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AB STRACT

We in ves ti gate the spa tial vari abil ity of elec tron den si ties in the nightside ion o sphere and its ef fects on very-low fre quency

(VLF) wave prop a ga tion us ing a suite of in stru ments from the FORMOSAT-3/Con stel la tion Ob serv ing Sys tem for

Me te o rol ogy Ion o sphere and Cli mate (COS MIC) space craft. We use ob ser va tions from the Tiny Ion o spheric Pho tom e ter (TIP) 

in stru ments to in fer the hor i zon tal elec tron den sity gra di ents along each sat el lite track. We dem on strate that the OI 1356 Å

ra di ance mea sured by the TIP in stru ments tracks the hor i zon tal elec tron den sity struc ture well with high spa tial res o lu tion and

un prec e dented sen si tiv ity. Ac cu rate mea sure ments of the hor i zon tal elec tron den sity gra di ents are im por tant for im prov ing

re trieved elec tron den sity pro files from GPS occultation and other tomographic re mote sens ing tech niques. The pro cesses

un der ly ing the vari abil ity in the large-scale, nightside elec tron den sity gra di ents are the main driv ers of ion o spheric weather.

TIP ob ser va tions re veal sig nif i cant vari abil ity in both the small and large scale struc ture of the nightside ion o sphere. The

rel a tive in ten si ties, rel a tive widths, and lat i tu di nal sep a ra tion of the north ern and south ern ion iza tion crests of the Appleton

anom a lies show a high de gree of lon gi tu di nal vari a tion. We dem on strate how the TIP ob ser va tions can be used to mea sure the

hor i zon tal gra di ent of the re frac tive in dex of whis tler-mode VLF waves prop a gat ing in a cold, collisionless plasma. These

mea sure ments are crit i cal for un der stand ing how gra di ents in elec tron den sity as so ci ated with ion o spheric struc ture such as

de ple tions and the Appleton anom a lies af fect VLF wave prop a ga tion through the equa to rial and mid-lat i tude ionosphere.
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1. IN TRO DUC TION

The main chal lenge for ion o spheric spec i fi ca tion is

mak ing the tran si tion from a global, cli ma to log i cal de scrip -

tion of the ion o sphere to one that cap tures vari a tions over

small spa tial scales and short time scales while still main -

tain ing world-wide cov er age. Small to meso-scale ion o -

spheric struc tures cov er ing length scales from tens to hun -

dreds of ki lo me ters are as so ci ated with per tur ba tions in ra -

dio fre quency (RF) waves that prop a gate through the ion o -

sphere. These dis tur bances have been ob served over a broad

range of fre quen cies. Elec tron den sity gra di ents as so ci ated

with the equa to rial Appleton anom aly strongly re fract very-

 

low-fre quency (VLF) waves (James 1972; Fiszleiber et al.

1975; Cairó and Cerisier 1976). At higher fre quen cies,

scin til la tion of very-high-fre quency (VHF) and ul tra- high-

 fre quency (UHF) waves are known to oc cur in the pres ence 

of equa to rial F-re gion ir reg u lar i ties (Aarons et al. 1972;

Basu 1974; Basu and Basu 1985; Basu et al. 2001). Global

po si tion ing sys tem (GPS) L-band trans mis sions in the 1.0 -

1.6 GHz fre quency range also ex pe ri ence scin til la tions in

the pres ence of ion o spheric ir reg u lar i ties and gra di ents in

elec tron den sity (Bhattacharyya et al. 2000; Ledvina et al.

2004; Valladares et al. 2004). Mit i gat ing the de graded com -

mu ni ca tion and nav i ga tion ca pa bil i ties that these ef fects

pro duce drives the need for higher fi del ity char ac ter iza tion

of ion o spheric struc ture over a broad range of spa tial scales.
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Study ing the pro cesses re spon si ble for vari abil ity in the

struc ture of the ion o sphere is also im por tant for un der -

stand ing how the ion o sphere is cou pled with re gions both

be low (the me so sphere) and above (the mag neto sphere).

In this pa per, we dis cuss how ob ser va tions of far-ul -

travi o let (FUV) ra di a tive re com bi na tion emis sions by the

FORMOSAT-3/Con stel la tion Ob serv ing Sys tem for Me te o -

rol ogy Ion o sphere and Cli mate (COS MIC) space craft are

used to ob tain pre cise mea sure ments of elec tron den sity gra -

di ents in the nightside ion o sphere. We also de rive a re la tion -

ship be tween the hor i zon tal elec tron den sity gra di ents mea -

sured by FORMOSAT-3/COS MIC and that of the re frac tive

in dex of whis tler-mode waves in a cold plasma. This re la -

tion ship is im por tant for un der stand ing how VLF wave pro -

p a ga tion is af fected by vari a tions in the struc ture of the

nightside ion o sphere.

FORMOSAT-3/COS MIC is a six sat el lite con stel la tion

in low-Earth or bit car ry ing a suite of in stru ments to mon i tor

the ion o sphere (Rocken et al. 2000). The FORMOSAT-3/

COS MIC space craft op er ate at an al ti tude of 800 km in six

or bit planes spaced 24° apart with 72° in cli na tion and

100 min ute or bital pe ri ods. The FORMOSAT-3/COS MIC

space craft pro vide mea sure ments of the nightside ion o -

sphere with ex cel lent spa tial cov er age and high time re -

solution. Each FORMOSAT-3/COS MIC space craft car ries

a suite of in stru ments in clud ing a GPS Occultation Re ceiver

(GOX), a Tri-Band Bea con (TBB), and a Tiny Ion o spheric

Pho tom e ter (TIP) (Kalmanson et al. 2004). Dymond et al.

(2009) dem on strate how the GOX and TIP in stru ments are

used to gether for tomographic re con struc tion of the elec tron

den si ties in the low-lat i tude, nightside ion o sphere. Coker et

al. (2009) give a de tailed char ac ter iza tion of both the Ap -

pleton anom a lies and low-lat i tude, ion o spheric ir reg u lar i ties 

us ing TIP ob ser va tions. This work fo cuses on the mea sure -

ment of hor i zon tal elec tron den sity gra di ents us ing mea sure -

ments from the TIP in stru ments.

Each TIP is a FUV pho tom e ter that op er ates in the 1310

- 1600 Å passband. The pri mary mea sure ment of the TIP

sen sors is the ra di ance of the OI 1356 Å emis sion that arises

in the nightside ion o sphere from ra di a tive re com bi na tion of

O+ and electrons:

O+ + e- ® O + hn1356 Å (1)

The TIP in stru ments each have a fil ter wheel that al lows

for a num ber of view ing modes. Most TIP ob ser va tions of

the OI 1356 Å emis sions in the nightside ion o sphere are

taken with the full, open ap er ture (Night mode). A pin hole

mask on the fil ter wheel al lows for a fac tor of four re duc tion

in the TIP sen si tiv i ties in or der to ob serve auroral emis sions

and re gions near the ter mi na tor that are much brighter than

the nightside 1356 Å air glow. A bar ium flu o ride (BaF2) fil ter 

al lows for the mea sure ment of FUV emis sions longward of

1356 Å such as the N2 LBH bands. The TIP ob ser va tions of -

fer high time and spa tial res o lu tion. TIP mea sure ments are

taken with a 1.14 sec ond ca dence and dark counts are ob -

tained ev ery 37 sec onds. The TIP in stru ments have a 4°, cir -

cu lar field of view which yields a spa tial res o lu tion of 35 km

at 300 km al ti tude from a FORMOSAT-3/COS MIC sat el lite

at 800 km al ti tude. Among the six TIP sen sors, the av er age

sen si tiv ity is ap prox i mately 470 counts s-1 Ray leigh-1. In

com par i son, pre vi ously flown FUV in stru ments have had

sen si tiv i ties rang ing from about 0.1 to a few tens of counts

s-1 Ray leigh-1.

2. ELEC TRON DEN SI TIES FROM TIP
MEA SURE MENTS

The pri mary goal of the TIP in stru ments is to pro vide

high res o lu tion char ac ter iza tions of the elec tron den sity st -

ruc ture in the nightside ion o sphere. This in cludes mea sur ing 

the hor i zon tal elec tron den sity gra di ents at mid- and low-

 latitudes. Be low we de scribe the method by which elec tron

den sity gra di ents are in ferred from TIP mea sure ments and

dem on strate the va lid ity of the tech nique.

Each TIP in stru ment mea sures a sig nal that can be ex -

pressed by:

(2)

Here 4pI is the ra di ance mea sured by each TIP in stru ment

in units of Rayleighs, a is the ra di a tive re com bi na tion rate

co ef fi cient, and ne and       are the elec tron and O+ den si ties

at al ti tude, z. In Eq. (2) we have ig nored mul ti ple scat ter ing

con tri bu tions to the 1356 Å ra di ance by atomic ox y gen in

the ther mo sphere. A more de tailed treat ment of the OI 1356 Å 

ra di ance cal cu la tion is given by Dymond et al. (1997, 2000). 

If we as sume that in the F-re gion of the ion o sphere the elec -

tron and O+ den si ties are ap prox i mately equal, we can sim -

plify the in te gral ex pres sion in Eq. (2) to yield:

4pI  =  K(nmF2)2 H (3)

K en com passes all of the con stants from Eq. (2), nmF2 is

the elec tron den sity at the F-re gion peak, and H is the O+

scale height at the al ti tude of the O+ peak. By com put ing

the log a rith mic de riv a tive with re spect to x, the hor i zon tal

di rec tion along the sat el lite track, we can re late the hor i -

zon tal gra di ents of the 1356 Å ra di ance mea sured by TIP to

the hor i zon tal gra di ents in elec tron den sity:

(4)

Equa tion (4) states that the mea sured hor i zon tal gra di ent in
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1356 Å ra di ance is equal to the sum of the gra di ents in the

elec tron den sity and the O+ scale height.

3. TEST ING GRA DI ENT EQUA TION WITH IRI
MODEL

The va lid ity of the as sump tions used to de rive the sim -

pli fied re la tion be tween the mea sured 1356 Å ra di ance and

the elec tron den sity [Eq. (3)] and the re la tion ship be tween

their gra di ents [Eq. (4)] is eval u ated us ing out put from the

International Ref er ence Ion o sphere 2001 model (IRI-2001)

(Bilitza 2001). The IRI-2001 model was run to sim u late

equi noc tial con di tions in the nightside ion o sphere. Elec tron

and O+ den si ties are com puted as a func tion of geo graphic

lat i tude be tween -40° and 40° and al ti tudes be tween 100 -

1000 km at 240°E lon gi tude (Fig. 1). Large hor i zon tal gra -

dients in the elec tron den sity are pres ent in this model pro -

file, es pe cially in the vi cin ity of the equa to rial anom aly-like

fea tures near -15° and 25° lat i tude. From the den sity pro files 

shown in Fig. 1 we com pute nmF2 (Fig. 2a) and the O+ scale

height (Fig. 2b) as func tions of geo graphic lat i tude.

The ex pected na dir in ten sity of the OI 1356 Å emis sion

from ra di a tive re com bi na tion is com puted from the den sity

pro files shown in Fig. 1 us ing Eq. (2). For this cal cu la tion

we use a ra di a tive re com bi na tion rate co ef fi cient of 7.3 ´

10-13 cm3 s-1 at 1160 K (Melendez-Alvira et al. 1999). To

sim u late the sig nal that a TIP sen sor would mea sure in this

model ion o sphere, we first con vert the OI 1356 Å ra di ance

to in stru men tal counts by as sum ing a sen si tiv ity of 470 counts 

s-1 Ray leigh-1. This is close to the av er age sen si tiv ity among

the six TIP in stru ments. To these syn thetic TIP counts we

add Pois son-dis trib uted ran dom counts to sim u late dark

noise in the in stru ment. The re sult is con verted back to

Rayleighs us ing the afore men tioned sen si tiv ity. The sim u -
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Fig. 1. (a) Elec tron and (b) O+ den sity pro files out put from the IRI-2001 model for equi noc tial con di tions in the nightside ion o sphere.

Fig. 2. NmF2 and the O+ scale heights com puted from the den sity pro files shown in Fig. 1.

(a) (b)

(a) (b)



lated TIP OI 1356 Å ra di ance is shown in Fig. 3.

Us ing the lat i tu di nal pro files of nmF2, the O+ scale height 

(Fig. 2), and the sim u lated OI 1356 Å emis sion in ten si ties

(Fig. 3), we com pute each term in the gra di ent equa tion

[Eq. (4)] in de pend ently. Each gra di ent is shown sep a rately in

Fig. 4. The nmF2 gra di ent is shown by the solid black line.

The gra di ents in the mod eled OI 1356 Å in ten sity and the O+

scale height are shown by the dashed and dot ted lines, re spec -

tively. The gra di ents in the OI 1356 Å in ten sity track those in

the peak elec tron den sity very well. The larger vari ance in the

OI 1356 Å in ten sity gra di ents oc curs where the ra di ance is

weak (about 0.5 Rayleighs or less) and the no ise is a larger

com po nent of the sim u lated TIP mea sure ment. Fig ure 4 also

shows that the lat i tu di nal vari a tions in the O+ scale height are

small. The con tri bu tion of the O+ scale height gra di ent to the

OI 1356 Å ra di ance vari a tions ap pears to be neg li gi ble. The

re sults from the IRI-2001 model in di cate that the hor i zon tal

gra di ents in peak elec tron den sity can be char ac ter ized well

by mea sure ments of the OI 1356 Å ra di ance alone.

4. VAL I DAT ING GRA DI ENT EQUA TION
WITH TIP AND GOX DATA

To val i date this tech nique for mea sur ing the hor i zon tal

elec tron den sity gra di ents in elec tron den sity us ing the OI

1356 Å emis sion, we ex am ine ob ser va tions from one of the

FORMOSAT-3/COS MIC sa tellites (FM6) on 15 Sep tem ber 

2006. This was a geo magnetically quiet day, with Kp = 0+

and Ap = 0. Be tween 0840 - 0900 UT the FORMOSAT-3/

COS MIC FM6 space craft is in the as cend ing node of its or -

bit in the Pa cific sec tor about 10° east of Kwajalein atoll.

Fig ure 5 shows the OI 1356 Å ra di ance mea sured by TIP

dur ing this or bit. We ob serve asym met ric peaks in the Ap -

pleton anom a lies with the south ern ion iza tion crest be ing

about 33% brighter than the north ern one.

The GPS occultation data from this or bit are used to de -

rive pro files of elec tron den sity along the FORMOSAT-3/

COS MIC FM6 or bit. Occultation mea sure ments are in -

verted us ing a tomographic al go rithm based on dis crete in -

verse the ory (Dymond and Thomas 2001). Peak elec tron

den si ties (nmF2) from these de rived pro files are com puted

and shown in Fig. 6. The nmF2 lat i tu di nal pro file de rived

from the tomographic in ver sion of GOX data ap pears sim i -

lar to that of the TIP mea sured OI 1356 Å in ten si ties with

asym met ric peaks in the ion iza tion crests. Peak elec tron den -

si ties of about and 6.5 ́  105 and 7.6 ́  105 cm-3 are in ferred in 

the north ern and south ern anom a lies, re spec tively.

The hor i zon tal gra di ents in the 1356 Å in ten sity mea -

sured by TIP are com puted as ¶(4pI) / 4pI¶x and are shown

in Fig. 7. The gra di ents in nmF2 de rived from the GPS oc -

cultation data are cal cu lated as 2¶n / n¶x and over laid on the

1356 Å gra di ent as the gray, dashed line in Fig. 7. Here we
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Fig. 3. Sim u lated OI 1356 Å ra di ance com puted from den sity pro files

shown in Fig. 1.

Fig. 4. Hor i zon tal gra di ents of OI 1356 Å ra di ance, nmF2, and O+ scale

height.
Fig. 5. OI 1356 Å ra di ance mea sured by TIP on FORMOSAT-3/COS -

MIC FM6 be tween 0840 - 0900 UT 15 Sep tem ber 2006.



ig nore the hor i zon tal gra di ents in the O+ scale height as we

ex pect these vari a tions to be small based on the re sults from

our IRI-2001 model runs (sec tion 3). De spite not tak ing the

O+ scale height term into ac count, the gra di ents in the 1356 Å

ra di ance ob served by TIP track those of the peak elec tron

den si ties in ferred from the GPS occultation data very well.

The larg est de vi a tions oc cur on ei ther side of the peaks in the 

Appleton anom a lies. Both the IRI-2001 model re sults and

these data show that the sec ond term on the right side of

Eq. (4) is suf fi ciently small such that

(5)

This com par i son val i dates our tech nique for track ing

the hor i zon tal vari a tions in ion o spheric elec tron den sity us -

ing mea sure ments of the OI 1356 Å radiance.

5. VARI ABIL ITY IN THE NIGHTSIDE
ION O SPHERE

We have shown that the FORMOSAT-3/COS MIC TIP

mea sure ments pro vide de tailed mea sure ments of the spa tial

vari a tion of elec tron den si ties in the nightside ion o sphere. In 

Fig. 8, we dem on strate that this spa tial vari abil ity is cap tured 

over a broad range of lon gi tudes by the FORMOSAT-3/

COS MIC con stel la tion. Here, ob ser va tions of the 1356 Å

radiance from the FORMOSAT-3/COS MIC FM1, FM3,

FM5, and FM6 space craft are shown in this map pro jec tion

of their as cend ing node passes through out 17 Sep tem ber

2006 at lo cal times be tween 18:00 and 21:00. Large longi -

tudinal vari a tions in the lat i tu di nal sep a ra tion, rel a tive

widths, and rel a tive in ten si ties of the north ern and south ern

ion iza tion crests of the Appleton anom a lies are ob served.

Max ima in both in ten sity and lat i tu di nal sep a ra tion of the

equa to rial ion iza tion anom a lies oc cur in the Pa cific, East

Asia, and Af rica sec tors. The large-scale vari a tions of the

Appleton anom a lies over dis tances greater than 1000 km are 

con sis tent with the lon gi tu di nal struc tur ing ob served by

Immel et al. (2006) us ing IM AGE-FUV im ages of the

nightside ion o sphere. Immel et al. (2006) at trib ute these

large- scale, global lon gi tu di nal vari a tions in the equa to rial

anom a lies to tidal forc ing from the lower at mo sphere.

The TIP mea sure ments shown in Fig. 8 re veal smaller

scale vari a tions in the struc ture of the equa to rial anom a lies.

In gen eral, we ob serve non-conjugacy in the north ern and

south ern ion iza tion crests across the mag netic equa tor. This

is es pe cially ap par ent in the East Asia and Af rica sec tors

where the south ern ion iza tion crests are ob served to be about 

a fac tor of two or three more in tense than the cor re spond ing

north ern crests. The rel a tive in ten si ties of the north ern and

south ern ion iza tion crests vary more across the Pa cific sec -

tor but in gen eral the north ern peaks ap pear to be more in -

tense by as much as a fac tor of three.

A de tailed ex am i na tion of the TIP mea sure ments on 17

Sep tem ber 2006 re veals the large de gree of vari abil ity in the

struc ture of the equa to rial, nightside ion o sphere. In Fig. 9,

we show the 1356 Å mea sure ments from FORMOSAT-3/

COS MIC FM1 and FM5 which are in the East Asia and

Kwajalein sec tors re spec tively, sep a rated by about 20° in

lon gi tude. The TIP on FM5 ob serves highly asym met ric

ionization crests of the Appleton anom aly in the Kwajalein

sector where the north ern peak is about a fac tor of three

more in tense than the south ern peak (Fig. 9b). Large hor i -

zon tal gra di ents in elec tron den sity are ob served at the edges 

of the north ern ion iza tion crest (Fig. 9d). In con trast to the

equa to rial anom aly struc ture seen by FM5, FM1 ob serves a
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Fig. 6. NmF2 de rived from tomographic in ver sion of FORMOSAT-3/

COS MIC GPS ra dio occultation data (GOX) for this same or bit on 15

Sep tem ber 2006.

Fig. 7. Hor i zon tal gra di ents in the TIP mea sured OI 1356 Å ra di ance

(solid) and the GOX de rived nmF2 (dashed) for the FORMOSAT-3/

COS MIC FM6 or bit on 15 Sep tem ber 2006.



deep de ple tion in the elec tron den si ties as in ferred by the

fac tor of four drop-out in 1356 Å ra di ance (Fig. 9a). The

north-south scale size of this de ple tion is about 450 km and

we in ter pret this to be an equa to rial plasma bub ble. The hor i -

zon tal elec tron den sity gra di ents ob served at the walls of this 

de ple tion are about a fac tor of two larger than those as so ci -

ated with the equa to rial anom aly ion iza tion crest ob served

by FM5 (Fig. 9c).

6. VLF WAVE PROP A GA TION IN THE PRES ENCE
OF HOR I ZON TAL ELEC TRON DEN SITY
GRA DI ENTS

Given the very dif fer ent lat i tu di nal pro files of the hor i -

zon tal struc ture of the equa to rial ion o sphere at the two lon -

gi tudes shown above, we ex pect a strong lo cal time de pend -

ence for the char ac ter is tics of phe nom ena that are af fected

by elec tron den sity gra di ents such as ra dio wave prop a ga -

tion. For ex am ple, the prop a ga tion of both nat u rally oc cur -

ring and ar ti fi cially gen er ated VLF waves has been shown to 

be in flu enced by hor i zon tal gra di ents of elec tron den sity

(James 1972; Fiszleiber et al. 1975; Cairó and Cerisier 1976).

Fiszleiber et al. (1975) dem on strated a lin ear re la tion ship

be tween the com po nents of a VLF wave’s unit wave nor mal

and the mean log a rith mic hor i zon tal elec tron den sity gra di -

ents. Cairó and Cerisier (1976) used mea sure ments from the

FR-1 sat el lite to show that the east-west and north-south

com po nents of VLF wave nor mal vec tors were di rectly re -

lated to large-scale struc tures in the elec tron den sity pro files

along each of those di rec tions. Ray trac ing stud ies have also

found that hor i zon tal elec tron den sity gra di ents as so ci ated

with the equa to rial anom a lies lead to the fo cus ing of ELF/

VLF whis tler wave en ergy near the geo mag netic equa tor

(Sonwalkar et al. 1995; Bortnik et al. 2002).

The strong lon gi tu di nal vari a tions in hor i zon tal elec tron 

den sity gra di ents ob served by FORMOSAT-3/COS MIC TIP 

will mod u late the ray paths of VLF whis tler waves as a func -

tion of lo cal time. To in ves ti gate this ef fect, we ex am ine the

re la tion ship be tween hor i zon tal elec tron den sity gra di ents

and the re frac tive in dex of VLF waves. A sim ple ex pres sion

for the re frac tive in dex, m, for whis tler-mode waves in a cold,

collisionless plasma is given by Fiszleiber et al. (1975) as:

(6)

where f is the wave fre quency, fp is the plasma fre quency, fc

is the elec tron cy clo tron fre quency, and q is the an gle be -

tween the wave nor mal vec tor and the mag netic field di rec -

tion. This equa tion is valid for:

(7)

For VLF waves f £ 30 kHz and in the F-re gion fc is on

the or der of a few MHz. This lim its the wave nor mal vec tor

to an gles less than or near 80° with re spect to the mag netic

field. In the F-re gion plasma fre quen cies are on the or der of

tens of MHz such that fp
2 >> ffc >> f 2, mak ing the sec ond

term on the right hand side of Equa tion 6 much larger than

unity. In this re gime, we ap prox i mate Eq. (6) as:

(8)

Sub sti tut ing the def i ni tions for the plasma and elec tron

cy clo tron fre quen cies (in SI units), we re write Eq. (8) in

terms of the elec tron density as:

(9)
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Fig. 8. Map view of TIP 1356 Å ob ser va tions from the FORMOSAT-3/COS MIC FM1, FM3, and FM5 space craft on 17 Sep tem ber 2006 show ing the

lon gi tu di nal vari a tion in the vari abil ity in struc ture of the nightside ion o sphere. The lo cal time of these ob ser va tions is be tween 18:00 - 21:00. The

mag netic dip equa tor is shown in red.



where qe is the elec tron charge, eo is the permittivity of

free space, and B is the mag netic field strength. The spa -

tial de riv a tive of Eq. (9) along the track of a FOR MO -

SAT-3/COS MIC sat el lite gives the hor i zon tal vari a tion of

the whis tler- mode re frac tive in dex for a fixed fre quency

wave as:

(10)
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Fig. 9. (a) and (b) North-south pro files of OI 1356 Å ra di ance mea sured by FORMOSAT-3/COS MIC FM1 and FM5 on 17 Sep tem ber 2006. (c) and

(d) In ferred from these mea sure ments are the elec tron den sity gra di ents, and  (e) and (f) the gra di ents in the whis tler-mode re frac tive in dex in the plane 

of the FORMOSAT-3/COS MIC FM1 and FM5 or bits.

(a) (b)

(c) (d)

(e) (f)



We use Eq. (5) to ex press Eq. (10) in terms of the hor i -

zon tal 1356 Å emis sion in ten sity gra di ent mea sured by TIP:

(11)

The hor i zon tal vari a tion of the whis tler-mode re frac tive

in dex is pro por tional to the hor i zon tal gra di ents in 1356 Å

in ten sity or elec tron den sity, the hor i zon tal vari a tion in the

mag netic field strength, and the hor i zon tal vari a tion in the

rel a tive an gle of the wave nor mal vec tor to the mag netic

field.

We ex am ine the vari a tion of the ex pected whis tler-mode 

re frac tive in dex for the two FORMOSAT-3/COS MIC or bits

shown in Fig. 9 us ing the hor i zon tal elec tron den sity gra di -

ents mea sured by TIP. The mag netic field strength at an al ti -

tude of 300 km along the FM1 and FM5 or bits is com puted

us ing the IGRF 2000 model (Olsen et al. 2000). The third

term on the right hand side of Eq. (10) is com puted for ob -

liquely prop a gat ing waves with an ini tial nor mal di rec tion of 

60° from ver ti cal. The ex pected hor i zon tal gra di ents of the

whis tler-mode re frac tive in di ces along the or bits of the

FORMOSAT-3/COS MIC FM1 and FM5 space craft are

shown in Figs. 9e and f. Since the sec ond and third terms of

Eq. (10) vary less over the por tions of the space craft or bits

shown in Fig. 9 than the first term, the spa tial vari abil ity in

the re frac tive in dex gra di ents mostly re flects those of the in -

ferred elec tron den sity gra di ents. We can im me di ately see

that the vari a tions of the whis tler-mode re frac tive in dex

shown in Fig. 9e will af fect prop a gat ing ray paths very dif -

fer ently than those il lus trated in Fig. 9f. The gra di ent in the

whis tler-mode re frac tive in dex across the bound aries of the

plasma de ple tion ob served by FM1 (Fig. 9e) is more than a

fac tor of two greater than that ob served by FM5 in the Ap -

pleton anom a lies (Fig. 9f).

We have dem on strated that the hor i zon tal vari a tion of

the whis tler-mode re frac tive in dex can be mea sured by the

FORMOSAT-3/COS MIC TIP ob ser va tions. In con tin u ing

stud ies we will in ves ti gate the ef fects of hor i zon tal elec tron

den sity gra di ents on VLF wave prop a ga tion in more de tail

by per form ing ray trac ing cal cu la tions us ing the re frac tive

in dex gra di ents mea sured by TIP and nu mer i cal in te gra tion

of the Haselgrove equa tions that de scribe the prop a ga tion of

waves in a slowly vary ing me dium (Haselgrove 1955). As

an ex am ple, Fiszleiber et al. (1975) give the equa tion go -

verning the vari a tion of the north-south com po nent of the

ray path wave nor mal in spher i cal, po lar co or di nates (r,  l,  f)

in the form:

(12)

where kl and kf are the lat i tu di nal and lon gi tu di nal com po -

nents of the wave nor mal vec tor, and t is phase time. If we

ig nore lon gi tu di nal vari a tions such that kf = 0 and ex pand

the left-hand side, Eq. (12) be comes:

(13)

The phase time is re lated to the path length as dt = mcos

a ds where a is the an gle be tween the wave nor mal and the

ray path di rec tion. In per form ing the ray trac ing, we will use

the TIP mea sure ments to com pute the first term in Eq. (12)

or (13) via Eq. (11) given the ap pro pri ate co or di nate trans -

for ma tion be tween the sat el lite or bit track and these spher -

i cal, po lar co or di nates.

7. DIS CUS SION AND CON CLU SIONS

We have dem on strated a method of ac cu rately de ter min -

ing the hor i zon tal gra di ents in elec tron den sity us ing ob ser -

va tions of OI 1356 Å emis sion ob tained from the FOR -

MOSAT-3/COS MIC TIP in stru ments. The spa tial vari a tion

in the nightside ion o sphere cap tured by the TIP mea sure -

ments in lat i tude and over many lon gi tude sec tors will be in -

valu able to mod els of ion o spheric spec i fi ca tion such as the

Global As sim i la tion of Ion o spheric Mea sure ments (GAIM)

model (Schunk et al. 2004) to better rep re sent smaller scale

struc tures that oc cur over short time scales. These TIP mea -

sure ments and this tech nique for in fer ring the gra di ents in

elec tron den sity will also im prove stud ies of ion o spheric ir -

reg u lar i ties and bub bles and the as so ci a tion of these phe -

nom ena with scin til la tions and wave prop a ga tion through

these re gions. In this study we be gan to de scribe how VLF

wave prop a ga tion is af fected by ion o spheric struc ture by

dem on strat ing how the hor i zon tal gra di ents in the whis tler-

 mode re frac tive in dex can be com puted us ing TIP mea sure -

ments. In a pro ceed ing study, we will of fer a more de tailed

anal y sis of how ray paths are gov erned by the mea sured

gradients in elec tron den sity ob served by the FOR MO -

SAT-3/COS MIC TIP in stru ments.
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