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AB STRACT

In this ar ti cle, we an a lyze the prop er ties of ion o spheric elec tron den sity pro fil ing re trieved from FORMOSAT-3/COS MIC

ra dio occultation mea sure ments. Two pa ram e ters, namely, the gra di ent and fluc tu a tion of the top side elec tron den sity pro file,

serve as in di ca tors to quan ti ta tively de scribe the data qual ity of the re trieved elec tron den sity pro file. On the ba sis of 8 month

data (June 2006 - Jan u ary 2007), we find that on av er age 93% of the elec tron den sity pro files have up per elec tron den sity

gra di ents and elec tron den sity fluc tu a tions smaller than -0.02 #/m3/m and 0.2, re spec tively, which can be treated as good data

for fur ther anal y sis. The same re sults are also achieved for the peak height of the elec tron den sity. Af ter re mov ing the

ques tion able data, we com pare the gen eral be hav iors of the elec tron den sity be tween FORMOSAT-3 and the IRI model. It is

found that the global dis tri bu tions of the peak height and the peak elec tron den sity for the FORMOSAT-3/COS MIC data are

gen er ally con sis tent with those for the IRI model. How ever, a sig nif i cant dif fer ence be tween their scale heights of the top side

elec tron den sity pro files is found. It sug gests that the shape of the top side elec tron den sity pro file in the IRI model should be

revised accordingly such that it more closely resembles the real situation.
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1. IN TRO DUC TION

Ra dio occultation tech nique is an old, but very so phis ti -

cated, method for the re trieval ter res trial at mo sphere para -

meters (Fjeldbo et al. 1971). The core of this tech nique is

(under a num ber of as sump tions) to trans form the bend ing

an gle of the ra dio ray path to the at mo spheric re frac tive in -

dex, which is trans mit ted from a very sta ble source sit u ated

on one side of the Earth and re ceived by a re ceiver lo cated on 

the op po site side of the Earth (Rocken et al. 1997; Hajj et al.

2000). Once the at mo spheric re frac tive in dex is re trieved,

the lower at mo spheric tem per a ture, hu mid ity and ion o -

spheric elec tron den sity at the tan gent point of the ray path

pierc ing through the at mo sphere can be es ti mated in ac cor -

dance with the re la tion be tween the re frac tive in dex n and

the pa ram e ters given be low:

(1)

where P is pres sure (hpa), T is tem per a ture (k), e is wa ter

va por pres sure (hpa), f is ra dio wave fre quency (Hz), and ne

is elec tron den sity (#/m3). In the ion o sphere (higher than an 

al ti tude of about 100 km), the con tri bu tion of T, P and e to

the at mo spheric re frac tive in dex is neg li gi ble com pared to

the elec tron den sity con tri bu tion. As a re sult, ne can be di -

rectly es ti mated from n for given f. Ex cept for the at mo -

spheric re frac tive in dex, un der the straight line as sump tion

of the ra dio ray path, the height vari a tion of the ion o spheric 

elec tron den sity can also be re trieved from cal i brated to tal

elec tron con tent (TEC) in ac cor dance with the Abel trans -

for ma tion, which can be es ti mated from the phase path dif -

ference be tween L1 (= 1.57542 GHz) and L2 (= 1.22760 GHz) 

fre quen cies of GPS sig nals (Schriner et al. 1999).
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A con stel la tion of 6 small sat el lites, called FOR MO -

SAT-3/COS MIC, was suc cess fully launched on 15 April

2006. Three pay loads, namely, 4 sets of GPS sig nal re -

ceivers, a Tri-band (150, 400, and 1067 MHz) bea con

transmitter sys tem, and the tiny ion o spheric pho tom e ter at

135.6 nm, are on board each of the COS MIC small sat el lites

for weather/cli mate, ion o sphere and ge od esy re searches

(Rocken et al. 2000). The ion o spheric elec tron den si ties em -

ployed in this study are mea sured by GPS re ceiv ers with

radio occultation tech nique, which can ob tain nearly 2500

profiles of lower at mo spheric tem per a ture, hu mid ity, and

ion o spheric elec tron den sity in 24 hours. The ad van tages of

the FORMOSAT-3/COS MIC data are high res o lu tion (about 

1 km) in ver ti cal and quasi-uni form dis tri bu tion with res o lu -

tion about 250 - 300 km in hor i zon tal around the globe. Es -

tab lish ment of the ap pro pri ate data qual ity con trol al go rithm 

for the se lec tion of good qual ity data from the raw dataset is

ab so lutely nec es sary for fur ther ap pli ca tions of FORMO -

SAT-3/COS MIC data.

One of the most crit i cal as sump tions made in the re -

trieval of the ra dio-occultated at mo spheric pa ram e ters based 

on the Abel trans for ma tion is the spher i cal sym me try of the

at mo spheric re frac tive in dex (Hajj et al. 2000; Kursinski et

al. 2000). This as sump tion im plies that no hor i zon tal gra -

dient of the re frac tive in dex ex ists along the spher i cal shell. 

In ad di tion, geo met ric op tics as sump tion is also a cru cial

con di tion for GPS ra dio occultation in ver sion (Kursinski et

al. 2000). With this as sump tion, the GPS ra dio wave pro -

pagation can be mod eled by a ray path and the scat ter ing

effect of the re frac tive in dex ir reg u lar i ties on the GPS sig nal

can be ig nored (Born and Wolf 1980). Con se quently, be -

cause of no ir reg u lar elec tron den sity dis tri bu tions in the

GPS ray path, it is ex pected that the occultation-re trieved

elec tron den sity pro file will be a smooth curve with out ran -

dom fluc tu a tions su per im posed on the curve. How ever, if

there are elec tron den sity ir reg u lar i ties ex ist ing in the ray

path, the scin til la tion and mul ti ple paths ef fects will dis turb

the re ceived GPS sig nals. As a re sult, the re trieved elec tron

den sity pro file will be highly fluc tu at ing due to ir reg u lar

vari a tion in the bend ing an gle of the ray path. In this ar ti cle,

the global be hav ior of the ran dom fluc tu a tion of the elec tron

den sity pro file will be stud ied. We will show that the global

dis tri bu tion of the elec tron den sity fluc tu a tion is highly sea -

sonal and lat i tude de pend ent.

The ac cu racy and pre ci sion of the ra dio-occultated

electron den sity has been val i dated by us ing mea sure ments

made by ground-based ionosondes and in co her ent scat ter

radars (ISR) (Hajj and Romans 1998; Rius et al. 1998; Hajj

et al. 2000; Tsai et al. 2001; Jakowski et al. 2002; Lei et al.

2007). A long-term com par i son be tween GPS/MET and

ionosonde peak elec tron den si ties made by Hajj et al. (2000)

in di cates that, un der so lar min i mum con di tion, the frac tional 

dif fer ence in the peak hourly elec tron den sity be tween GPS/

MET and ionosonde is about 20 - 40%, which is de fined as

the ra tio of the dif fer ence be tween GPS/MET and ionosonde 

hourly peak elec tron den si ties to the cor re spond ing hourly

av er age of the mean elec tron den sity of the GPS/MET.

Hocke and Igarashi (2002a) com pared peak elec tron den -

sities of the spo radic E (Es) layer at noon re trieved by

GPS/MET sat el lite with those mea sured by ionosondes dis -

trib uted in the East ern Asia Sec tion and found that they are

in gen eral agree ment with each other. Stolle et al. (2004)

com pared the high-lat i tude elec tron den sity pro files be -

tween CHAMP and EISCAT mea sure ments and found that

the occultation tech nique ap par ently tends to over es ti mate

the elec tron den sity when the back ground elec tron den si ties

are low. Ex cept for the data mea sured by the ionosonde and

ISR, the ra dio-occultated elec tron den si ties were also com -

pared with the model pre dic tions. Hocke and Igarashi

(2002b) com pared me rid i o nal elec tron den sity cross-sec -

tions ob served by GPS/MET with those pre dicted by IRI-

 2001 and found that they gave a sat is fac tory agree ment.

How ever, sig nif i cant de par tures are de tected for the night -

time top side ion o sphere at low lat i tudes and for the south ern

po lar win ter ion o sphere. They also ob served that the GPS/

MET data show lower elec tron den si ties in the up per F re -

gion in equa to rial and low lat i tude re gions than IRI-2001

pre dic tions, and the peak height of the po lar F-layer ob -

served by GPS/MET is gen er ally lower by about 50 - 100 km 

than that pre dicted by the IRI model. In or der to ob tain cor -

rect elec tron den sity pro file, Lei et al. (2007) used scale

height at F peak height and cor re la tion co ef fi cient be tween

fit ted and ob served pro files to serve as the re jec tion cri te ria

to screen out the COS MIC elec tron den sity data such that the 

COS MIC mea sure ments with good qual ity are em ployed to

com pare with ground-based ob ser va tions, IRI and TIEGCM 

model pre dic tions.

It is note wor thy that most of the val i da tions of the ra -

dio-occultated ion o spheric elec tron den si ties fo cus on the

values around peak and bot tom side of the elec tron den sity

profile. To the best of au thors’ knowl edge, very lim ited stu -

dies on the prop erty of the elec tron den sity pro file above the

peak have been re ported. For ex am ple, Stankov and Jakowski 

(2006) an a lyzed the scale height of top side elec tron den sity

pro files re trieved by CHAMP sat el lite, which char ac ter izes

the plasma tem per a ture and the dif fu sion be hav ior of the top -

side elec tron den sity. They found that the scale height gen er -

ally in creases poleward, par tic u larly dur ing equi nox and sum -

mer, and there is a ten dency for the sum mer day time scale

heights in mid-lat i tude re gion to be higher than those in

winter. In this re search, the gen eral be hav ior of the scale

height of the elec tron den sity above the peak height re trieved

by the COS MIC sat el lites will be in ves ti gated. We find that

there are sig nif i cant dif fer ences in the gen eral be hav iors, such 

as di ur nal and sea sonal vari a tions and lat i tu di nal and lon gi tu -

di nal dis tri bu tions, of the scale heights be tween FOR MO -

SAT-3/COS MIC ion o spheric mea sure ments and Inter na -

tional Ref er ence Ion o sphere (IRI) model pre dic tion.
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The or ga ni za tion of this ar ti cle is as fol lows: In sec tion

2, the thresh olds for the data qual ity con trol of the COS -

MIC-mea sured elec tron den sity pro files are set up to screen

out the bad and/or ques tion able data. In sec tion 3, we com -

pare the gen eral be hav iors of the COS MIC-de duced elec -

tron den sity pro files with those com puted by the IRI mode.

We es pe cially fo cus on the com par i sons of the be hav iors of

peak elec tron den si ties and peak height in the F2-re gion, and 

the scale height of the top side elec tron den sity pro files be -

tween COS MIC ion o spheric mea sure ments and IRI model

re sults. Fi nally, a dis cus sion is given and conclusions drawn

in section 4.

2. THRESH OLDS FOR DATA QUAL ITY CON TROL

Many fac tors may in flu ence the ac cu racy and pre ci sion

of the elec tron den sity re trieved from the occultation in ver -

sion, in clud ing ran dom fluc tu a tions and steep gra di ents of

the plasma den sity ex ist ing in the GPS ray path, sys tem bias,

noises gen er ated by the hard ware and re trieval al go rithm, in -

ac cu rate po si tion of the sat el lites, and so on, lead ing to er ro -

ne ous es ti ma tion of the bend ing an gle of the GPS ray. As a

re sult, re trieved elec tron den sity will be fluc tu ated and de -

viated from the true one, caus ing the re trieval re sults to be

ques tion able. Fig ure 1 dem on strates ex am ples of nor mal

(left panel) and ques tion able (right panel) COS MIC elec tron 

den sity pro files, in which large and ir reg u lar spikes and a

salient data gap are shown in the ques tion able pro files.

Obviously, the ques tion able pro files should be re moved be -

fore fur ther anal y sis and ap pli ca tion.

2.1 Mean De vi a tion of Elec tron Den sity Fluc tu a tion

It is note wor thy that large fluc tu a tion in the height va -

riation of the elec tron den sity may be a phys i cally mean -

ing ful phe nom e non and should not be treated as mean ing -

less noise or er ro ne ous data. The use of two or more COS -

MIC sat el lites that are close enough in the or bits with very

small spa tial sep a ra tion to si mul ta neously re ceive the GPS

sig nal trans mit ted from the same GPS sat el lite pro vides us

an op por tu nity to ex am ine whether the fluc tu a tions in the

elec tron den sity pro file are mean ing ful or not. Fig ure 2 com -

pares the elec tron den sity (red curve) and cal i brated TEC

(blue curve) pro files mea sured by sat el lite num ber 3 (right

panel) and 4 (left panel), re spec tively, which re ceived the

GPS sig nal trans mit ted from GPS sat el lite num ber 11 at al -

most the same time (only a 14-sec ond dif fer ence in the two).

In ad di tion, the dif fer ences in the lon gi tudes and lat i tudes

be tween the tan gent points of the GPS rays for FM3 and 4

are very small, less than 0.043° and 0.273°, re spec tively. As

shown, in spite of ex ceed ingly ir reg u lar fluc tu a tions of the

height vari a tions of the elec tron den si ties, we find per fectly

one-to-one cor re spon dence of the peaks of the ran dom fluc -

tu a tions in these two elec tron den sity pro files. Fur ther more,

the mag ni tudes of the peaks are also com pa ra ble to each

other. Be cause of re marked sim i lar ity be tween these two

pro files, we con sider that the fluc tu a tions in the height va -

riations of the elec tron den si ties are very likely to be phy -

sically real and re sult from elec tron den sity ir reg u lar i ties oc -

currring in the GPS ray path.

In or der to quan ti ta tively as sess the ef fect of the ion o -
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Fig. 1. Two ex am ples of ques tion able elec tron den sity pro files, in which large and ir reg u lar spikes (right panel) and a sa lient data gap (left panel) are

shown in the re spec tive pro files. The red and blue curves are, re spec tively, the elec tron den sity pro file and cal i brated to tal elec tron con tent along the

GPS ray path. The green lines are the slopes of the elec tron den sity pro files for the height ranges above and be low the peak height. The COS MIC sat el -

lite that ob tained the elec tron den sity and TEC pro files is FORMOSAT-3 num ber 5.



spheric plasma ir reg u lar i ties on the height vari a tion of the

elec tron den sity, we de fine mean de vi a tion (MD) of the elec -

tron den sity profile as follows:

(2)

where N is the to tal data points in a pro file, nei and nei are,

re spec tively, the mea sured and back ground elec tron den -

sities at the i-th height. Note that  nei is ob tained by tak ing

9-point run ning av er age of the mea sured elec tron den sity

pro file. There fore, the far ther the mea sured elec tron den -

sity de vi ates from the back ground value, the larger the

mag ni tude of MD will be. Ex cept for the as sess ment of the

plasma ir reg u lar ity ef fect, MD can also be em ployed for

data qual ity con trol. For ques tion able data shown in Fig. 1,

ex traor di narily large spikes ap pear ing in the elec tron den -

sity pro file will make the mag ni tude of MD enor mously

large. There fore, it is in dis pens able to set up a thresh old for

MD to screen out such ques tion able data (i.e., ex traor di -

narily large spikes). Sta tis tics show that al most 99% of the

MDs ap pear in the range 0 - 1.5 and the MDs are ap prox i -

mately uni formly dis trib uted in the ac cu mu la tive dis tri bu -

tion as their val ues are grater than 1.5, as shown in the bot -

tom pan els of Fig. 3. There fore, the thresh old for the value

of MD that we set up in this re search for screen ing out the

ques tion able data is 1.5.

Fig ure 4 de picts the global dis tri bu tions of mag ni tudes

of the MD in dif fer ent sea sons, in which geo mag netic equa -

tor (pur ple curve) and geo graphic equa tor (light green line)

are both shown. As in di cated, in gen eral, the fluc tu a tions of

the elec tron den sity pro files in the win ter hemi sphere (i.e.,

Jan u ary for north ern hemi sphere and July for south ern hemi -

sphere) are much more sa lient than those in the sum mer

hemi sphere (i.e., July for north ern hemi sphere and Jan u ary

for south ern hemi sphere). The higher the lat i tude is, the

larger the fluc tu a tion in the elec tron den sity pro file will be.

Es pe cially no tice that enor mously large dis tur bances of the

elec tron den sity pro files oc cur over the win ter po lar re gion

where the lat i tude is greater than about 70°, and the pro files

are very quiet in the sum mer po lar re gion. This fea ture

strongly sug gests that the ion o spheric elec tron den si ties in

the win ter po lar re gion are much more ir reg u lar than those in 

the sum mer po lar re gion. Note that the large MD in win ter

po lar re gion may also be the re sult of rel a tively smaller elec -

tron den sity com pared to the sum mer po lar re gion. In ad -

dition, there is a ten dency for the elec tron den sity pro files

with sa lient fluc tu a tions to oc cur in the geo mag netic equa tor 

re gion in the equi nox sea son, es pe cially in the South ern

Amer i can sec tor where the geo mag netic equa tor is bended

to ward the south first and then the north. This re gion is

called South ern Amer i can Anom aly (SAA) in the geo mag -

netic field. Ob vi ously, it is con ceiv able that the ir reg u lar

fluc tu a tion of the elec tron den sity pro file is as so ci ated with

the ion o spheric plasma ir reg u lar i ties that make the spher i cal

sym me try in valid in the re trieval of the ion o spheric re frac -

tive in dex from the bend ing an gle of the GPS ray in ac cor -

dance with Abel trans for ma tion. As a re sult, the stron ger the

elec tron den sity ir reg u lar ity is, the larger the fluc tu a tion in

the elec tron den sity pro file will be. There fore, the mean fluc -

tu a tion of the height vari a tion of the elec tron den sity can be

con sid ered to be an in di ca tor of the in ten sity of the elec tron
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Fig. 2. A com par i son of the elec tron den sity (red curve) and cal i brated TEC (blue curve) pro files mea sured by sat el lite num ber 3 (right panel) and 4

(left panel), re spec tively, which re ceived the GPS sig nal trans mit ted from GPS sat el lite num ber 11 at al most the same time (only a 14-sec ond dif fer -

ence in the two). The green lines are the same as Fig. 1.



den sity ir reg u lar i ties oc cur ring in the GPS ray path.

2.2  Slope of Top side (420 - 490 km) Elec tron Den sity
Pro file

Aside from the enor mously large spikes, we note that a

num ber of elec tron den sity pro files show pos i tive gra di ent

(i.e., elec tron den sity in creases with in creas ing height) or

nearly uni form dis tri bu tion of the elec tron den sity in the

top side por tion (above the peak elec tron den sity) of the

pro file. Fig ure 5 dem on strates two ex am ples of the COS -

MIC elec tron den sity pro files with pos i tive or zero gra di -

ents. Sta tis tics show that this type of the pro file con sti tutes

roughly 4% of all the pro files, which may ap pear at ev ery

lo ca tion around the world. Fig ure 6 com pares the sta tis tics

of the slope of the elec tron den sity pro file in the height

range 420 - 490 km be tween COS MIC mea sure ment and

IRI model for dif fer ent months. As shown, ex cept for the

slopes greater than -0.2 #/m3/m, the ranges of the COS -

MIC-mea sured slopes are in gen eral in agree ment with

those of the IRI model slope span ning from -0.2 to -7 #/m3/m.

There fore, aside from the thresh old of MD, we se lect this

slope range as the other thresh old for the COS MIC data

qual ity con trol.

The dis tri bu tions of the slope are pre sented in Fig. 6. It

is clearly shown that means and the vari ances be tween the

COS MIC and IRI slope dis tri bu tions are dif fer ent. In ad di -

tion, we note that the sec ond ary peaks not only ap pear in the

COS MIC slope dis tri bu tions, but also oc cur in the IRI model 

slope dis tri bu tions. In or der to ex plore the cause of this

secondary peak, we plot the global dis tri bu tion of the slope
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Fig. 3. Sta tis tics of the mean de vi a tion (MD) for dif fer ent months, in which the up per pan els are the his to grams and the lower pan els are the cu mu la -

tive prob a bil ity of the MD.

Fig. 4. Global dis tri bu tions of the mean de vi a tions of the elec tron den -

sity pro files in dif fer ent sea sons, in which geo mag netic equa tor (pur ple

curve) and geo graphic equa tor (light green line) are both shown.



and the re sults are shown in Fig. 7. It is ob vi ous that there is a 

pro nounced di ur nal vari a tion of the slope in the lat i tu di nal

re gion within 40°, and the di ur nal vari a tion is not ob vi ous

above 40°. The ab so lute val ues of the slope are larger in day -

time time than those in night time, with peaks oc cur ring

during 1300 - 1500 LT. Com par ing the his to gram shown in

Fig. 6 with the global dis tri bu tions of the slope pre sented in

Fig. 7 re veals that the sec ond ary peak in the slope his to gram

is the re sult of the day time bulges of the slope, which is more 

pro nounced in win ter than that in sum mer. In ad di tion to the

diurnal vari a tion, there is a re marked sea sonal vari a tion in

the slope of the up per elec tron den sity pro file. The ab so lute

val ues of the slopes in mid- and high lat i tudes in win ter time

are smaller than those in sum mer time. More over, the peak

lo ca tion of the slope var ies with the sea son; it lo cates in

north ern (south ern) hemi sphere in sum mer (win ter) sea son.

198 Yang et al.

Fig. 5. Two ex am ples of the COS MIC elec tron den sity pro files with pos i tive (left panel) or near zero (right panel) gra di ents of the height vari a tions of

the elec tron den sity.

Fig. 6. A com par i son of the sta tis tics of the slope of the elec tron den sity pro file in the height range 420 - 490 km be tween COS MIC mea sure ment and

the IRI model for dif fer ent months.



3. COM PAR I SON BE TWEEN COS MIC
MEA SURE MENT AND THE IRI MODEL

In this sec tion, we com pare the gen eral be hav iors, in -

clud ing global dis tri bu tion, sea sonal and di ur nal vari a tions,

of the elec tron den sity pro files re trieved by the COS MIC

mea sure ments and pre dicted by the IRI model. Fig ure 8

com pares the global dis tri bu tions of the monthly av er aged

peak elec tron den si ties be tween COS MIC data (left pan els)

and IRI model pre dic tions (right pan els), in which the peak

elec tron den sity is the daily mean value. As shown, the

global be hav iors of the peak elec tron den si ties pre dicted by

the IRI model are gen er ally con sis tent with those ob served

by FORMOSAT-3/COS MIC sat el lites, in clud ing sea sonal

vari a tions, equa to rial anom aly, and the syn op tic-scale pat -

tern of the peak elec tron den sity dis trib uted along the geo -

mag netic equa tor. Ex cept for the glob ally spa tial dis tri bu -

tions, the di ur nal vari a tions of the peak elec tron den si ties

observed by the COS MIC sat el lites and pre dicted by the

IRI model are also com pared and the re sults are pre sented in

Fig. 9. It is ob vi ous that, re gard less of the slight dif fer ence

be tween their val ues, the gen eral be hav iors of the di ur nal

vari a tions of the peak elec tron den si ties in dif fer ent sea sons

ob tained by the COS MIC sat el lites bear a strong re sem -

blance to those given by the IRI model. The lat i tu di nal ex -
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Fig. 7. Global dis tri bu tions of the COS MIC-mea sured slope for dif fer -

ent sea sons.

Fig. 8. A com par i son of the global dis tri bu tions of the monthly av er aged peak elec tron den si ties be tween COS MIC data (left pan els) and IRI model

pre dic tions (right pan els).



tents and the sea sonal vari a tions of the equa to rial anom aly

seen in the COS MIC mea sure ments are in agree ment with

those from the IRI model.

Fig ure 10 com pares the global dis tri bu tions of the mon -

thly av er aged peak heights of the elec tron den sity pro files

be tween COS MIC data (left pan els) and IRI model pre dic -

tions (right pan els), in which the data are also the daily av er -

age. As shown, the COS MIC and IRI peak heights are both

max i mum over the geo mag netic equa tor re gion and rel a -

tively lower in the mid- and high lat i tude ar eas. Al though the 

ten den cies for the global dis tri bu tions of the COS MIC and

IRI peak heights are gen er ally sim i lar, large dis crep an cies

are found in the in ten sity and width of the equa to rial ridge.

More over, as in di cated in Fig. 10, it is ev i dent both from IRI

and COS MIC data that the peak height seems to have a lon -

gi tu di nal vari a tion along the geo mag netic equa tor. Namely,

the max i mum val ues tend to oc cur in the re gions of west of

In dia, west of South Af rica, east-south Asia and mid-pa cific

Ocean, re spec tively. This lon gi tu di nal wavenumber-4 struc -

ture has been ob served from the spa tial dis tri bu tions of to tal
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Fig. 9. Lat i tude-lo cal time vari a tion of the monthly mean peak elec tron den si ties for dif fer ent sea sons ob tained by FORMOSAT-3/COS MIC mea -

surements (left pan els) and IRI model pre dic tions (right pan els).



elec tron con tent (TEC) and far-ul tra vi o let (FUV) 135.6-nm

emis sion from the 5S-3P tran si tion of O+ ion, which was

made by the IM AGE sat el lite (Vladimer et al. 1999; Immel

et al. 2006). This fea ture is very likely as so ci ated with the

non-mi grat ing di ur nal at mo spheric tides that are driven

mainly by weather in the lower tro po sphere in the trop ics

(Immel et al. 2006).

Fig ure 11 shows the lat i tude-lo cal time vari a tion of the

monthly mean peak heights for dif fer ent sea sons ob tained by 

FORMOSAT-3/COS MIC mea sure ments (left pan els) and

IRI model pre dic tions (right pan els). As in di cated, dur ing

the day time the peak heights are max i mum over the equa to -

rial re gion and min i mum in the mid-lat i tude area. How ever,

dur ing the night time the sit u a tions are op po site, min i mum

over the equa tor and max i mum in the mid-lat i tude re gions.

In ad di tion, from Fig. 11 ir re spec tive of the sea sonal vari a -

tion in the lo ca tions of the equa to rial max ima of the peak

heights not be ing ob vi ous, the peak height it self shows a

strongly sea sonal de pend ence. Namely, the COS MIC mea -

sure ments and the IRI model re sults both show that the peak

heights are larger in sum mer than those in win ter. More over,

equa to rial anom aly is ab sent in the lat i tu di nal vari a tion of

the peak height. There fore, from the re sults shown in Figs. 8

- 11, it sum ma rizes that the gen eral be hav iors of the ra dio-

 occultated elec tron den sity pro files ob served by COS MIC

sat el lites are in good agree ment with those pre dicted by IRI

model. The sim i lar re sults are also achieved by com par ing

the ionopsheric data re trieved by other ra dio occultation

experiments, such as Ionopsheric Occultation Ex per i ment

(IOX), with the ionopsheric cli ma tol ogy data from the RIGB 

model (Straus 2007).

As men tioned above, al though the IRI model can ba si -

cally de scribe the gen eral be hav iors of the COS MIC-mea -

sured peak elec tron den sity and the peak heights, we will

show ev i dence later that it is not the case for the scale height

of the top side elec tron den sity pro file. The scale height H

that we es ti mate from the elec tron den sity pro file is ob tained

by best fit ting a sim ple ex po nen tial func tion to the ob served

data in the height range 420 - 490 km, which is in the fol low -

ing form:

(3)

where ne0 is the elec tron den sity at height 420 km. Note that 

the scale height de fined in this ar ti cle is dif fer ent from that

de fined by Stankov and Jakowski (2006). We will dis cuss

the dif fer ence in the two in sec tion 4.
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Fig. 10. A com par i son of the global dis tri bu tions of the monthly av er aged peak heights be tween COS MIC data (left pan els) and IRI model pre dic tions

(right pan els).



Fig ure 12 com pares the global dis tri bu tions of the

monthly av er aged scale heights es ti mated from top side

(height range 420 - 490 km) elec tron den sity pro files be -

tween COS MIC data and the IRI model, in which the scale

heights for dif fer ent sea sons (i.e., sum mer, equi nox, and

win ter) are shown. It is ob vi ous from Fig. 10 that the COS -

MIC re sults are very dif fer ent from the IRI model re sults.

The IRI model pre dicts that, ir re spec tive of the sea sons, the

peaks of the monthly mean scale heights are dis trib uted

along the geo mag netic equa tor with me rid i o nal width of

ap prox i mately ±20°. In mid- and high lat i tude re gions, the

IRI- predicted scale heights are much smaller than those in

the equatorial re gion. How ever, the global dis tri bu tion of the 

COS MIC-de duced scale height is to tally dif fer ent from that

pre dicted by the IRI model. As shown in the left pan els of

Fig. 12, the global be hav ior of the scale height of the top side

elec tron den sity pro file is strongly sea son-de pend ent. The

scale heights in high lat i tude re gions are much greater than

those in midlatitude and equa tor re gions, al though there is a

ten dency for weak peaks of the scale heights to ap pear over

202 Yang et al.

Fig. 11. Lat i tude-lo cal time vari a tion of the monthly mean peak heights for dif fer ent sea sons ob tained by FORMOSAT-3/COS MIC mea sure ments

(left pan els) and IRI model pre dic tions (right pan els).



the geo mag netic equa tor in equi nox and win ter. We also note 

that in win ter time the ob served scale heights in the high

latitude re gion in the south ern hemi sphere are much larger

than those in the north ern hemi sphere, and vice versa for

those in sum mer time.

Ex cept for the monthly av er aged data, the di ur nal vari a -

tions of the scale height for COS MIC and IRI model re sults are

also very dif fer ent. As in di cated in the right pan els of Fig. 13,

the IRI model pre dicts that a re mark able peak of the scale

height oc curs at the time around sun rise over the equa tor re -

gion. In ad di tion, IRI model also pre dicts that dur ing the day -

time the scale height will be greater in equa tor re gion than those 

in mid- and high lat i tude re gions. How ever, these fea tures can -

not be seen in the COS MIC-mea sured data. There fore, a com -

par i son of the scale heights be tween COS MIC and IRI model

re sults as pre sented in Fig. 13 which sug gest that the prop er ties

of the top side elec tron den sity pro file of the IRI model do not

meet the ob ser va tional re sults and should be sig nif i cantly re -

vised for better per for mance in ion o spheric pre dic tions.

4. DIS CUS SION AND CON CLU SION

As shown in Fig. 7, the mag ni tude of the elec tron den -

sity fluc tu a tion in the po lar re gion de picts a re marked sea -

sonal vari a tion, which is much more in tense dur ing win ter

(De cem ber for north ern hemi sphere) than sum mer (July for

north ern hemi sphere). This fea ture is very con sis tent with

the ob ser va tions of the UHF scin til la tion ac tiv ity re ported by 

Aarons et al. (1981). They found that the max i mum oc cur -

rence of the scin til la tion in the high lat i tude re gion, which is

as so ci ated with the ion o spheric plasma ir re g u la r i ties gen er -

ated ei ther by the charged par ti cle pre cip i ta tion or by plasma

in sta bil ity (Aarons 1982), ap pears in months of lit tle or no

sun light (namely, win ter sea son) at F re gion heights, and

much lower scin til la tion oc cur rence ap pears in sun light

months (namely, sum mer sea son). In ad di tion, Aarons et al.

(1981) also showed that the di ur nal vari a tion of the scin til la -

tion is weak in the high lat i tude re gion dur ing the win ter sea -

son. There fore, it sug gests that MD of the elec tron den sity

pro file seems to be able to serve as an in di ca tor of the de gree

of elec tron den sity fluc tu a tions as so ci ated with plasma ir -

reg u lar i ties.

A com par i son of peak val ues and peak heights of the

elec tron den sity pro files be tween COS MIC-mea sured and

IRI-pre dicted data shows that the be hav iors of the global dis -

tri bu tions and di ur nal and sea sonal vari a tions of the COS MIC 
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Fig. 12. Global dis tri bu tions of the monthly av er aged scale heights es ti mated from top side (height range 420 - 490 km) elec tron den sity pro files

between COS MIC data and the IRI model, in which the scale heights for dif fer ent sea sons (i.e., sum mer, equi nox and win ter) are shown.



and IRI model data are both in good agree ment with each

other. How ever, for the scale height de duced from the top side

elec tron den sity pro file in a height range of 420 - 490 km, the

dif fer ence be tween COS MIC and IRI model data is re mark -

ably large. The scale heights at mid- and high lat i tudes from

COS MIC data strongly de pend on the sea son at re gions, while 

their sea sonal vari a tion pre dicted by the IRI model is much

smaller. In ad di tion, large dis crep an cies in the di ur nal vari a -

tions and global dis tri bu tions of the scale heights in the equa -

to rial re gion be tween COS MIC ob ser va tions and IRI model

pre dic tions are also seen. There fore, great cau tion is ad vised

when the IRI model is in tended to be used to de scribe the be -

hav ior of the up per part of the elec tron den sity pro file.

On the ba sis of the def i ni tion of the scale height, math e -

mat i cally the scale height can be re-writ ten as:

(4)

As sume that the ion o sphere is in an equi lib rium state,
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Fig. 13. Lat i tude-lo cal time vari a tion of the monthly mean scale heights for dif fer ent sea sons ob tained by FORMOSAT-3/COS MIC mea sure ments

(left pan els) and IRI model pre dic tions (right pan els).



that is, the ac cel er a tions of ion and elec tron are both equal to

zero. In this con di tion, the pres sure gra di ent force, grav ity

force, col li sion be tween charged (ion and elec tron) and neu -

tral par ti cles, elec tric force and Lo rentz force act ing on the

charged par ti cles are bal anc ing each other. If we con sider

only dif fu sion along the geo mag netic line that is as sumed to

be ver ti cal, we have (Rishbeth and Garriott 1969):

(5)

where WD is the ver ti cal dif fu sion ve loc ity of charged par -

ticle; D is the dif fu sion co ef fi cient and is given by D =

2kTp / minin; Tp is the plasma tem per a ture de fined as Tp =

(Te + Ti) / 2; Te and Ti are, re spec tively, elec tron and ion

tem per a tures; nin is the col li sion fre quency be tween ion and 

neu tral par ti cles; and Hp is the plasma scale height de fined

as Hp = kTp / mig; k is the Boltzman con stant; and mi is the

ion mass. From Eq. (5), al though a num ber of phys i cal

para meters de ter mine the mag ni tude of H, the long-term

sta tis tics of the mea sure ments made by Arecibo in co her ent

scat ter ra dar show that in gen eral ap prox i mately 90% of the 

mag ni tude of H or more is con trib uted by Hp, and other

parameters play a very mi nor roles in gov ern ing H (Liu et

al. 2007).

Ex cept for the scale height de fined by Eq. (4), there are

other ways to de fine the scale height of the top side elec tron

den sity pro file. For ex am ple, Stankov and Jakowski (2006)

used an elec tron den sity model to de scribe the top side elec -

tron den sity pro file, which is given by (Rishbeth and Gar -

riott 1969):

(6)

where Z is the re duced height de fined as Z = (z - hmF2) / Hc;

nm is the peak elec tron den sity; hmF2 is the peak height; HP

is the plasma scale height in the plasmasphere; and nP is the

elec tron den sity at the plasmasphere ba sis de fined as the

H+-O+ tran si tion height sit u ated at height be tween 800 -

1400 km (Stankov et al. 2003). Ac cord ing to the def i ni tion

as shown in Eq. (6), Stankov and Jakowski (2006) found

that there is no com mon pat tern for the di ur nal vari a -

tions: some times day time val ues are higher, some times the

night- time val ues dom i nate; large dif fer ences are de tected

from sea son to sea son and from lat i tude to lat i tude. Gen er -

ally, the scale height in creases at higher lat i tudes, al though

a few ex cep tions do ex ist. Ob vi ously, their re sults are very

dif fer ent from the re sults ob tained in this study, as shown in 

Figs. 10 and 11. It is note wor thy from Eq. (6) that the scale

height de fined by Stankov and Jakowski (2006) is based on 

a-Chap man layer model, which bears a strong re la tion to

the neu tral tem per a ture and den sity in the top side ion o -

sphere (Rishbeth and Garriott 1969). There fore, the scale

height de fined in this re search H is much more rep re sen ta -

tive of the plasma be hav iors of the top side elec tron den sity

than that de fined by a-Chap man model Hc pro posed by

Stankov and Jakowski (2006). In fact, on the ba sis of elec -

tron den sity pro files mea sured by Arecibo ISR, Liu et al.

(2007) found that the mag ni tude of H is con sid er ably

greater than Hc by a fac tor of around 3. There fore, the use

of Hc will un der-es ti mate the true scale height of the top -

side elec tron den sity pro file.

No tice that the plasma scale height in the top side ion o -

sphere - from the peak height (i.e., hmF2) of elec tron den sity

pro file in F re gion up to the O+-H+ ion tran si tion level,

where the plasmasphere starts, is very dif fi cult to ob tain

(Stankov and Jakowski 2006). This is be cause con ven tion -

ally the ob served data of the top side elec tron den sity pro file

made by ISRs and sat el lites are very rare. How ever, the ad -

vent of the GPS ra dio occultation in ver sion tech nique can

pro vide a large amount of the top side elec tron den sity data

and the char ac ter is tics of the top side elec tron den sity pro file

will be even tu ally re vealed.

In sum mary, we set up in this ar ti cle the thresh olds for

the qual ity con trol of ra dio-occultated elec tron den sity pro -

files to screen out ques tion able data, in which the mean de -

viation and the top side slope of the elec tron den sity pro file

are in tro duced. With these data qual ity con trol thresh olds,

we an a lyze the global dis tri bu tions and sea sonal and di ur nal

vari a tions of the peak height and max i mum elec tron den sity

of the COS MIC-mea sured pro files. Af ter com par i son with

IRI model pre dic tions, we find that they are gen er ally con -

sis tent with each other. How ever, large dif fer ences in top side 

scale heights be tween COS MIC and IRI elec tron den sity

pro files ex ist, in clud ing global dis tri bu tion and sea sonal and

di ur nal vari a tions. This sug gests that the IRI model should

be up dated to better char ac ter ize the gen eral be hav ior of the

top side elec tron den sity pro file.
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