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The big picture
●

Ionosphere: a layer of earth's atm
osphere

●
~200-1500 km

 altitude
●

C
orrupts LW

A
 im

ages
–

R
eflection

–
R

efraction
–

A
bsorption

–
S

cintillation
●

N
eed som

e w
ay to calibrate past



 
 

LW
A

-O
V

R
O

: C
om

pact; large FO
V



 
 

LW
A

-O
V

R
O

's Ionosphere G
oals

●
Ionospheric S

cience
–

N
atural H

azard D
etection

●
S

trong focus of IA
R

S
 group

●
E

arthquakes; Tsunam
is m

ove ionosphere
●

Ionospheric w
aves can be detected before conventional

m
ethods

–
S

erendipitous (eg. P
lasm

a tubes)
●

R
adio-astronom

ical calibration



 
 

●
Long-baseline LW

A
 can see m

any point
sources

●
Identify and com

pare positions to V
LA

 sky
survey (V

LS
S

)
–

Im
age correction

–
A

ll-sky ionosphere m
easurem

ent
●

D
etection algorithm

 related to Lang et al. 2009

P
oint-source refraction m

ap



 
 



 
 



 
 

G
P

S
 Tom

ography (1)
●

~1400 G
P

S
 stations around

C
alifornia (for seism

ology)
●

LW
A

-O
V

R
O

 uniquely
positioned for this (lucky!)
–

A
s long as you enjoy

earthquakes....



 
 

G
P

S
 Tom

ography (2)

●
G

lobal Ionospheric M
odel (G

IM
) provided by

JP
L IA

R
S

 group
●

R
econstruct 3d m

ap of ionosphere density
●

R
ay-trace through m

ap to estim
ate distortion



 
 

G
P

S
 Tom

ography P
ipeline

●
R

aw
 data freely available

●
P

arsed by JP
L packages (G

IP
S

Y
, G

IM
)

–
C

ycle-slip detection
–

C
arrier phase->coarse leveling

–
G

lobal satellite &
 receiver bias estim

ation
●

(one bias per receiver, satellite: ~1400 biases total)
●

P
roduct: (S

O
B

S
, V

O
B

S
, IP

P
 location, S

at#,
R

eceiver#, etc)



 
 



 
 

G
P

S
 P

roblem
s (1)

●
A

ppears to be further system
atic

–
Instead of satellite, receiver biases, appears to be
pass-by-pass bias

●
M

y answ
er: fit a new

 S
O

B
S

 bias on a pass-by-
pass basis
–

70,000 variables ->  50,000,000 data-points



 
 



 
 

C
onclusions

●
V

ery early w
ork!

●
G

reat potential for all-sky ionosphere
m

easurem
ent / calibration



 
 

Q
uestions?

Thanks!

R
yan M

onroe
rm

onroe@
caltech.edu



 
 

B
ackup slides/old plots

R
yan M

onroe
rm

onroe@
caltech.edu



 
 

G
P

S
 Tom

ography (1)

●
D

irect m
easurem

ents of Line-of-sight TE
C

s
using G

P
S

 
●

Ideal O
utcom

e: 
–

3d m
ap of ionosphere

–
20km

 resolution
–

~3 vertical bases
–

<0.1 TE
C

U
 accuracy



 
 



 
 



 
 



 
 





 
 



 
 

S
tructure functions



 
 

W
hat is this fitting m

adness
●

O
bserved bias clearly in S

O
B

S
 m

easurem
ents

●
S

ince target m
easurem

ent is V
O

B
S

, should be
able to fit bias w

ithout totally ruining desired
m

easurem
ent

●
Fit is very hard!  
–

70e3 variables on 50e6 data-points



 
 

D
efinition of fit

●
“IP

P
s w

hich are nearby should have sim
ilar

V
O

B
S

 values”
●

M
inim

ize variance in (space, tim
e) gridded

V
O

B
S

 by adjusting S
O

B
S

●
(put m

ath here if I have tim
e)



 
 

Fitting C
hallenges

●
50,000,000 m

easurem
ents →

 70,000 bias term
s

●
E

xtensive com
putational optim

ization necessary
●

M
assive cycle slips (bad G

IP
S

Y
 code?)

●
V

O
B

S
 estim

ate is only first order
–

M
ust filter error equations to include only

m
easurem

ents from
 nearby G

P
S

 receivers
●

N
eed passes to have sufficient unique IP

P
gridding bins; need IP

P
 gridding bins to have

sufficient unique passes
–

Iterate filtering until convergence
●

N
eed passes to all be coupled to each other

–
M

ust check hessian m
atrix for block-diagonality;

rem
ove detached passes



 
 

G
radient m

ap (fitted on top)



 
 

●
O

riginal G
IM

 structure function is terrible! D
oes

not decrease w
ith decreasing distance

●
M

ine probably also bad: m
y structure function

should be low
er than original G

IM
 at all

distance scales
●

Idea: poor coupling betw
een IP

P
s of different

satellites
–

A
llow

s for bias drift in distant points' IP
P

s

S
tructure functions



 
 

G
P

S
 Tom

ography (2)

●
G

P
S

 M
easurable: “S

lant TE
C

” (S
O

B
S

 / S
TE

C
)

–
Line-of-sight m

easurem
ent from

 receiver to satellite
●

C
om

m
on approach: assum

e ionosphere is thin
–

Im
plies linear conversion to V

ertical TE
C

 (V
O

B
S

 /
V

TE
C

) at point of intersection w
ith ionosphere



 
 

G
P

S
 Tom

ography: sources of error
●

C
lock drift

●
Inter-frequency bias
–

O
ne per receiver and

satellite

●
P

hase leveling
–

D
elay m

easurem
ent

noisy but absolute
–

P
hase m

easurem
ent

clean but relative



 
 

G
P

S
 P

roblem
s (2)

●●
N

on-physical!  B
ut the data doesn't lie

–
P

reviously undiscovered source of G
P

S
 ionosphere

bias?
–

R
eceiver m

ultipath?


