
Me dium-Scale Trav el ing Ion o spheric Dis tur bances and Plasma
Bub bles Ob served by an All-Sky Air glow Imager at Yonaguni, Japan

Tadahiko Ogawa1, *, Yuichi Otsuka1, Kazuo Shiokawa1, Takuya Tsugawa1, Akinori Saito 2,
Kazuaki Hoshinoo 3, Keisuke Matunaga 3, Minoru Kubota 4, and Mamoru Ishii 4

1 So lar-Ter res trial En vi ron ment Lab o ra tory, Nagoya Uni ver sity, Toyokawa, Aichi 442-8507, Japan
2 De part ment of Geo phys ics, Grad u ate School of Sci ence, Kyoto Uni ver sity, Kyoto 606-8502, Japan

3 Elec tronic Nav i ga tion Re search In sti tute, Chofu, To kyo 182-0012, Japan
4 Na tional In sti tute of In for ma tion and Com mu ni ca tions Tech nol ogy, Koganei, To kyo 184-8795, Japan

Re ceived 27 June 2007, ac cepted 6 December 2007

AB STRACT

We re port on night time air glow im ag ing ob ser va tions of the low lat i tude ion o sphere by means of a 630-m all-sky imager

in stalled in March 2006 at Yonaguni, Ja pan (24.5°N, 123.0°E; 14.6°N geo mag netic), about 100 km east of Tai wan. The imager

de tected me dium-scale trav el ing ion o spheric dis tur bances (MSTIDs) for about 7 hours on the night of 26 May 2006. A dense

GPS net work in Ja pan also ob served the same MSTID event on this night. The imager and GEONET data in di cate that most of

the MSTIDs prop a gated south west ward from the north of Ja pan to the south of Yonaguni and Tai wan over 4000 km, with a

south ern limit of 19°N (geo mag netic lat i tude 9°N) or lower. On the night of 10 No vem ber 2006, the imager ob served two weak

emis sion bands that were em bed ded on the F-re gion anom aly crest to the south of Yonaguni. The si mul ta neous elec tron den sity

pro files from the FORMOSAT-3/COS MIC mis sion dem on strate that the weak emis sion bands are due to den sity de ple tions in

equa to rial plasma bub bles. These case stud ies sug gest that the Yonaguni imager in col lab o ra tion with other in stru ments is very

suit able for the study of ion o spheric dis tur bances in and around the north ern F-re gion anomaly crest.
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1. IN TRO DUC TION

Trav el ing ion o spheric dis tur bances (TIDs) with hor i -

zon tal scales of > 100 km in the F-re gion ion o sphere have

been ex ten sively stud ied by means of ra dio tech niques

(Hunsucker 1982; Hocke and Schlegel 1996). These tech -

niques have clar i fied var i ous char ac ter is tics of TIDs al -

though most of the ob ser va tions have been made at a fixed

lo ca tion with a sin gle method. Re cent new ob ser va tion tech -

niques us ing all-sky CCD imagers and Global Po si tion ing

Sys tem (GPS) sat el lites have brought about a new era of TID 

stud ies. Now Ja pan has a net work of 630.0-nm all-sky air -

glow imagers ca pa ble of im ag ing night time F-re gion plasma 

dis tri bu tion, and an ex tremely dense GPS net work (GEONET:

GPS Earth Ob ser va tion Net work) of about 1200 re ceiv ers,

which pro vides the data on to tal elec tron con tent (TEC) be-

tween GPS al ti tude (20200 km) and the ground. These net -

works, cov er ing the mid-lat i tude re gion over Ja pan, have

largely con trib uted to ward dis clos ing new fea tures of two-

 di men sional night time me dium-scale TIDs (MSTIDs) with 

wave lengths of 150 - 600 km over a very wide area (e.g.,

Kubota et al. 2000; Saito et al. 2001; Ogawa et al. 2002;

Shiokawa et al. 2002). Gen er a tion mech a nism of MSTIDs

re mains un clear and is still con tro ver sial. Though TIDs

have been long be lieved to be the ion o spheric man i fes ta -

tions of at mo spheric grav ity waves (Hines 1960), re cent

ob ser va tions have sug gested that po lar iza tion elec tric fie -

lds in the F-re gion play an im por tant role in the de vel op -

ment of night time MSTIDs (Shiokawa et al. 2003; Otsuka

et al. 2004). We need more ob ser va tions and the o ret i cal

works to un der stand the MSTID gen er a tion mech a nism.

Plasma bub bles are de ple tions in plasma in the night time
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equa to rial F-re gion. It is known that ion o spheric scin til la -

tions due to bub bles give se vere ef fects on earth-space ra dio

com mu ni ca tions, sat el lite po si tion ing, etc. Well- de vel oped

gi ant plasma bub bles have been si mul ta neously de tected at

mid-lat i tudes in Ja pan and Aus tra lia (Otsuka et al. 2002;

Shiokawa et al. 2004; Ogawa et al. 2005). How ever our

knowl edge of bub ble be hav ior at low lat i tudes in East Asia

is still poor, mainly for lack of suit able ob ser va tion equip -

ment. Con tin u ous bub ble mon i tor ing by means of op ti cal

equip ment to gether with ra dio tech niques is nec es sary to

clar ify bub ble char ac ter is tics.

To mon i tor ion o spheric dis tur bances rou tinely at low

lat i tude in East Asia, we in stalled an all-sky air glow imager

on Yonaguni Is land, Ja pan (24.5°N, 123.0°E; 14.6°N geo -

mag netic), about 100 km east of Tai wan, in March 2006.

This pa per gives the first re sults from this imager to dem on -

strate ca pa bil ity for mon i tor ing MSTIDs and plasma bub -

bles in a wide area over Yonaguni and Tai wan, and shows an

ex am ple of a bub ble si mul ta neously ob served by the imager

and the FORMOSAT-3/COS MIC mis sion.

2. OB SER VA TIONS

The Yonaguni all-sky air glow imager, which be longs to

the Elec tronic Nav i ga tion Re search In sti tute of Ja pan, has

been op er ated as part of the Op ti cal Me so sphere Ther mo -

sphere Imagers (OMTIs) sys tem of the So lar-Ter res trial En -

vi ron ment Lab o ra tory, Nagoya Uni ver sity (e.g., Shiokawa et 

al. 2000). The imager con sists of seven fil ters (OI 557.7 nm,

OI 630.0 nm, OI 777.4 nm, OH bands 720 - 910 nm, Na

589.3 nm, Hb 486.1 nm, and back ground 572.5 nm) on a

wheel, a fish-eye lens with a field of view of 180°, and a

thinned and back-il lu mi nated cooled-CCD cam era with

512 ´ 512 pix els. The OI 630-nm all-sky air glow im ages,

with which we are con cerned, were taken ev ery 5.5 min with 

an ex po sure time of 165 s. Fig ure 1 shows a field of view

(FOV) of the imager with a di am e ter of about 1100 km at

250 km al ti tude for a ze nith an gle of 65°.

2.1 Me dium-Scale Trav el ing Ion o spheric Dis tur bances

The Yonaguni imager ob served MSTIDs for about 7 hours 

from 1200 to 1900 UT (= LT - 8 hours) on the night of 26

May 2006. In Fig. 2, twelve 630-nm all-sky im ages ob tained

dur ing 1308 - 1627 UT are mapped onto a hor i zon tal plane

in geo graphic co or di nates by as sum ing an emis sion al ti tude

of 250 km, be low the F-layer peak, around which the vol ume 

emis sion rate of the OI 630-nm air glow is known to have a
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Fig. 1. Field of view (FOV; dashed cir cle) of an all-sky imager lo cated on Yonaguni Is land, Ja pan. The FOV has a di am e ter of about 1100 at 250 km

al ti tude for a ze nith an gle of 65°. An all-sky imager was tem po rarily in stalled at Hedo in Oki nawa in Au gust 1999 (Shiokawa et al. 2002).



max i mum (e.g., Ogawa et al. 2002). To high light wavy st -

ruc tures in each im age, per tur ba tion com po nent, that is, (I -

IB) / IB (in %) where I is the mea sured in ten sity and IB is the

one-hour run ning av er age of I, is dis played. Since the

630-nm emis sion rate at around 250 km al ti tude is pro por -

tional to the elec tron den sity, var i ous struc tures in Fig. 2

repre sent the elec tron den sity fluc tu a tions in the F-re gion.

It is clearly ob served that MSTIDs with am pli tudes be tween

-30 and +30%, a wave length of about 500 km, and phase

fronts aligned along NW-SE prop a gated from NE to ward

SW with time while chang ing the per tur ba tion am pli tude

and wave struc ture.

GEONET op er ated by the Geo graph ical Sur vey In sti -

tute of Ja pan is a dense net work of about 1200 GPS re ceiv ers 

dis trib uted in Ja pan. It pro vides to tal elec tron con tent (TEC)

data ev ery 30 s in a wide area of the ion o sphere over Ja pan

on a rou tine ba sis. Saito et al. (1998, 2001) clearly dem on -

strated that GEONET TEC data are very use ful for the study

of MSTIDs over Ja pan. Fig ure 3 dis plays time vari a tion of

the GPS-TEC map on the night of 26 May 2006 when the

Yonaguni imager de tected MSTIDs. Each map shows a spa -

tial dis tri bu tion of the per tur ba tion com po nent that is de -

fined as (TEC - TECB) / TECB (in %) where TEC is the mea -

sured TEC and TECB is the one-hour run ning av er age of

TEC. Two or three GPS sat el lites were avail able to con struct

the maps in Fig. 3. In the fig ure, MSTIDs with wave lengths

of a few hun dred to about 500 km, phase fronts aligned

along NW-SE and per tur ba tion am pli tudes be tween -10 and

+5% prop a gate south west ward to ward Yonaguni. The GPS-

 TEC map at 1420 UT in Fig. 3 is over laid with the Yonaguni
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Fig. 2. Time vari a tion of 630-nm air glow in ten sity per tur ba tion map over Yonaguni (marked by a white cir cle) on the night of 26 May 2006. All-sky

im ages are mapped on geo graphic co or di nates by as sum ing an emis sion al ti tude of 250 km. Per tur ba tion am pli tude with plus (mi nus) sign cor re -

sponds to en hanced (sup pressed) elec tron den sity.



all-sky im age at 1422 UT (Fig. 2) in Fig. 4, where as many as 

10 wave fronts of MSTIDs can be seen be tween 20° and

46°N. Fig ure 4 to gether with Figs. 2 and 3 in di cates that

MSTIDs were gen er ated some where at lat i tudes higher than

46°N (the north ern most lat i tude of Ja pan) and prop a gated

south west ward through Ja pan and Tai wan.

To see de tailed MSTID char ac ter is tics, Fig. 5 plots

time vari a tions of the air glow in ten sity and TEC per tur ba -

tions for 8 hours along the line with a length of about 3250

km from point 1 (21°N, 118°E) to point 2 (40°N, 144°E)

shown in Fig. 1. The MSTIDs at ear lier times over Yona -

guni seem to have orig i nated near Yonaguni, and those at

later times over the main land of Ja pan dis si pated dur ing

prop a ga tion be fore ar riv ing at Yonaguni. Though the wave

struc tures are not al ways con tin u ous in time and dis tance

be cause of the sparse TEC data be tween 1400 and 1600

km, we be lieve that most of MSTIDs prop a gated from the

north of Ja pan to ward the south be yond Yonaguni and Tai -

wan over 4000 km, with a south ern limit of 19°N (geo mag -

netic lat i tude 9°N) or lower. They have wave lengths of 300

- 600 km (mostly, about 500 km), pe ri ods of 40 - 60 min,

and av er age ap par ent ve loc ity of about 120 m s-1 as in di -

cated by the white dashed line in Fig. 5. The av er age phase

ve loc ity per pen dic u lar to the phase fronts is about 100 m s-1

by con sid er ing the phase fronts that are not per pen dic u lar

to the line de picted in Fig. 1.

2.2 Plasma Bub bles

The Yonaguni all-sky imager ob served equa to rial pla -

sma bub bles on the night of 10 No vem ber 2006. The up per

part of Fig. 6 shows time vari a tion of the 630-nm air glow

inten sity map. The air glow in ten sity is ex pressed by the raw

out put counts of the CCD de tec tor. The bright area in each

map cor re sponds to the north ern F-re gion anom aly crest. As

can be seen, the anom aly grad u ally sub sided with time. The

air glow in ten sity of bub bles is usu ally lower than that of the

back ground ion o sphere be cause the elec tron den sity in a

bub ble is quite low. At 1122 and 1157 UT there ex isted two

plasma bub bles (the gray N-S ex tended ar eas with raw counts,
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Fig. 3. Time vari a tion of GPS-TEC per tur ba tion map over Ja pan on the night of 26 May 2006. Per tur ba tion am pli tude (in %) with plus (mi nus) sign

cor re sponds to en hanced (sup pressed) TEC. The lo ca tion of Yonaguni is in di cated by a solid cir cle in each map.
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Fig. 4. GPS-TEC per tur ba tion map over Ja pan at 1420 UT 26 May 2006 and 630-nm air glow in ten sity per tur ba tion map over Yonaguni at 1422 UT on 

the same day.

Fig. 5. Time vari a tions of 630-nm in ten sity and TEC per tur ba tions along a line from point 1 (21°N, 118°E) to point 2 (40°N, 144°E) in Fig. 1. TEC

per tur ba tion am pli tude is ex pressed in units of TECU (1 TECU = 1016 elec trons m-3).



as in di cated by the ar rows), sep a rated by about 500 km,

with an east-west width of about 100 km; they were faint at

1044 UT (not shown). These bub bles moved east ward at

about 50 m s-1. The west ern bub ble dis ap peared be fore

1233 UT, and the east ern one did af ter 1308 UT. The

all-sky im age at 1114 UT is en larged in the lower part in

Fig. 6, where the bub ble ex hib its com pli cated cac tus-like

struc tures, a char ac ter is tic of plasma bub bles.

Dur ing this bub ble event, some elec tron den sity pro files 

de rived from GPS ra dio occultations us ing the FOR MO -

SAT-3/COS MIC mis sion (Schreiner et al. 2007) are avail -

able. Fig ures 7a and b dis play 630-nm air glow in ten sity

maps at 1138 and 1157 UT, re spec tively. The bright ar eas

cor re spond to the north ern F-re gion anom aly crest. Fig ure 7c

shows four al ti tude pro files of the elec tron den sity at times

close to these times. Each elec tron den sity pro file was de ter -

mined from the ra dio occultations on the ray tan gent path

(solid curve) in Figs. 7a and b. The pro cess to ob tain the den -

sity pro file from COS MIC was de scribed by Schreiner et al.

(1999). Fig ure 7 in di cates the fol low ing: (1) the 1132 UT

elec tron den sity pro file with a max i mum of 1.15 ´ 106 cm-3

at 350 km al ti tude rep re sents the pro file in and around the

crest with out bub bles. (2) The den si ties in the 1140a and

1204 UT pro files with a max i mum of about 8 ´ 105 cm-3 at

350 km are lower than the 1132 UT case. These pro files may

ex hibit the pro file in the south of the crest though the ray

tangent paths cross partly the faint bub ble at around 120°E.

(3) The den si ties (a min i mum of about 5 ́  105 cm-3) be tween 

300 and 450 km al ti tude in the 1140b UT pro file are low est

among the four pro files, be cause the ray tan gent path crosses 

the bub ble at around 125°E. Fig ure 7c in di cates den sity to

de crease with de creas ing al ti tude be low the F-layer peak.

Note that the 630-nm emis sion al ti tude is as sumed to be

around 250 km (see above).

3. DIS CUS SION AND CON CLUD ING RE MARKS

The ob ser va tional re sults are sum ma rized as fol lows:

(1) MSTIDs were ob served for about 7 hours on the night of

26 May 2006 by the imager at Yonaguni. GEONET also

de tected MSTIDs on the same night. By com bin ing

imager data with GEONET data, it is found that these

MSTIDs had a wave length of about 500 km, pe ri ods of

40 - 60 min, and an av er age phase ve loc ity of about

100 m s-1. Most of the MSTIDs prop a gated south west -

ward from the north of Ja pan to the south of Yonaguni

and Tai wan over 4000 km, with a south ern limit of 19°N

(geo mag netic lat i tude 9°N) or lower.

(2) On the night of 10 No vem ber 2006, the imager de tected

two equa to rial plasma bub bles, sep a rated by about 500 km, 

that were em bed ded in the F-re gion anom aly crest to the
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Fig. 6. Time vari a tion of 630-nm air glow in ten sity map over Yonaguni on 10 No vem ber 2006. As in di cated by ar rows, there ex ist two plasma bub bles

at 1122 and 1157 UT and one at 1233 UT. Bright area cor re sponds to the north ern F-re gion anom aly crest. Some dark re gions with out tem po ral vari a -

tion be low 20°N are due to trees near the ob ser va tion site. All-sky im age at 1114 UT is en larged at the bot tom to give a close up view of the bub ble.

Air glow in ten sity is ex pressed by raw out put counts of the CCD de tec tor.



south of Yonaguni. The bub bles with an east-west width

of about 100 km moved east ward at about 50 m s-1. Elec -

tron den sity pro files ob tained by the FORMOSAT-3/

COS MIC mis sion well cor re spond to two-di men sional

dis tri bu tion of the air glow in ten sity, and show that the

den sity is surely sup pressed within the bub ble de tected

by the imager.

In re cent years, MSTIDs over Ja pan have been well

stud ied by means of, in par tic u lar, all-sky imagers (e.g.,

Kubota et al. 2000; Shiokawa et al. 2003), GEONET (e.g.,

Kotake et al. 2006), and both of imager and GEONET (e.g.,

Saito et al. 2001; Ogawa et al. 2002; Shiokawa et al. 2002).

Based on si mul ta neous ob ser va tions of MSTIDs with

GEONET and an all-sky imager tem po rarily in stalled at

Hedo in Oki nawa (26.9°N, 128.3°E; 17.0°N geo mag netic;

see Fig. 1) in Au gust 1999, Shiokawa et al. (2002) sug gested 

that the south ern limit of the south west ward prop a ga tion of

MSTIDs from main land Ja pan was pos si bly around 18.0°N

geo mag netic lat i tude. Our re sult (item 1), how ever, in di cates 

the south ern limit to be lower than 9°N geo mag netic lat i -

tude, and shows for the first time that MSTIDs de tected over

Ja pan can prop a gate south west ward be yond Tai wan over

4000 km. It seems that the prop a ga tion dis tance and south -

ern limit of prop a ga tion de pend on MSTID wave am pli tudes 

as well as back ground ion o spheric con di tions such as elec -

tron den sity dis tri bu tion and thermospheric wind. We do not

know from the cur rent ob ser va tions where and how the

MSTIDs were gen er ated. Auroral ac tiv ity at high lat i tudes

seems not to be re spon si ble for the gen er a tion be cause

3-hour Kp in di ces were quiet and 0+, 1, 1, and 1- dur ing 0900 

- 2100 UT 26 May 2006.

We have as sumed that the OI 630-nm air glow emis sion

has a max i mum in ten sity at around 250 km. From model cal -

cu la tions, Ogawa et al. (2002) con firmed this as sump tion.

At around 1501 UT when the MSTIDs were ob served at

Yonaguni (Fig. 2), the elec tron den sity pro file at around

26.5°N, 104.0°E, about 1800 km NNW from Yonaguni,

which was ob tained by the FORMOSAT-3/COS MIC mis -

sion, in di cates a peak al ti tude of 370 km with an elec tron

den sity of 4.1 ´ 105 cm-3. The three elec tron den sity pro files

dis played in Fig. 7c show the peak al ti tude of around 350 km.
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Fig. 7. 630-nm air glow in ten sity map over Yonaguni at: (a) 1138 UT and (b) 1157 UT on 10 No vem ber 2006. Plasma bub ble is in di cated by ar row.

(c) Four al ti tude pro files of the elec tron den sity at times close to these times. Each pro file was de ter mined on the ray tan gent path (solid curve) shown

in (a) and (b).

(a) (b)

(c)



These ob ser va tions sug gest that the OI 630-nm emis sion

altitudes are be low the F-layer peak.

Plasma bub bles are a com mon phe nom e non ap pear ing

in the night time equa to rial F-re gion ion o sphere af ter sun set.

As is well known, bub ble ac tiv ity in East Asia is high est in

equi noc tial months in so lar max i mum (e.g., Gen tile et al.

2006). From si mul ta neous ob ser va tions of gi ant plasma

bub bles with all-sky imagers in Ja pan and Aus tra lia and

135.6-nm air glow with the IM AGE sat el lite, Ogawa et al.

(2005) have found that plasma bub bles in April 2002 (near

so lar max i mum) moved to the east at about 100 m s-1, had a

scale of about 100 km with spac ings of 200 - 250 km, and

were em bed ded within plasma struc tures with a scale of

about 1000 km. These geo mag netic con ju gate bub bles were

sit u ated in the north ern and south ern anom aly crests, in line

with the above item 2.

Con tin u ous mon i tor ing of the ion o spheric scin til la tions

of 1.6-GHz GPS ra dio waves has shown that equi noc tial

bub bles over Kototabang in In do ne sia (0.2°S, 100.3°E;

10.4°S geo mag netic) in 2003 and 2004 ap peared dur ing

Feb ru ary - March and Sep tem ber - Oc to ber (Ogawa et al.

2006; Otsuka et al. 2006). The bub ble ac tiv ity af ter 2004

became weaker with de clin ing so lar ac tiv ity. The so lar ac -

tiv ity in 2006 is close to min i mum so that ac tive bub bles

over Kototabang were few, in line with that bub ble ac tiv ity

over Yonaguni in au tum nal equi noc tial months in 2006 was

very low. The bub bles in Fig. 6 are tiny, and their east ward

ve loc ity of 50 m s-1 is very slow, com pared with ob ser va -

tions (about 100 m s-1) made at Kototabang in 2003 and 2004 

(Otsuka et al. 2006). We no tice that the bub bles in Fig. 6

might be in duced by the geo mag netic storm that be gan at

around 1300 UT 9 No vem ber. Kp in di ces of 5-, 6, and 4 dur -

ing 0600 - 1500 UT 10 No vem ber sug gest that the storm was 

near the max i mum phase when the bub bles were ob served.

A storm-time elec tric field pen e trat ing into the geo mag -

netic equa tor might have trig gered the bub ble ge neration

(e.g., Huang et al. 2002).

In con clu sion, we have pre sented MSTID and plasma

bub ble events de tected by the 630-nm all-sky air glow

imager at Yonaguni, the wes tern most is land of Ja pan, close

to Tai wan, and dem on strated that the imager in col lab o ra tion 

with the FORMOSAT-3/COS MIC mis sion is use ful for the

study of these events oc cur ring in and around the north ern

F-re gion anom aly crest. In the fu ture, this imager col la b o rat -

ing with other in stru ments such as sat el lites, ground- based

ra dio sound ing, etc. will con trib ute to a better un der stand ing

of ion o spheric dis tur bances at low lat i tudes in East Asia.
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