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AB STRACT

The tiny ion o spheric pho tom e ter (TIP) and GPS occultation ex per i ment (GOX) onboard FORMOSAT-3/COS MIC (F3/C)

are em ployed to mea sure the OI 135.6 nm in ten si ties in the na dir di rec tion and the to tal elec tron con tent (TEC) be tween the

F3/C and GPS sat el lite in the ion o sphere, re spec tively. Due to its very high sen si tiv ity ~600 counts/Ray leigh and rather nar row

na dir point ing 3.8° cir cu lar field-of-view, the TIP pro vides ac cu rate char ac ter iza tion of ion o spheric elec tron den sity gra di ents

in the hor i zon tal di rec tion. Mean while, a tech nique of the low earth or bit (LEO) to mog ra phy is ap plied to an a lyze the GOX data 

ob tain ing the 3D dis tri bu tion of ion o sphere elec tron den sity. Here, we com bine the two ob ser va tions to carry out the LEO-TIP

tomographic in ver sions, and dem on strate that the peak elec tron den sity (NmF2) re trieved from the TIP com bined to gether with

the peak al ti tude (hmF2) in for ma tion from the LEO tomography profiles provides more realistic electron density.
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1. IN TRO DUC TION

To im prove the global weather pre dic tion and space

weather mon i tor ing, six microsatellites termed the Formosa

Sat el lite 3 - Con stel la tion Ob serv ing Sys tem for Mete oro -

logy, Ion o sphere, and Cli mate (FORMOSAT-3/COS MIC;

F3/C) were launched into cir cu lar low-earth or bits (LEOs)

from Vandenberg Air Force Base, Cal i for nia, at 0140 UTC 

15 April 2006. Each microsatellite of the joint Tai wan- US

sat el lite con stel la tion mis sion has a GPS occultation ex -

periment (GOX) pay load to op er ate the at mo spheric and

ion o spheric ra dio occultation, a tiny ion o spheric pho to -

m e ter (TIP) to ob serve the night time ion o spheric air glow OI 

135.6 nm emis sion (Fig. 1), and a tri-band bea con (TBB) to

tomographically es ti mate fine struc tures of ion o spheric elec- 

tron den sity on the sat el lite-to-re ceiver plane (Rocken et al. 

2000; Cheng 2006). While the GOX daily ob serves about

2500 ver ti cal elec tron den sity dis tri bu tions up to the sat el -

lite al ti tude (Schreiner et al. 2006; Lei et al. 2007; Lin et al.

2007; Lin et al. 2009; Tsai et al. 2009), the TIP pro vides ac -

cu rate hor i zon tal gra di ents of night time elec tron den sity

(Chua et al. 2009; Coker et al. 2009; Dymond et al. 2009).

The ra dio occultation tech nique was first used by the

Mar i ner IV Mars ex plo ra tion mis sion in 1965 ob serv ing

Mars’ at mo sphere struc tures (Fjeldbo and Eshleman 1968)

and later on by Mar i ner V Ve nus mis sion, other plan e tary

and lu nar probes, etc. (Fjeldbo et al. 1971; Yunck 2002). The 

tech nique was not ap plied to Earth’s at mo sphere ob ser va tion 

un til an ex per i men tal sat el lite called GPS/MET in 1995.

By us ing a LEO sat el lite, named as MicroLab 1, at about

735 km al ti tude and 70° in cli na tion an gle to re ceive the ul tra
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high fre quency (UHF; 1.5 and 1.2 GHz) ra dio sig nal trans -

mit ted by GPS sat el lites at an al ti tude of 20200 km, GPS/

MET is able to sound the ion o sphere from the or bit al ti tude

to Earth’s sur face and re trieve ver ti cal pro files of ion o -

spheric elec tron den sity us ing the Abel in te gral trans form

un der the as sump tion of spher i cal sym me try at the lo cal ity

of occultation. Sev eral stud ies ex am ine the ac cu racy of re -

trieved GPS/MET elec tron den sity pro files and show the

Abel in ver sion be ing suf fered from the spher i cal sym me try

as sump tion (Hajj and Romans 1998; Schreiner et al. 1999;

Tsai et al. 2001; Tsai and Tsai 2004). Tsai et al. (2001) find

that an asym me try at the equa to rial anom aly most likely

causes the Abel in ver sion to sys tem at i cally un der-es ti mate

the elec tron den sity near the peak. Mean while, two-di men -

sional tomographic re con struc tion from GPS/MET data has

been dem on strated by many sci en tists (Rius et al. 1997,

1998; Hajj et al. 2000; Tsai et al. 2002). Tsai et al. (2002)

implemented the Multi pli ca tive Al ge braic Re con struc tion

Tech nique (MART) to re con struct the ion o sphere pro jected

onto the LEO-or bital plane us ing mea sured TECs through

the re cep tions of the GPS-to-LEO sig nals. The re con st -

ructed elec tron den sity by the LEO to mog ra phy with the

com pen sated TEC yields better re sults than the orig i nal ver -

ti cal pro files re trieved from the GPS occultation data by the

Abel trans for ma tion, be ing in a better agree ment in both

peak elec tron den sity NmF2 and height hmF2 to nearby iono -

sonde mea sure ments (Tsai et al. 2006, 2009).

The TIP mea sures hor i zon tal struc ture of the ion o sphere 

with high pre ci sion and high spa tial res o lu tion (Chua et al.

2009; Coker et al. 2009; Dymond et al. 2009). The pri mary

source of the night time OI 135.6 nm emis sion is the ra di a tive 

re com bi na tion pro cess of O+, with a mi nor con tri bu tion

from the ion-ion neu tral iza tion of O+ by O- (Meier 1991).

Since the ma jor con tri bu tion co mes from the di rect or ra di a -

tive re com bi na tion, its in ten sity can be ap prox i mated to the

square of the elec tron den sity (DeMajistre et al. 2004). The

OI 135.6 nm in te grated mea sure ments should be thus re lated 

to the NmF2 as well as the ion o spheric elec tron con tent, IEC. 

Such a re la tion ship can be used to de ter mine a con ver sion

fac tor that re lates the OI 135.6 nm in ten sity with NmF2 and

IEC, as well as to re trieve these key ion o spheric pa ram e ters

from the ob ser va tions of this emis sion. Dymond et al. (2000, 

2009) de scribed an al go rithm to ob tain the elec tron den sity

pro files by in vert ing the OI 135.6 nm na dir mea sure ments.

The in ten sity is cal cu lated us ing a for ward model based on a

Chap man dis tri bu tion for the night time atomic ox y gen den -

sity, de fined by the ini tial in put val ues of NmF2, the F-layer

peak al ti tude hmF2, and the atomic ox y gen scale height H. A

uni form scale height is as sumed be low hmF2, while a qua -

dratic func tion is used to de scribe the scale height above

hmF2. The al go rithm iteratively ad justs the initial pa ram e -

ters and the best-fit val ues that re pro duce the observed in -

ten sity are used to de rive the elec tron den sity pro file and

pro duce in ver sions of the TIP radiances.

In this pa per, we first find the con ver sion fac tor of NmF2

be tween the TIP radiances and the GOX pa ram e ter, and then
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Fig. 1. Ion o spheric TIP-LEO (TIP+GOX) to mog ra phy. The green and pink lines de note the GOX limb scan (cal i brated TEC) and the TIP in ten sity

(con verted IEC), re spec tively.



fol low Dymond et al. (2009) car ry ing out the TIP in ver sions. 

We fur ther de rive and iso late the con cur rent data of LEO-

 com pen sated to mog ra phy by us ing Tsai et al. (2006), and

com bine the two re sults to yield LEO-TIP tomographic in -

ver sions (Fig. 1).

2. OB SER VA TION AND RE SULT

The NmF2 and as so ci ated 135.6 nm emis sion in ten sity

are sim u lated by us ing the IRI-01 (Bilitza 2001) and

MSISE- 90 (Hedin 1991). The mod els are run to ob tain the

global val ues of these pa ram e ters at the global fixed lo cal

time 2000 - 2200 LT in the night of 14 Sep tem ber 2006 at

2100 LT, within a lat i tude-lon gi tude grid of 2.5° ´ 5° re -

solution, in put ting the geo mag netic and so lar ac tiv ity con -

ditions from the Na tional Geo mag netic Data Cen ter (NGDC).

The scat ter plots are made us ing all the data be tween 30°N

and 30°S. The slope of the straight line fit to the points gives

the the o ret i cal con ver sion fac tor, which is about 9 (Fig. 2).

Mean while, con cur rent and co-lo cated mea sure ments of the

TIP radiances and GOX NmF2 (Abel in ver sion) at the global

fixed 2000 - 2200 LT in the night of 14 Sep tem ber 2006 are

used to de ter mine the ob served con ver sion fac tor, which is

also 9 (Fig, 2). This con ver sion fac tor is used to re trieve

NmF2 from the TIP in ten sity. Note that this fac tor will de -

pend on lo cal time, sea son, and so lar ac tiv ity. In the ex am -

ples here, the con ver sion fac tor cor re spond ing to the par -

ticular ob serv ing con di tions has been used.

We fo cus on ob ser va tions car ried out along track 1 (FN

001; DID 06) and track 2 (FN 003; DID 02) at about 540 km

al ti tude in the night of 14 Sep tem ber 2006 (Fig. 3). In ver sion 

of the TIP radiances is mainly based on Dymond et al. (2000, 

2009). A Chap man pro file is as sumed for the elec tron den -

sity dis tri bu tion, which de pends on the NmF2, hmF2, and

scale height H. The in ver sion is car ried out at ev ery 1° lat i -

tude. A for ward model based on the Chap man ap prox i ma -

tion is used to cal cu late the ob served in ten si ties, where ini -

tial val ues for NmF2, hmF2, and scale pa ram e ters are to be

as sumed. The ini tial NmF2 value is ob tained from the TIP

radiance us ing the ob served con ver sion fac tor, while the

ini tial hmF2 is as sumed to be 300 km al ti tude and scale

height to be 60 km. An it er a tive ap proach is used to get best

fit of the in put pa ram e ters (NmF2, hmF2, and scale height),

which are de ter mined when the for ward model re pro duces

the ob served in ten sity for a c2 vari a tion less than 0.1% be -

tween suc ces sive it er a tions. The in verted elec tron den sity

pro files for the two cases used here are dis played in Figs. 4a

and 5a. It can be seen that the equa to rial ion iza tion anom aly

(EIA) in elec tron den sity along the sat el lite flight plane can

be clearly ob served, how ever the hmF2 along the track is un -

changed at about 330 km al ti tude.

As the as sump tion of spher i cal sym me try used in the

Abel in te gral trans form is not re al is tic in gen eral, we adopt

the im proved ap proach of Tsai et al. (2006, 2009) con sid er -

ing and de riv ing hor i zon tal gra di ents of the elec tron den sity

by close-up occultation pro files re trieved from the stan dard

Abel in ver sion. That is the den sity dis tri bu tion is used to

com pen sate the TEC from Abel in ver sion us ing the dif fer -

ence be tween the tan gent point elec tron den sity and the real

elec tron den si ties along the occultation rays. Fig ures 4b and

5b il lus trate the com pen sated LEO to mog ra phy re sults of the 

two flight plans ob tained from the GOX data. Al though the

EIA struc ture is much weak ened, the hmF2 variation can be

clearly found.

Since the TIP pro vides a dis tinct elec tron den sity struc -

ture and the LEO to mog ra phy yields a more re al is tic hmF2

vari a tion, we then com bine the two ob ser va tions by for -

ward ing the LEO hmF2 to the TIP re trieval (Figs. 4c, 5c). By

this pro cess we can re con struct ion o spheric elec tron den sity

with well dis tin guished EIA peaks, while re tain ing the al ti -

tude in for ma tion. The LEO-TIP pro files show that the high

sen si tiv ity as well as the spa tial and tem po ral res o lu tion of

the TIP is help ful for de tailed in for ma tion of the hor i zon tal

elec tron den sity struc tures than the other tech nique.

Fig ures 6 and 7 il lus trate the elec tron den sity pro files

ob tained from LEO-TIP to mog ra phy to gether with those

from LEO to mog ra phy and the orig i nal GOX Abel re trieval.

For both the tracks, the TIP in ten sity at -30°N is ex tremely

low and this has caused the elec tron den sity of the cor re -

spond ing pro files to be much less than those from LEO to -

mog ra phy and GOX. The NmF2 from LEO-TIP to mog ra phy

and from solo LEO to mog ra phy more or less agree be tween

0 - 30°N, while they are far off at other lat i tudes. The la -

titudinal dis tri bu tions of NmF2 from the TIP in ver sion (or

LEO- TIP to mog ra phy), LEO to mog ra phy, and GOX re -

trieval show that the TIP is more ef fi cient in re pro duc ing

spa tial vari a tions (Fig. 8). On the other hand, the lat i tu di nal

dis tri bu tions of hmF2 from the TIP in ver sion are about con -

stant, GOX re trieval is scat tered, and LEO (or LEO-TIP) to -

mog ra phy yields more re al is tic val ues (Fig. 9).

3. DIS CUS SION AND CON CLU SION

The OI 135.6 nm emis sion for Fig. 2 has been sim u lated

tak ing into ac count the con tri bu tions from both the ra di a tive

re com bi na tion as well as the ion-ion neu tral iza tion (Tinsley

and Bittencourt 1975; Melendez-Alvira et al. 1999). The

per fect straight line fit to the sim u lated data un der lines the

fact that the ion-ion neu tral iza tion is not sig nif i cant com -

pared to the dom i nant ra di a tive re com bi na tion pro cess. The

in ver sion al go rithm used here, hence, con sid ers only the

direct (ra di a tive) re com bi na tion while com put ing the emis -

sion. Fig ure 2 also sug gests that a sim ple con ver sion fac tor

can be used to de ter mine NmF2 from the OI 135.6 nm na dir

in te grated in ten sity mea sure ments. The agree ment be tween

the the o ret i cal and the ob served con ver sion fac tor shows

that the sim u la tions are re li able in spite of the lim i ta tions of

the mod els used. The de tails of the con ver sion fac tor will be
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dis cussed in a forth com ing com mu ni ca tion. One of the im -

me di ate ap pli ca tions of the con ver sion fac tor is in deter -

mining the NmF2 val ues that serve as more re al is tic in put to 

the in ver sion al go rithm.

There is an over all in ten sity vari a tion from track 1 to

track 2 (Fig. 3). The anom aly peaks in Fig. 4a are more pro -

nounced than that in Fig. 5a. The two sat el lite scans se lected

here have al most the same lat i tu di nal cov er age, and are se -

parated by about 35° in lon gi tude. The ob served in ten sity

difference of the two or bits could come from this dif fer ence

in the lon gi tudes. A sim i lar, but less pro nounced, dif fer ence

in the elec tron den si ties can be seen in the LEO to mog ra phy

data also (Figs. 4b and 5b).

The in ver sion pro ce dure has re pro duced the spa tial

struc tures in the ob served air glow in ten sity (Fig. 8) quite

well. It can be seen that, com pared to the LEO to mog ra phy

pro files, the TIP in ver sion gives a better re sult in that the

anom aly peaks are well sep a rated. This shows that the TIP is

more sen si tive to hor i zon tal gra di ents and is very use ful in

re-con struct ing fine struc tures in the spa tial dis tri bu tion of

elec tron den sity. But, the 135.6 nm air glow in ten sity from

the TIP is pro por tional to the ver ti cal col umn in te gral of the

square of the elec tron den sity and, there fore, con tains no
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Fig. 3. The TIP ob ser va tions along: (a) Track 1 (FN 001; DID 06), and (b) Track 2 (FN 003; DID 02) at about 540 km al ti tude in the night of 14 Sep -

tem ber 2006. The color code (top) and the solid lines (bot tom) in di cate the TIP in ten sity along the track.

(a) (b)

Fig. 2. The con ver sion fac tor be tween NmF2 and 135.6 nm ra di ance de -

rived from the IRI and MSISE mod els (left), and that ob tained us ing

GOX NmF2 (Abel in ver sion) and TIP ra di ance (right). The NmF2 and

135.6 nm ra di ance are in 105 el cm-3 and Ray leigh, re spec tively. The

cor re la tion co ef fi cients for the sim u la tion and ob ser va tion are 0.99 and

0.74, re spec tively.
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Fig. 4. Ion o spheric to mog ra phy of Track 1 from (a) TIP, (b) LEO, and

(c) LEO-TIP in ver sions. The white space de notes data gap or noise.

The dot ted lines de note the hmF2.

Fig. 5. Ion o spheric to mog ra phy of Track 2 from (a) TIP, (b) LEO, and

(c) LEO-TIP in ver sions. The white space de notes data gap or noise.

The dot ted lines de note the hmF2.

Fig. 6. The elec tron den sity pro files for track 1. The solid, dashed and dot ted lines de note the pro files from LEO-TIP hmF2, LEO, and GOX (Abel in -

ver sion), re spec tively. The pro files are shown at ev ery 5° lat i tude be tween -30 and 45°N.



altitude in for ma tion. The al ti tude vari a tion of the elec tron

den sity has been poorly re pro duced in the in ver sion (Fig. 9).

The GPS to tal elec tron data are in the form of an oc -

cultation or “limb scan” and there fore these data pro vide

high qual ity al ti tude in for ma tion. How ever, the GPS data are 

in te grated elec tron den si ties along the line-of-sight to the

GPS sat el lite and there fore may be af fected by gra di ents

along the line-of-sight. Con se quently, the LEO to mog ra phy

gives only an over all elec tron den sity vari a tion (Fig. 8), and

even the anom aly peaks are not well dis tin guish able, while

this method can re pro duce the al ti tude vari a tion (Fig. 9).

Thus, this work shows that by com bin ing the two pro ce dures,

it is pos si ble to take the ad van tages of both meth ods to re con -

struct two di men sional elec tron den si ties (Figs. 4c, 5c).

We pres ent the re sults of in ver sions of the TIP radiances

in con junc tion with the LEO to mog ra phy. The pre lim i nary

re sults pre sented here dem on strate that the TIP serves the

very ob jec tive of pro vid ing in for ma tion about the hor i zon tal 
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Fig. 7. The elec tron den sity pro files for track 2. The solid, dashed, and dot ted lines de note the pro files from LEO-TIP hmF2, LEO, and GOX (Abel in -

ver sion), re spec tively. The pro files are shown at ev ery 5° lat i tude be tween -30 and 45°N.

Fig. 8 Ion o spheric NmF2 for track 1 (left) and track 2 (right). The dashed line, dot ted line, and cross sym bol de notes the NmF2 of the TIP (LEO-TIP),

LEO, and GOX (Abel in ver sion), re spec tively.



gra di ents in elec tron den sity, which is a nec es sary in put for

LEO to mog ra phy. In this pa per, we show TIP OI 135.6 nm

in te grated mea sure ments can be con verted to the ion o -

spheric elec tron con tent, IEC (Fig. 1). On the other hand,

Tsai et al. (2002) suc cess fully de velop tomographic im ag ing 

of the ion o sphere us ing the GPS/MET and NNSS data. It

should be ap pli ca ble to com bine the GOX com pen sated

TEC and the TIP IEC, re plac ing the NNSS data, to carry out

a better LEO-TIP tomographic in ver sion (Fig. 1).
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