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Outline 

4DVAR Approach and Process 
Simulation Experiments 
- Low latitude assimilation to estimate ExB drift and wind 

- Drift and wind parameters and grid 
- Ionospheric weather under perturbations of drift and wind 
- An available observation system 

simultaneously 

Experiment Results 



Ionospheric Data Assimilation 

Observations I I  

I I Adjustment of State 



Optimization Approach: 4DVAR 

m Non-linear least squares 
k=l minimization J(n;a)  = ZllYk -Hkn( t k ;a ) ( (2  

V&) 

vj(a) = 0 

k = l  

- Cost function to compute model 
deviation from observations 

- Aqoint method to compute 
gradient of cost function : 
computation efficiency 

- Minimization: finding roots using Newton's method by estimating - 
driving parameters l 7  

F(r )  = FoW + 7 C wi (P' 7 0)~; (r') 
i=l C wi - Parameferization of model drivers 

i=l 

To estimate ionospheric drivers 
and optimize the state 



Observation System Simulation Experiments 

System 
GAIM 
GPS satellites 
Available IGS global network: ground measurements of 
TEC 
Real observation links: -1600 / hour or -27 / minute, 
sampled at 5-minute intervals 
Low latitude Ionosphere: &30° latitudes 
Global in longitude dimension 

Estimation of VL and U, at low latitudes simultaneously 
Improvement of ionospheric state (F-region Ne and TEC) 



GPS Network 
and Grid for Wind Estimation 

IGS Global GPS Network and Wind Parameter Grid 
I-- lll_ .----- - 

45 IGS stations 
144 wind parameters covering +30° latitudes globally 
9 drift parameters for low-lat covering 24-hour local time 



GAlM Grid for Low Latitude 
Simulation Experiments 

I 

0 Coverage 
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GAM Mid-Low Latitude Model Grid with 7104 Elements 



Equatorial Ex6 Vertical Drift 
for Simulation Experiments 

0 Strong pre- 
reversal 
enhancement 
perturbat ion 
The crucial 
driver for the 
equatorial 
anomaly and 
equatorial 
irregularities 
and 
scintillations 
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Ionospheric TEC: Weather vs. Climatology 

TEC Comparison at UT = 16:OO Climate 

Weather 
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Assimilation Results 
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Wind Estimation 

Meridional Wind Perturbation Pattern 
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Capturing basic features: LT, latitude, and direction 
Underestimating in magnitude 



Statistics of Driver and State 

Sequentially 
assimilating 
GPS data 
Con t i n uous 
improvement 
of VL, U, and 

Rapid 
improve men t 
in VL 

N e  



Improvement of TEC Modeling 

Weather TEC Comparison at UT = 09:59 
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Assimilation Results: n,(lat, alt) 

Wnitksr Ne Comnarison at UT = 04:OO 
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Coordinated GAIM Campaigns 

Goal: 
9 To develop methods for predicting the occurrence conditions of 

equatorial spread-f and GPS scintillation using GAIM 

GAIM-4DVAR OSSE and real data assimilation to estimate ExB 
and wind under scintillation conditions 

Multi-diagnostic observations at low latitudes 
P South America 

J Insfifufions: JPL, USC, UNIVAP, Cornell University, and AFRL. 
J Instruments: GPS, ISM, all-sky imagers, Digisonde, FPI, ISR, DMSP 

instruments, satellite ocean altimeters, etc. 
P Pacific Islands 

J Insfifufions: Cornell University, JPL, USC, and AFRL. 
J Instruments: GPS, ISM, all-sky imagers, DMSP instruments, satellite 

ocean altimeters, etc. 



Summary and Conclusions 

GAIM and 4DVAR techniques have been developed for 
estimation of ionospheric model drivers, such as ExB drift 
and wind, and optimization of Ne state modeling 
The constellation of GPS satellites and existing ground- 
based GPS network make the data assimilation scheme 
practical 
When applied to low latitude ionospheric modeling, the 
GAIM and 4DVAR techniques can be used to forecast 
equatorial ionospheric weather and 
i rreg u la ri t ies/sci n t i I lation 
Validation campaigns are being conducted to examine the 
approach and to develop forecasting methods 
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Outline JPL 

4DVAR Approach and Process 
Simulation Experiments 
- Low latitude assimilation to estimate ExB drift and wind 

- Drift and wind parameters and grid 
- Ionospheric weather under perturbations of drift and wind 
- An available observation system 

simultaneously 

Experiment Results 



Ionospheric Data Assimilation JPL 

Obsewat ions 

Drivers 

Adjustment of State 



Optimization Approach: 4DVAR 

m Non-linear least squares 
k=l minimization J(n;  a> = I lyk  - Hkn(tk  ; a>((' 

VJ (a )  = 0 

- Cost function to compute model 
deviation from observations 

- Adjoint method to compute 
g rad ien t of cost function : 

N computation efficiency 
- Minimization: finding roots using 

7 Newton's method by estimating 
' e q  ( t )  = 'eq,O ( t )  + a k @ k  ( t )  

k = l  

driving parameters 1 

wi 
w-) = + 7 C wi (P' 7 0)~; (rl) 

i=l - Parameterization of model drivers 
i=l 

To estimate ionospheric drivers 
and optimize the state 



Observation System Simulation Experiments JpL 

System 
GAIM 
GPS satellites 
Available IGS global network: ground measurements of 
TEC 
Real observation links: -1600 / hour or -27 / minute, 
sampled at 5-minute intervals 
Low latitude Ionosphere: +30° latitudes 
Global in longitude dimension 

Estimation of Vl and U, at low latitudes simultaneously 
Improvement of ionospheric state (F-region Ne and TEC) 



JPL GPS Network 
and Grid for Wind Estimation 

IGS Global GPS Network and Wind Parameter Grid 
~ I_--- --& 

U 

I , .  

s 

-60 

45 IGS stations 
144 wind parameters covering +30° latitudes globally 
9 drift parameters for low-lat covering 24-hour local time 



JPL GAIM Grid for Low Latitude 
Simulation Experiments 
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JPL Meridional Wind Perturbation 
for Simulation Experiments 

Southward wind to 
represent storm 
time equatorward 
wind perturbation 

approaching to 
lower latitudes 
Simultaneous local- 

Decay as 

,. time occurrence 
with Ex6 drift 
perturbation to 
com pl ica te 
estimation of 

Meridional Wind Perturbation Pattern Tm/sl 

5 10 15 20 
Local Time [hrs] 
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Ionospheric TEC: Weather vs. Climatology JPL 

Climate TEC Comparison at UT = 16:OO 

_- 
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Assimilation Resu Its 

Cost Function at Assimilation Cycles c io6 
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Wind Estimation 

Meridional Wind Perturbation Pattern 

5 10 15 M 
Local Time [hrs] 

Estimated Meridional Wind Perturbation 

Local Time [hrs] 

Wsl 
-50 

-40 

-30 

-20 

-10 

0 

10 

20 

Capturing basic features: LT, latitude, and direction 
Underestimating in magnitude 



Statistics of Driver and State 
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Assimilation Results: n,(lat, alt) 

IAlr -a. - - Ne Comparison at UT = 04:OO 
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