric  

 But this data is NOT assimilated 

Estimate F10.7 Using Real Satellite Data 

F10.7 is an indicator of overall 

solar activity and is used as 

the main solar driver in GITM 

Real Sun 

This signal is 

not available to 

RCAISE 

𝑧 = 𝑦0  − 𝑦 0 

This signal is the 

calculated neutral 

density along the 

CHAMP orbit 

Identified  

F10.7 

Physics 
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GITM iscoupled to a largenumber of modelsof

the high-latitude ionospheric electrodynamics. For

example, wecan run GITM using results from the

Assimilative Mapping of Ionospheric electrody-

namics(AMIE) technique(Richmond and Kamide,

1988; Richmond, 1992) as high-latitude drivers in

realistic, highly dynamic timeperiods. Wecan also

usetheWeimer (1996), Foster (1983), Heppner and

Maynard (1987) or Ridley et al. (2000) electro-

dynamic potential patterns and the Hardy et al.

(1987) or Fuller-Rowell and Evans (1987) particle

precipitation patternsfor moreidealized conditions.

GITM isalso part of theUniversity of Michigan’s

Space Weather Modeling Framework (Tóth et al.,

2005), so it can becoupled with a global magneto-

hydrodynamic (MHD) model (Powell et al., 1999)

of themagnetosphere. This allows investigation of

thecoupling between thethermosphere–ionosphere

and the magnetosphere systems (e.g. Ridley et al.,

2003).

2.1. Neutral dynamics

GITM solves in altitude coordinates, and does

not assume hydrostatic equilibrium, therefore the

vertical solver isdifferent than most other thermo-

sphericcodes. Theexponential stratifiedatmosphere

isdifficult to solvefor becausethevertical gradients

arequitestrong. Wehaveaddressedthisproblemby

splittingthevertical andhorizontal advection. After

theadvection iscompleted, sourceterms(e.g., Joule

heating, chemical sourcesand losses, viscosity, etc.)

areadded.

In the horizontal direction we use the total

mass density r and number densities Ns of the

individual species, where s is the index of the

particular species. The mass density is the sum of

thespeciesdensities:

r ¼
X

s

MsNs, (1)

whereMs is themolecular massof speciess. In the

horizontal direction all of the neutral species are

assumed to move with the same velocity. We

introducea normalized neutral temperature

T ¼p=r , (2)

where p is the total neutral pressure. Using these

variablesthecontinuity equation is

qNs

qt
þ Nsr uþ u r Ns¼0, (3)

where u is the neutral velocity and t is time. The

momentum equation is

qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ

While the density varies exponentially with height,

the logarithm of density varies linearly, which is

much easier to handle numerically. For the same

reason wewritetheenergy equation in termsof the

normalized temperatureT instead of theexponen-

tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent

mixing becomes very small, and the individual

species start to become hydrostatically balanced,

instead of all the species having the same hydro-

static fall off. In these variables, the continuity

equation for each speciesthusbecomes

qN s

qt
þ r usþ us r N s¼0. (8)

Themomentum equationsfor thespeciesare

qus

qt
þ us r usþ

k

Ms

r T þ
k

Ms

Tr N s¼0, (9)

where

T ¼
mn

k
T (10)

is the un-normalized temperature. The number

density weighted average mass is denoted as mn.

In thetemperatureequation, theaveragevelocity u

is used, which is calculated from the species

velocitiesas

u¼
1

r

X

s

MsNsus. (11)
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RCAISE minimizes the error z in the CHAMP neutral density y0 
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Real CHAMP neutral density 

IS assimilated 

Real CHAMP 

Real CHAMP neutral density data 

GITM+RCAISE estimate 

of neutral density along CHAMP orbit 

Estimate F10.7 Using Real Satellite Data 



RCAISE minimizes the error z in the CHAMP neutral density y0 

47 

Real CHAMP neutral density 

IS assimilated 

Real CHAMP 

Estimate F10.7 Using Real Satellite Data 

Difference between the real 

and estimated neutral 

density at CHAMP’s location 



 RCAISE reconstructs the measured F10.7 using real CHAMP measurements 

 RCAISE compensates for missing/erroneous physics in GITM 
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Estimate F10.7 Using Real Satellite Data 

RCAISE starts here 

1 day averaged 

F10.7 

True  

F10.7 

F10.7 estimate  

from RCAISE 

1 day Averaged  

RCAISE Estimate 

True F10.7 

RCAISE Estimate 

RCAISE compensates  

for missing  

physics in GITM 



RCAISE also corrects the neutral density at GRACE’s location  

49 

GRACE neutral density 

data is NOT assimilated 

This data is used only as 

a quality metric 

 

Real GRACE 

This error may be due to 

what scientists believe is a 

calibration error in the 

GRACE data 

Real GRACE neutral density data 

GITM+RCAISE estimate 

of neutral density along GRACE orbit 

Estimate F10.7 Using Real Satellite Data 
Δ
𝜌

 

Δ𝜌 𝑘 =   𝑀𝑒𝑎𝑛 𝑧 1: 𝑘   
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 Photoelectron heating efficiency (PHE) is 

the fraction of the photoelectrons that 

deposit energy into the thermosphere 

 View PHE as an unknown parameter 

 Calculated heating efficiencies vary with 

altitude, local time, season, and solar cycle 

 GITM does not capture temporal and 

spatial variations in the photo-electron 

heating efficiency 

 GITM uses a uniform static value for the 

photoelectron heating efficiency  

 This value is used at all times, 

locations, and solar activity levels 

 This fixed value introduces an internal bias 

Estimate Photoelectron Heating Efficiency 

 Question:  Can we use RCMR to reduce this bias? 



• 𝑞EUV is the solar extreme ultraviolet (EUV) 

heating 

• 𝑞PHE is the photoelectron heating---the heat 

released by secondary photoelectrons 

𝑄EUV =  𝜖EUV 𝑞EUV + 𝜖PHE 𝑞PHE  
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GITM iscoupled to a largenumber of modelsof

the high-latitude ionospheric electrodynamics. For

example, wecan run GITM using results from the

Assimilative Mapping of Ionospheric electrody-

namics(AMIE) technique(Richmond and Kamide,

1988; Richmond, 1992) as high-latitude drivers in

realistic, highly dynamic timeperiods. Wecan also

usetheWeimer (1996), Foster (1983), Heppner and

Maynard (1987) or Ridley et al. (2000) electro-

dynamic potential patterns and the Hardy et al.

(1987) or Fuller-Rowell and Evans (1987) particle

precipitation patternsfor moreidealized conditions.

GITM isalso part of theUniversity of Michigan’s

Space Weather Modeling Framework (Tóth et al.,

2005), so it can becoupled with a global magneto-

hydrodynamic (MHD) model (Powell et al., 1999)

of themagnetosphere. This allows investigation of

thecoupling between thethermosphere–ionosphere

and the magnetosphere systems (e.g. Ridley et al.,

2003).

2.1. Neutral dynamics

GITM solves in altitude coordinates, and does

not assume hydrostatic equilibrium, therefore the

vertical solver isdifferent than most other thermo-

sphericcodes. Theexponential stratifiedatmosphere

isdifficult to solvefor becausethevertical gradients

arequitestrong. Wehaveaddressedthisproblemby

splittingthevertical andhorizontal advection. After

theadvection iscompleted, sourceterms(e.g., Joule

heating, chemical sourcesand losses, viscosity, etc.)

areadded.

In the horizontal direction we use the total

mass density r and number densities Ns of the

individual species, where s is the index of the

particular species. The mass density is the sum of

thespeciesdensities:

r ¼
X

s

MsNs, (1)

whereMs is themolecular massof speciess. In the

horizontal direction all of the neutral species are

assumed to move with the same velocity. We

introducea normalized neutral temperature

T ¼p=r , (2)

where p is the total neutral pressure. Using these

variablesthecontinuity equation is

qNs

qt
þ Nsr uþ u r Ns¼0, (3)

where u is the neutral velocity and t is time. The

momentum equation is

qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ

While the density varies exponentially with height,

the logarithm of density varies linearly, which is

much easier to handle numerically. For the same

reason wewritetheenergy equation in termsof the

normalized temperatureT instead of theexponen-

tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent

mixing becomes very small, and the individual

species start to become hydrostatically balanced,

instead of all the species having the same hydro-

static fall off. In these variables, the continuity

equation for each speciesthusbecomes

qN s

qt
þ r usþ us r N s¼0. (8)

Themomentum equationsfor thespeciesare

qus

qt
þ us r usþ

k

Ms

r T þ
k

Ms

Tr N s¼0, (9)

where

T ¼
mn

k
T (10)

is the un-normalized temperature. The number

density weighted average mass is denoted as mn.

In thetemperatureequation, theaveragevelocity u

is used, which is calculated from the species

velocitiesas

u¼
1

r

X

s

MsNsus. (11)
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GITM iscoupled to a largenumber of modelsof

the high-latitude ionospheric electrodynamics. For

example, wecan run GITM using results from the

Assimilative Mapping of Ionospheric electrody-

namics(AMIE) technique(Richmond and Kamide,

1988; Richmond, 1992) as high-latitude drivers in

realistic, highly dynamic timeperiods. Wecan also

usetheWeimer (1996), Foster (1983), Heppner and

Maynard (1987) or Ridley et al. (2000) electro-

dynamic potential patterns and the Hardy et al.

(1987) or Fuller-Rowell and Evans (1987) particle

precipitation patternsfor moreidealized conditions.

GITM isalso part of theUniversity of Michigan’s

Space Weather Modeling Framework (Tóth et al.,

2005), so it can becoupled with a global magneto-

hydrodynamic (MHD) model (Powell et al., 1999)

of themagnetosphere. This allows investigation of

thecoupling between thethermosphere–ionosphere

and the magnetosphere systems (e.g. Ridley et al.,

2003).

2.1. Neutral dynamics

GITM solves in altitude coordinates, and does

not assume hydrostatic equilibrium, therefore the

vertical solver isdifferent than most other thermo-

sphericcodes. Theexponential stratifiedatmosphere

isdifficult to solvefor becausethevertical gradients

arequitestrong. Wehaveaddressedthisproblemby

splittingthevertical andhorizontal advection. After

theadvection iscompleted, sourceterms(e.g., Joule

heating, chemical sourcesand losses, viscosity, etc.)

areadded.

In the horizontal direction we use the total

mass density r and number densities Ns of the

individual species, where s is the index of the

particular species. The mass density is the sum of

thespeciesdensities:

r ¼
X

s

MsNs, (1)

whereMs is themolecular massof speciess. In the

horizontal direction all of the neutral species are

assumed to move with the same velocity. We

introducea normalized neutral temperature

T ¼p=r , (2)

where p is the total neutral pressure. Using these

variablesthecontinuity equation is

qNs

qt
þ Nsr uþ u r Ns¼0, (3)

where u is the neutral velocity and t is time. The

momentum equation is

qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ

While the density varies exponentially with height,

the logarithm of density varies linearly, which is

much easier to handle numerically. For the same

reason wewritetheenergy equation in termsof the

normalized temperatureT instead of theexponen-

tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent

mixing becomes very small, and the individual

species start to become hydrostatically balanced,

instead of all the species having the same hydro-

static fall off. In these variables, the continuity

equation for each speciesthusbecomes

qN s

qt
þ r usþ us r N s¼0. (8)

Themomentum equationsfor thespeciesare

qus

qt
þ us r usþ

k

Ms

r T þ
k

Ms

Tr N s¼0, (9)

where

T ¼
mn

k
T (10)

is the un-normalized temperature. The number

density weighted average mass is denoted as mn.

In thetemperatureequation, theaveragevelocity u

is used, which is calculated from the species

velocitiesas

u¼
1

r

X

s

MsNsus. (11)
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This signal is the  

retrospectively  

optimized PHE 

 PHE is an unknown parameter in GITM 

 To estimate PHE, we compute neutral density along CHAMP’s orbit at the fixed 

altitude of 400 km, and RCMR uses this artificial data  

 As a quality metric for the state estimates, we compare estimates of the neutral density 

along GRACE’s orbit at a constant altitude of 400 km 

𝑧 = 𝑦0  − 𝑦 0 

This signal is the 

calculated neutral 

density along the faux 

CHAMP orbit 

Estimated  

PHE 

 𝑦0 

+ − 

This signal is the artificial 

neutral density along the 

faux CHAMP orbit 

  𝑦 0 

 𝑣  

Modeled 

PHE 

 𝑦  𝑣 

This error signal 

measures the 

model mismatch 
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GITM iscoupled to a largenumber of modelsof

the high-latitude ionospheric electrodynamics. For

example, wecan run GITM using results from the

Assimilative Mapping of Ionospheric electrody-

namics(AMIE) technique(Richmond and Kamide,

1988; Richmond, 1992) as high-latitude drivers in

realistic, highly dynamic timeperiods. Wecan also

usetheWeimer (1996), Foster (1983), Heppner and

Maynard (1987) or Ridley et al. (2000) electro-

dynamic potential patterns and the Hardy et al.

(1987) or Fuller-Rowell and Evans (1987) particle

precipitation patternsfor moreidealized conditions.

GITM isalso part of theUniversity of Michigan’s

Space Weather Modeling Framework (Tóth et al.,

2005), so it can becoupled with a global magneto-

hydrodynamic (MHD) model (Powell et al., 1999)

of themagnetosphere. This allows investigation of

thecoupling between thethermosphere–ionosphere

and the magnetosphere systems (e.g. Ridley et al.,

2003).

2.1. Neutral dynamics

GITM solves in altitude coordinates, and does

not assume hydrostatic equilibrium, therefore the

vertical solver isdifferent than most other thermo-

sphericcodes. Theexponential stratifiedatmosphere

isdifficult to solvefor becausethevertical gradients

arequitestrong. Wehaveaddressedthisproblemby

splittingthevertical andhorizontal advection. After

theadvection iscompleted, sourceterms(e.g., Joule

heating, chemical sourcesand losses, viscosity, etc.)

areadded.

In the horizontal direction we use the total

mass density r and number densities Ns of the

individual species, where s is the index of the

particular species. The mass density is the sum of

thespeciesdensities:

r ¼
X

s

MsNs, (1)

whereMs is themolecular massof speciess. In the

horizontal direction all of the neutral species are

assumed to move with the same velocity. We

introducea normalized neutral temperature

T ¼p=r , (2)

where p is the total neutral pressure. Using these

variablesthecontinuity equation is

qNs

qt
þ Nsr uþ u r Ns¼0, (3)

where u is the neutral velocity and t is time. The

momentum equation is

qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ

While the density varies exponentially with height,

the logarithm of density varies linearly, which is

much easier to handle numerically. For the same

reason wewritetheenergy equation in termsof the

normalized temperatureT instead of theexponen-

tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent

mixing becomes very small, and the individual

species start to become hydrostatically balanced,

instead of all the species having the same hydro-

static fall off. In these variables, the continuity

equation for each speciesthusbecomes

qN s

qt
þ r usþ us r N s¼0. (8)

Themomentum equationsfor thespeciesare

qus

qt
þ us r usþ

k

Ms

r T þ
k

Ms

Tr N s¼0, (9)

where

T ¼
mn

k
T (10)

is the un-normalized temperature. The number

density weighted average mass is denoted as mn.

In thetemperatureequation, theaveragevelocity u

is used, which is calculated from the species

velocitiesas

u¼
1

r

X

s

MsNsus. (11)
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 The RCMR estimate of PHE converges to the artificial (modeled) value of PHE 
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PHE convergence yields convergent state estimates 
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 We study the robustness of RCMR to the choice of H 
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qu

qt
þ u r uþ r T þ

T

r
r r ¼0, (4)

and theenergy equation can bewritten as

qT

qt
þ u r T þ ðg 1ÞT r u¼0, (5)

where g is the ratio of specific heats ð5
3
Þ. For the

horizontal advection wetakethehorizontal part of

the above equations, i.e. the terms containing

vertical derivativesareignored.

In the vertical (or radial) direction the natural

logarithm of the total mass density r and

number densities Ns are used as the primitive

variables:

R¼lnðrÞ, ð6Þ

N s¼lnðNsÞ. ð7Þ
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much easier to handle numerically. For the same
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tially varying p.

In the thermosphere, theneutrals can be treated

as having individual vertical velocities us. This is

becauseaboveabout 120km altitude, theturbulent
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RCMR minimizes the error z in the CHAMP neutral density 
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RCMR minimizes the error z in the CHAMP neutral density 
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 RCMR determines the value of PHE that minimizes the error z in the 

neutral density estimate 
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RCMR/RCAISE versus Standard Methods 

 RCAISE does not provide statistical error measures 

 No estimate of covariance or probability distribution 

 Uses no priors---not Bayesian 

 Uses no ensemble---only a single simulation 

 Uses only linear least squares techniques 

 Requires no adjoint code (none is available for GITM) 

 Computationally inexpensive 

 Adds minutes to multi-hour ensemble data assimilation 

 But requires estimates of H’s---determined by numerical testing 

 May be useful as an adjunct to ensemble codes 

 For model refinement or input estimation in strongly driven systems-----

systems whose evolution is primarily due to external inputs 
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Summary and Future Work 

 Our goal is to make models more accurate (RCMR) and estimate 

states and inputs (RCAISE)  

 RCAISE is applicable to strongly driven systems 

 RCMR refines models by identifying inaccessible subsystems 

 

 Future research:  Use GITM to search for new physics 

 Heating/cooling models, eddy diffusion, other physics and data 

 Subgrid modeling? 

 

 Key RCMR/RCAISE development goal 

 Fast tuning of H values for large scale nonlinear applications 

 

 RCAISE and RCMR are potentially useful for all applications  

with unknown inputs and significant modeling errors 
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