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Abstract

Ionosphere is a layer where neutral atmospheric molecules are partially ionized due to
solar radiation in e.g. infrared wavelengths. Its properties reflect solar activities. For example,
solar flares enhance solar radiations, and cause sudden increase of ionospheric electron
densities. Donnelly (1976) suggested that such an increase is composed of two components of
different temporal evolution, i.e. impulsive and slow components. They have different
frequency spectra, resulting in different height distributions of electron density increases.
With a model calculation for a typical solar flare, Donnelly (1976) also showed that the largest
and the longest-lasting electron density increase occurs at a height of ~110 km, within the E
region where electron density is normally less than the F2 region. Global Positioning System
(GPS) satellites are equipped with transmitters of two different carrier frequencies in the L
band, and the phase differences between the two carrier waves can be converted into the total
number of electron integrated along the line-of-sight (Total Electron Content, TEC). Recently
large numbers of GPS receivers have been deployed worldwide, and such a global network
made it easy to observe sudden increase of TEC (SITEC) associated with solar flares. However,
GPS-TEC has an intrinsic difficulty in investigating the vertical distribution of electron
density. Recently, multiple satellites with on-board GPS receivers were launched into low
earth orbits, and have obtained numerous reflectivity profiles taken when the observed GPS
satellites sinks below or rises from the horizon. In this study, we use electron density profiles
taken with such GPS radio occultation measurements by FORMOSAT-3/COSMIC satellites,
and studied the electron density increases associated with the X-class solar flare on Dec. 5,
2006. From profiles taken in various places in the sun-lit hemisphere, we identified
significant increase of electron density at height 100-110 km due possibly the slow component
of the flare. On the other hand, electron density increases for a wide range of height due to the
impulsive component were not clearly seen. This is considered to reflect the occurrence of this
flare near the edge of the solar disk, i.e. the impulsive component of the flare must have been
selectively attenuated by the solar atmosphere. We established the standard profile as the
median of the profiles on days before the flare, and obtained the profile of the electron density
increase due to the flare by subtracting the standard profile from the profiles obtained after
the flare. The profiles of these differences clearly showed peak heights, which showed slight

north-south asymmetry and were a little different from the prediction.
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1.1 E#fEE Ionosphere
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TABLE VII

The heights of maximum rate of electron production for strong emission lines in the solar spectrum
for some solar zenith angles and model atmospheres

cos ¥ 0.98 0.80 0.50

CIRA 1965 Model (12 hour) I VvV vim O VvV vil I vV VI
Tdentification wavelength (A) {km) (km) (km) km) (km) (km) {(km) (km} (km)

HL,-# 1025.7 103 103 103 104 104 104 107 107 107
Cm 577.0 109 108 109 110 110 110 113 113 113
On, m 835-833 124 122 121 127 125 124 134 133 132
Orv 790.2, 790.1 157 163 169 162 169 177 174 186 200
Ov 629.7 162 1692 177 167 176 186 180 195 212
Mgx 610 161 168 176 166 175 185 180 195 211
Hei 584.3 161 167 175 166 175 184 179 194 210
O 555.3-553.3 162 169 177 167 177 187 181 196 214
Sixu 300 161 168 176 166 175 185 180 195 211
Hen 303.8 148 150 152 152 156 139 163 171 179
Fexv 284.2 143 144 145 147 149 151 158 163 169
X-ray 68.0* 107 107 107 108 108 108 111 111 111
X-ray 44,5+ 101 11 101 102 102 102 105 105 105

* These wavelengths are selected only because absorption coefficients are available for them, it does
not necessarily mean that selar X-rays of these wavelengths are strong,

# 1-1 K EUVGHESREESMNR) « X B X 2R 2 L OB A4 i K & (km), 2 —
<~ F1L CIRA ET NVRKEDFE S, x LK RIEMA %K. (Yonezawa, 1966)




1.2 KB~ U7 Solar flare
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A 7 I BE LIPS B 35 Impulsive 724y & 8 X & 3 &35 Slow 7231253 v
TW5b, 2F Y., Slow 7 L7 &1 Impulsive 720 & 72207 LT D2 EThDHEWVWZ D,

— Hard X-ray (C1A)

Impuisive - EUV (90-1027A)
Component

Normalized Solar Flux Enhancements

O - ) - o =
o wn o o w o o w =]
|

L— Micro-wave

Related Slow
Component

—

L Soft X-ray (1-90A)

Very Slow
Component

A I L
S 10 15 20 25

Time (min)

Q

1-6 KB~ L7 @ Impulsive,Related Slow,Very Slow fi&
7y DR A RIX & . (Donnelly, 1976)




10

TABLLE | Spectra for Impulsive Flare Conponent

Model Impulsive Compenent Specira,® W W m=?  [ano-

Waveleripth, ——  gpheric
A Ton or Line A B [ o E Regian

ns.7 HLy§d i 0. 1% 0.& 05 E
4 Giroup M 11 1.5 1.0 31 1.4 1.0 E
oy CIn 55 58 LR B4 5.4 E
G715 HLy~r 05 ha (3 5 n3 F
Q457 HLvd 0.2 0 03 02 ol £
378 HLye 2 0.1 1N 02 i E
0107, 9262 Hlylq b2 il 0,2 0.2 ot E
A1E= 027 Minor .7 1.5 2l 3.7 1.8 F

GA0-00 1 H cantinuum 7.6 5.2 4.5 7.5 5.0 FE

A3 Grraup O L (1 0% s i3 4 {6 EF

ToiE-911 bliner nz [ [0 n2 0.2 E F
T80 Group O IV L 03 ] [ 03 F
17 o .3 0.2 0,2 0.3 0.1 F
T3 Me VI 0.l 1 a.l [N} 0.1 ¥
T4 e WIIL [ 0.1 0.2 0z 1 F
Th3 I R 11 0.1 0l L] LR N F
Tl Giraup OV L 0.4 b 6 0 F
GI-ThG Minor 04 0.6 n7 b4 i1 F
29T oy kN 1 1.2 5D 4.5 F
625 Mg X 2 0.l ol 0.4 a3 F
L Mg X 0.4 3 3 Q.7 0k F
SHid Hel 1.4 1.1 (i1 25 13 =
334 Grgup O 1V 6 04 4.2 ne 0.5 F
4505044 He | cantinuum 1.2 0.8 0.4 10 [ F
4i55,2 Me VI a4 03 0.3 0.6 0.& F
6054 Minor 1.2 .3 LA 20 [ F
W3R Hell Ly e G5 53 1 B.2 3.6 ¥
1Rl-4460 Minwr, Fo XV, XV1 a0 [l 1.4 44 ) F
I2B-280 He 11, Fe XII1, X1V H b q 3 T F
WM 228 He 1 eomtinuanm, Fe 1] 14 S ] 13 “F

80200 Fe [X<XI1 23 1 7 5 £l FE
G- Fe X1-X¥] 3 a 3 5 [3 E
}-60 51 1=KV V1 X 4 2 3 4 £

I-1] Minor L | < | o L <l o E
| Hard X rays =] 2001 =0l <0l 01 n

The Her fare lor spectra A and B is of fmportance 18, logation 237N, 23°W, and time of socurrenos
14 LT March 27, 1967; for C, 3B, 257N, 63%E, March 22, 1967; for D, 2B, 127N, 80°W, March 12, 1965,
and far B, 3B, 247N, 325W, Apil 21, 1969, Event relierences are as follows: for speetra A and B, Danaeliy
and Balf (1973 for C, Hall and Hinreregger {196%]; and for 0 and E, Kelfy end Sense [1972]. Gereral ref-
crences on the impulsive component are Hall [1571], Meugeer er al. [L974], Nopes [1973), Themar [1975],
Woad er all [1972], Doenelly [L970, 1971, 1973], Dewselly ef al. [1073], Kane [1974, 1971), and Kabler
[1973].

*The enecgy Nlux is normalized o Adix < 1027 A) = (07 W m-=

# 1-3 KB~ L7 Impulsive %y D A~ b v43AiE7 /v, A-E 1%
ETNENRIL DT — 2 EZHW-fER. (Donnelly, 1976)

F 13 1XBH S NT- 7 VT & FICEHE S 7=, Impulsive 3 12817 2 <1027 A o i 5
100 & LIEREOKEROGHROHMET NV TH D, HHIIC ﬁ%‘ﬁl@&@ B S T\ AR S
NHEPREIPNTND, HHD AE IZZNENERLT =2 EHOTHEBR TN, BE
90-200A® EUV M 17-31%FE[E & K& EHTHD00 b5, ZOREHITIERE,. FELZ
7t<r“%al0> BHECE D> CWDH DT, BT HEEEIMIEEICBONTCHKTHD, /. HiamK

FFE AL SN2 WVE XFREIA) E DI FRCE VTR F =2 b O XN DT NICE Eh
Tb\é’)f:&b\ THERE TEO D - E )%03 %&T“ODﬁ,ufoei%jJDﬁE: %, ik, Impulsive 571
X DEFEEEIMNIAEE LTS —IC, BEREOEBTAROET L IZZEFE Uafill /o T b,
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TABLE 2, Spectra lor Slow Flare Components

Model Slow Component
Spectra,® [0-% W m-? or

ol Tetal
Wavelength, lonospheric
A Major [ons X Y i Region

Q11-1027 1 2 5 E

T9a-911 2 ] i EF
280-T96 Fe XY, Fe XV, Mg X, He [l 3 & L4 F
200250 Fe X1V, Fe XV, He 1l 5 b ) F
1702010 Fe XI-XIV, Ca X1V, Ca XV, Ca XV1I 4 7 7 F

a0-170 Fe X¥III-XX111 5 k) ] EF
G0-50 Fe XI-XII1, Fe XV, 5 VIII 3 10 9 £
dd-60 Fe XW1, 5 [X=-X11, Wi XV 4 11 1% £
-4 Fe XV, 5 XIV, CVI] 1] - I E
20-31 vl [ 4 2 E
5-20 Fe XWII-XXV, Mg X1 26 k] 4] £

4- SEXKHI-XVI Fe XXIV, Fe XXV a2 6 1 oE
-4 Fe XXII-XXV, Ca X1X 1] 1 o

The soft X ray classification for X s ~X25; for ¥, X1 and Z, ~M 1 The He flare for X is of importance
2B, location 12°N, 80°W, slow component peak time 1742 UT, and date March (3 1969 for Y, 2R,
TN, e WL 1T3T UT, Aug. 1, 1967, and for Z, SB, 03°N, 08°E, | 342 UT, Sept. 18, 1971, Event references
are as follows: for X, Kelly and Rense [1972]; for Y, Kreplin et @, [1970] and Castelll and Richards
[1971}; and for Z, Dere et o [1974]. General references on the slow component are Sreeckner [1975],
Catalana and Fan Allen [1973), Chembe and Sain [1969], Cowan and Widing [1973]., Daglawe et al,
[1974], Doschek [L9T2], Daschek er al. [1973], Drake [1971], Holl and Hinteregger [1963], Heatk [1973],
Horan [1971), Kasirer er @l [1974], Kakler er al. [1970), Kelly and Reuse [1972), Kreplin er al. [1%96%,
1970), Linsky er al. [1976], Newpert (19710, b], Newpert er all [L967, 1973, 1974), Nopes [L973], Posnds

(1970, Purcell and Widing [1972], Thomas [L975], Walker [1975], Walker and Rugge [|969], Hiding
[197 58, b], Widing and Cherg [1974], and Wood er ol [1972]
*The total energy Aux iz normalized o [0 W m-2

#F1-4 K7 V7 Slow i DO A= S TRET IV, X-Z 1%
TNENEEDO 25 7 LT Z48E. (Donnelly, 1976)

T, [AIBRIC Slow FRAMICEIT 2RS4 R 14 17T, MHD X, Y, ZIZZENENRE
THTVT ORFENRED XN TAX2  YBRITTAXL, ZBRI7TAMLDO7LTIZON
TOFHEKETH S, Impulsive iy THBE L TV - E 90-200A ® EUV 1% Slow 4y Tld
20, R I IZBEEE 72 OV L EBERE T O EREC k%<%bé&ﬁ<mA®%Xﬁf EFNLXT
SRR U LEOEEEEDD LWV FERBH TS, 2F V., Slow 5y CEma. )i
%M@\%@%<ﬂ%XﬁliofD'EE?t:oTWé®?%éoit\ﬁﬁﬁﬁ7v7ﬁ
EXBOTH N, EEEE T A~ORERIRENE B NI D,

1.3.2 TEBEREE E LN EE - R0 Ah

bR EGEES T 07 7 A VIZELTZONRK 1-7T Th D, R 1-1027 A Ok ih i %
103Wm2, K RIEMA%Z 30 L L7z & EOKRGBHHOBERDC L DEFERERT, =AKDT
277 AL A A Impulsive %57, X 2 Slow k5. LT H DBETZ7LTHRHOLOTH S,
Impulsive %57 DO E AL X #RIZ X DR 100-180km TOZEM Li-E AR EZRE, JE
7v7ﬁ@%@&#% LTV D D3 D%, —J7 Slow BT REE 130km LLEDEF AT

(27 < mE 105km OFE AR E — 7 BIEFIZARK X\, Donnelly et al. (1976) Tix Z OfE R

&L FEBICBIN S iz 7 L T RO 28 74 (TEC: Total Electron content) D28 &h % 552 BIAYH) 72 K
B 7 LT X % EE AR FE - R N oD S B - RER A b A FH R L, BT Wk L72(¥ 1-8), Impulsive
RO IEEERD 110, 140, 250km D =SDOE—27 %2 b b ZREMITHEM, P LD, —H4,
Slow 471 E 100km (28 —2 % 6 5 Impulsive i/ 2BV THEIL TV D,
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A Impulsive Flore Component
Maodel A

X Slow Flore Component
Model X

H Nonllore Solor Speciro
Heroux el ol (1974)

Eleciron Production Rote m™ ™'

1-7 R 13,14 DAY MAGJANLRDIZ 7 LTI K BEFEROEES
i7" 77 AV A D Impulsive k457, X 2% Slow ko, H 233E7 L 7
Db O T, EFFRE % 103Wm2 |[2#—. (Donnelly et al., 1976)

Altitude (km)

Local Time

1-8 FEEIZBH SN 7 L 7EO TEC (Total Electron Content)
R L &K 1-7T OEES e S EICHE S N8B 5
NGy DEFE - BEf /3 4i-€ 7 /L. (Donnelly et al., 1976)
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2 GPS-TEC #lHIlZ X 5 JcAThiE

GPS(Global Positioning System)iZ & > CEHEE O TEC 2B RER CTEFINCBR CTE 5 XL 51
% & K7 VTS KD EFEERINE LV S BN FTRE & A o 72, RE T, GPSIZX
% TECHROFEL L Zha H W K7 VI IcBd 5 7256170158 Zhang and Xiao (2005) &
Heki (2006)IZ 2\ CilkR %,

2.1 GPS: Global Positioning System (&ERHINL S AT A)

GPS (Global Positioning System) & IZ2ERHINL > AT & B, HER ECoIEmE 2R BIENL &
RN DT D DR Y AT DO TH L, HBOHMENLELN D ERZHMEK EOZ(E
HT2E L, SEROBERM AT L2 L TEBEOMBERELAIEICLTWD, TAUD
BRED 1978 4E0 b HEE LOMIESEE AR & LTS BT &2 BiA, IEJE 2 J7 km O#IE % #)
12 FEfEE I CRE R 5 30 #IZ & O R TR ST 5, BIETIIARD HITh HLERE
DA 2 T - SUEOEITE S —F v — 2 a o A ERHEOF Hofh, K
KT OER OJETEE AR U 72 KRR KR, BEE O 8 505 OBLRI(TR )  FTRE & 72 -
TW5,

2.1.1 ALERE DR

(WS%EK@%%E@%wE%ﬁ%ﬁ#ﬁémfﬁD EREZRIREA 2 HRER(E LT D, B L,
i OZEREORZI R & 2RI F L ThiiE, BREORGIZ & ZEMOBERZ O
%E%%Hé:&?E%&ﬁ%%%@ﬁﬁé 72 E DS % R TE T DI =080 D DR A R
DLVEND D DT, FARTH ZHOBRE & OFEFEARIRIZ 2T ERER FREE 72D, L
ML, R EZEH TR ZZERICFEMISE L Z LITEE IR TH S 720, TWELL Lo
GPS HENDLDOBREZET D Z & TREH L ORFTOMEZKIE L 22BN 5, FEERIZIX
FEEZ I 27201282k ETHRIETY 4-6 BEEOHENO OBEE N FIZZETEL LI
BEROB EPUEE DR I TN D

(@ Geograrhical Survey Instituvte .

2-1 GPS A A—v . (H LB L v)
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2.1.2 TEC #&iH]

GPS &7 b ERT 2 EI I THER R K 2 @il 9~ 2 BRI T 5, JRITIZ K o TEIE OISR
MOTNIRLS DT L L, RATOLGHIEENELS 700 Z L OFHFEHR T, /g\ erh & TR
FERFEI N AL D CRRUBRIE), FEIEIXFITHAME A 7k77‘< . T LCEBEBOEBE I TR D,
Ny ii&fj?hf@ftﬁ?ﬁfiﬂ%ﬁ%m AT O L CITRA i A L R 0155 T ?Sb%/? L THIE S
DM I IS OBRIE T A= 2B H3 2 & TGPS 2 W THIBRRR 28U 2 2 &8
T&E%, ZZTlL, BEEEOETFICED2EELZFIH Lz TEC BRI SOW TR~ %,

Z Tu 9 TEC(Total electron content) & 1. GPS 2 & 2 {E5#: & @F'ﬁ@fiﬁﬂj:@ ET DD
BFFC. T el/m? b L < 13 TECU=10%el/m?) T+, TEC IHRE ()Tl - 7= 6 75 O Fl
SHETH D,

satellite

TEC = n,(s)ds

receiver 1
ne : EHEE(el/m?)

7o, EEEEOE L DEITER NAX, BEFEE &R OB f 2 W T T oA TRl
TE %,

(2)

S HIZ, FEHEEIC X > Tol & Z SN D ERDOBIE A ¢ (TR N1 &2 ffi> TROXTET Z &
MTED,

satellite
At=["""(N,~Dds

receiver
@)Uz, DX EBRAT D EERFEEE AL ITKRDO L H T 5,

At = -2 TEC
f2 (4)
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W& BT 5 K 51T, EREE COERREE I THEA K OB EBIKFEL T D, ZOWE
ZRAT 5720, GPS 2 Ok % L1(=1575.42Mhz) & Of L2(=1227.60Mhz) &\ H —-D0D
v RAREE PR ESN TV D,
AL FENPOREINTZLL, L2 OBENZEHICEIET HRME & 22 T5HL, EbiX
B OZEHEE COEMRMERE L el D3RO SN DR ¢ BEEEIC X 5BE@ XA VL
ToZXTHE D,

a

tl :t—f—lzTEC (5)
a

f2 :t—f—zzTEC (6)

B)X. B LY . TECIZGPS o EoNET —ZZHWTROHEXTRD DL Z LN T 5,

{ —t f2f2
TEC:l 2 21 22 -
a fi" =/

GP SEZEHOBIAIEIZL 1 L L 2 DEFEONMHTHLDOT, ZRHICHEEEZNT CTIIERHEL,
W TE D E(NXD h—t ITHHYTHEL D, 7272 LIREIRAARIZII R O SA T ZNRD > T
WA, —IREITIEENRIBRLAE D S D TEC OELDO LD KD Hiv b,
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2.2 Zhang and Xiao (2005)

4RO GPS # E/ROFEEICHE - T, K7 L 72 & 2 BEEE AR 150 284 (SITEC: Sudden
Increase of Total Electron Content)? GPS #iifll7% Zhang and Xiao (2003)(Z & » THJH THE =
Nz, T ZTIEZEDIETH D Zhang and Xiao (2005)DFEREFNT 5, EETHT7 LT 1T
2003 4E 10 H 28 HICHA L7 7 A X17.2 LW o, FEFICKEELR 7 LT ThH D, 2ERTHH
72 SITEC 28Ul v, RIEAKGFMERHEN O BiLTe, o, B - L LR THEINEIZH L2720
HDHEVIFERN T, 51T, Bl BEHUKIZI 1T 5 SITEC (2O THIER D0 K& IEIE I
E DML LW S BN ST,

TEGC, TECU
TEC, TECU

10:30 11:00 11: 10:30 1100 11:30

Time, UT
- - davl 4'_ A
S g o i
= = T %
o ; =
: S
20 R ST SR ,
10:30 11200 1 10:30 1100 11:30
Time, UT Time, UT

Figure 1. Tempormal total electron content (TEC) curves derived from GPS data observed at six different
GPS sites during the flare on 28 October 2003. The dashed line is the profile of the X-ray flux observed
by the GOES (1~8 A) during the flare. The GPS sites involved are shown in each panel. (a—b) Sites ankr
(39.89°N, 32.76°E) and gras (43.75°N, 6.92°E). (c—d) Sites bogt (4.64°N, 285.92°E) and ntus (1.35°N,
103.68°E). (e—f) Sites davl (—68.58°N, 77.97°E) and trol (69.66°N; 18.94°E). It should be noted that
some negative TEC values occurred in the figure because the instrumental biases are not removed during
TEC calculation.

2-2 K7 L7 3L O R GPS-TEC DK RF17Z5(k(2003 4E 10 /1 28 A).a+b
ISR KB IE NS WS e« d 13 H HE & Hi% I e « £ 23835 & O AR IS
GOES CH#IH Sz X #isE 02k fi % Tk _7= £ 5 12 TEC IZIF3 14 7 A
DD > TWNWDOTHAEIZH F D EWAE L 7272, (Zhang and Xiao, 2005)

2-2 |3 % I LS T B T2 KBS 7 L T D GPS-TEC KR AL T 5, HE D I 2~
72 GPS 2 0BT 5 7- TEC 84K LT\ 5, WE#kIT GOES TEIH S iz X #iE o
ZAt% TEC B8 L R RS ZRi 2 CHETZHOTH D, HT a b IXFHEE OB E T2
WHIIER, ¢ dIZERER B, BEOHIK, e fIXTNETRMALOBIEOT —% THDH, £TD
Hils ¢ TEC D23 (SITEC) 2SABRICEII ST 5, Frlo, KEEKTE M (Solar Zenith Angle:SZA)
DN EWCKBHE FIZitv)#S a - b @ SITEC (% 17 TECU EFERICRKE VY, RIEADKE W ¢
L d TIZSITEC T abichk~5 /&<, TTECURETH D, £z, HHSHEIZHES TEC
DPHRNe LA ETRELR LD, e f OfkIZIBWTE SITEC 3R TE 5, FFHEMZRD
1% e OEFMEMIIEL D SITEC ) 5T ECU (2% L T f bl 7s 8 TECU L AEICKEWVWETH 5,
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Local time, hr
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Figure 2. Distnbution of the TEC enhancement on the sunlit hemisphere caused by the flare. The
position of the dots indicates the latitude and the longitude of ionospheric penetration point (IPP). The
open triangles represent the locations of the GPS sites selected. The dashed contour lines represent solar
zenith angle (SZA) at 1110 UT. The upper axis shows the local time at 1110 UT in the dayside.

9-3 HiER D GPS ZERTELIT 7 LT O SITEC.HHRIIKERTEMD 2L X
—(FRIZRTEA 9 0° ) ALEERICB W TR RIEEMAKZEDOET NS5 E
72,8 « ZHERT SITEC O K& ZIZEN R 5% . (Zhang and Xiao, 2005)

2D GPS JH T &7- SITEC Z i L7-D X 2-3 Th 5, dLHERD GPS R i
WCREANKE L 2B LN > T SITEC &1 LTV AT N0 5, #8E 60° LI ED
ik &2 FE AL Tl LT A% & mERGEER) Tl 4-7 TECUGHH) T 5 D% LT, JbER(&
PER)TIE 7-11 TECUGRH) &, 1ZIF[F URIEA(SZA=T5" ) THHICHLBEDLLTHLMIRE N E
WO RERBIE DTz, ZORRIZON TR, ZOFMSCH TR EARRZFIIT S Tnian, F7z,
KIEAN 90° Z#iz 5 HHETH DUV HEEOMIEL, >F 0 KBS N MFE @7 n L 5 7
iz W T SITEC BEIHIESND Z b mnolz, Ziud, GPS ZERO EZENMFESTOD
TR OIS ZR KD CREBBRIZSH I TN 572D ThH D,
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Figure 3. The TEC enhancement versus the solar zenith
angle in the sunlit boundary region.
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0 X

(4 2-4 KPRIESMAE SITEC & & DOXS.
KBERTESA 90° (HHEIT A%
M) & 5512 SITEC 23202 L
T\ %. (Zhang and Xiao, 2005)

B 2-5  HH, A &I IS D KB o
B 2 R R RS I E R
KaEaE s R <RI S e T .
(Zhang and Xiao, 2005)

ZOT7LTnbLELNT-KERIEMA & SITEC & & OXS# K 2-4 123, KIEM 90° 28T
SITEC E232ICHAD L TWA, ZIUIBIHIL TS GPS BD LZERNHEROZICAALT-HTh D
2, MATH 25 1252 L) ICKRKUZ L D KRG BIINOES B REL 2R bEEND &

THRINTWS,

F 72, Zhang and Xiao (2005)CiZ, HA7KH Y720 O TEC ¥MEEEMNFIC Z SO E— 7 3
HHZLERLE(K2-6), it 7 LT o Impulsive & Slow @ k5 ## 2 T\ 5,

14 o DTECHL, TECUG0sec Flux, Watts/m®* = 12

11:00 11.06 11:12
Time, UT

Figure 6. The rate of change of TEC derived from the
observations by different satellite-receiver-pairs during the
flare, the curves have been offset vertically for presentation
purposes. The dashed line is the profile of the X-ray flux
observed by the GOES (1~8& A). The corresponding pair is
labeled near each curve. Suth (—32.38°N, 20.81°E); Zimm
(46.87°N, T47°E); Drag (31.60°N, 3539°E); Ramo
(—30.60°N, 34.76°E).

2-6 7 LT IEAEEROBRE HTZ
@ TEC #In&GEEM=E) DR R 5
ZEAb AR X R R AL HE =R oD
SO ¥ —7 % Impulsive 7 &
Slow &7 iZ#% %3 % . (Zhang
and Xiao, 2005)
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2.3 Heki (2006)

5% > GPS Ji% Hv 7z SITEC OBLII(K 2-7,2-)I2 1% T, KB RIAEMKFEIZOWT LB
JERRIC—EDE S & b OWEBEZRE LIEROXEMERET VAEZR LT, £/, GPSHE &
FRE ORI DO—MBHERDOEIZA D HEREOT — & % FTC, EBEREE 75 B HIN O & B 53 A
EHEE L7, ®EE 100km LA R T SITEC NAMIZEAD T2 EWHFRERN/ELNTZN, Tk
Zhang and Xiao (2005)723 /R’ L 7= HIER KR X DI D BN /FCEENTWHTDTH D
LEZ DI,

=
|

5 24
S 0
= DGAR
JE—
-4 T
15 in 25 a0
Time (UT hour)
o 30" &0° o0° 120" 150° 180" 20
i  —
L L
LURUM
T 5_——_—J\
=f
wl
il
=
w0
ael
=
-5
1 1
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26
1058 I1I.0‘ 1‘5 120

1
Time {UT hour)

2-7(L) 2004 4E 7 7 16 A¥4,7 7 2 X1.3 D7 LT IZH1) % SITEC.
2-8(F) 2003410 A 28 H¥E4:,7 7 2 X17.2 123515 % SITEC. (Heki, 2006)
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0.8 L L | L L
i - !
L e AR
— I e =& - E I'E
0. I o n \_\\::_:
: =
Iod = N
e i 4 -‘\ -
e = N
g g Ny
E b= by
0.2 - 1
g 22 )
2004/7/16 2003/1018
00 . : - 0 T T
0 30 60 90 0 30 60 a0
Solar zenith angle (degree) Solar zenith angle {(degree)

29 TODTLTIZOWTKGKRIERA & TEC E5-B & Oxfii. Fip T
FIVREREDS cos 0 IC XL D7 1 v T 1 > 7. (Heki, 2006)

KIGRIES 0 O 53 TEEHERE 23521 5 KB 1% cos 0 (21T 5, SITEC & HAfdIZ 425
mEBbNDA, EROBRITIIX 2-90@y . KIAEMA 60° LLTOFMMTIXIZ LA LHLT, £
NE B2 2T CRMICHED LT 5, Heki (2006) TIXEEERE O IR S d km O KB B
BEMEL, ZOEZBELRE S OEPRIEAKGFOIRKN TH L LEZXTUTFORERDIZ,

SITEC (0) = SITEC (0)[1-a(l(8)—-d)/d] (8

ZZ2TdENONIH2-10 IR THERDIESTH D, d% 200km, o 0.12 & L= & X OlifR
FERIEIC BB T 4 v b LTWA(X 2-9),

Sun

Attenuating layer

2-10 k. (Heki, 2006)
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2-11 HE“OHIRIZIIT S GPS fiia & -
R O D5 & (Shadow height)
D 7= BEEE O 5 HLHERDEIZ A - 728
IR RGO TR 229, 314 EE RN
Bigntside I3 Z 57220, (Heki, 2006)

A 1oEphens

f%5e\ T, Heki (2006) TIXX 2-11 1277 K 9 12872 5 # O & (Shadow height) 12331} % SITEC
DfE% VT Donnelly (1976) CaHR S AL7- 8 15 IO = 4546 (Rd) & flg b7, X 2-12
DiERZ 4 L1 SITEC & EmE DR Z R L72DOA X 2-13 TH %, Donnelly (1976) D€ 5 /L&
FCIXEE 110-150km @ E @, F1J@0E FEEEMOIE 5% HDTnd L &b, K 2-13
DOFERZ RS & SITEC ORI EE 100km L F TR Z > TW05, LaL, ZoOfRERE.
5 SITEC %45 & &M EREE R T O D BTEZ > TW\WD & T 21T ERNH D,
Zhang and Xiao (2005) TH k<X 53072 £ 512, RIEA DK E VS CIERE U 23 BA ) 5 K 5
7o, TOHSTRIOKR 2B T 5 RS RV, Heki (2006) D5 1% Z O RKZEIRIZ X 2RO
WELZREIKMLTEBLDOTHD EWVZ D,

Bu:zmmgmmxmo@mwf%ﬂﬁj@m@f%ﬁﬁﬁﬁﬁw%%ﬁwwﬂumws%*%
7% SITEC OF — X036, 7 LT IZ L DB HERMOBE M2 RDE S ELThDH, Lol
T LTI D BRAERIEEN S D GPSF:O)LT ZiET HRENTHIECR AU J:ofﬁzﬁéhfbib\
FERIKRD LN EITEVE, 130 B0~ RRICB T B FEEORET R 7 7 A )L
G TE 5 GPS ERAmEIINIC L 2 EHEBINNAEE Ly,
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Shadow height (km)

1TECU

B 2-12 2003 410 A DK 7 L 71220

T, KTEf4 90° LI ET SITEC 73
_ ; B SHT- R OR RN Z R D
S ol Smewrt et W 801 S CHELS EE 100km F2
: FEC TEC ERAAMIC/IE < 7
- TW5%. (Heki, 2006)

T
105 1o 1.5

Time (UT hour)
ANy —=d ! ] ! ] ] ; ] ;
raw after correction
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L4 [
— 300 R =
=
=L - P
E -
% 'lu .l'
= 200
A i
= » L ] '.'
E ‘l |‘
u"l-lm_ H = —} -. |

[ ]
& e = f- ‘- &
ﬁ_ O * %a % 404G
= T T T T
0 1 z 3 0 1 z 3
Delta TEC {TECU) Delta TEC {TECU)

X 2-13 X 2-12 DFE RS 457- SITEC & 58 st is A KT E O,
BT & KB & OALERIfRZZE L CTEZMIE L7z b 0.5
T VTR DETEERMDBEREOEESAEFRETHD &
E Lz & & D SITEC — 52 & FE o Bf%. (Heki, 2006)
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3 BN - AT RIE
H1 b GPS A L @8I B GPS 8D T2 DX TEC, »% v 2 - F R OB 0k
BCTho, BHEE FEEOSESMENE T 7 v AWV EEPERD D Z EIFTE R, 2, B
BEE OENEAEE 2D TFELE L TAA /Y orTaenry MCX2EEBRNEN NS H DN, 2
S FBRG AT CHEIERIR LN D720, Wih T —% LT, £ 2T, AFFE i
GPS f & L GPS ZEHZ2## L - IKiEZ G/ E 2 H\ - GPS EIEkE 1(GPS Radio
Occultation Observations) &\ 9 FiEZ W5,

3.1 GPS Ex#ikElH GPS Radio Occultation Observations

3.1.1 #¥sE

iz & 1X, ARCEKEZEDOI OREFIZES OREDENAIBLTHY | i kKK OB
IR L7=op GPS BBl cH 5, FEWHO GPS HE L, ZEHKTH 2 KHELEO:
Low-Earth Orbiting) #2 TR I 5, LEO 25 BT GPS 22 HER O S ERjIz b Te.,
FLFFLBRCERIIRIZED RN O TR, BT 5, ZoEEL2E L, BTkt
EIEHTT 5 2 L TRRADIRE, KEKE, BHEOEFHEIRET D BITRESE e 7 7 40
2155, TV T EOREROM FBIAN I D RS &SRB M O S fEREICIN A, H BER
i O AR FH B T do L 7o oy, Wlsiz T 2Bk 2 & HHICBUAIT 5 Z &3 TE 5,

600~ 1000 km |

3-1 GPS &k ofX. (Geodetic
Data Archiving Facility & ¥ )

BRI OB IR Y], HEROETICH HKERLEREFORBERAOMEE LMD FHRLE L
T 1960 FRIZT A U I A% ETHI% 47z Mariner FH#), [FIFRFIZ, BIEHRE L ZEHREOT
(2 & 2 HEER RS D HERBLIN O B & 1218 STV, @ W BB 2 A9 2 B O # 2 DB
I EFITIT SR ORI U CERREM B o Telod, EITSND 2 Li3iRroTz, L
L. &iTIZ72-> T GPS MR E LI LT, ThaRERE L THMT 2 K= 2 k7
ORTE LT FIED L S v, HIER RS ORI 23 EBL L 72,
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3.1.2 T—HEHE

BB B LN T — D LRITR T 7 7 A NV ERD, S HIEINLRIAORIME. K&K
K, BTBELEOEK/NNT A —F 8T 5 L0 ) BRI ERIIIIEF ICEETCH S, 2 TiE
F O TIXE#EE T, Kursinski et al. (1997) Cid X 5 7- FNEZ FICEHRICHPT 5,

T
o B
eg : o S’L GPS
LEO Bn - 8 2 rr
r
Earth %ﬁuﬁ::um

¥R

Figure 1. Instantancous occultation geometry for the Global
Positioning System (GPS) amd low Earth orbiter (LCO) satcl-
lites defining variables for the derivation of ¢ and a from Dop-

pler shift, spacecraft positdon, and spacecraft velocity meas-
urements.

3-2  HEMBLINIC 31T 2 A2, BN OALE BISR B I R m
a7 7 A NERDITIERIEIT A (Total Bending
Angle) a %R 2 2373 8% % . (Kursinski et al., 1997)

PR mE T 0 7 7 AV DEH

P 1348 47 /4 (Total Bending Angle) D Abel £ #i T3k 515, Total Bending Angle « 1%
Fn)DOFEGE LTUTFTORTEED,

S H E

Jet:

jw 1 dln(n)aW
i \/rzn(r)2 —g* dr ©

ro HIERED) B IRGRBRLES £ T ok

a(a)=2jw do =2a

e TSR NI L7 R D 9 B O b HIERE OISV S £ TOERE(r Of/ME) Th 5,
HERE.L D 7 C relim COPT 2 KEZEAR: & R OW TS LT 5, (9 Abel £
#iZe T nIZ OV TORESRQNICEH TX 5,
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l = «
n(r) = exp ;Ll T . da| o

DFED ER& 7R a TR L THEBERICE LN LB E) 5 Total Bending Angle « 238 1T X 4UIE,
Z DR TORRDIEIROEEDNANT 1D, 22 TaldX3-2 kv, QDX THEED,

a=¢T +¢R +6—7Z' (11)

A1 GPS - LEO Wi ONLEN S INDHD T, —ODRME dr e drEZZET—ZNEHRD
T IV, ZEEPZITED GPSHENLOERIT, Ky 77— 7 MKk - TREBEENZET
%o % OE ¥ % fa(Doppler), ZALi% fr(Transmitter) & 95 & fa1Z(12) X THEE S,

=

C

fd: VT'éT+VR'éR):

(12)
e (V’cos¢T +V.sing, +V; cosg, — sm¢R)
¢

c O

Fo. RROBKFOREL ) ERET D L. AFAOERILY

nrsing = const = a = nr, (5

Thd, rmoD L&, DFV ¢=¢rE/ITorDE X, n=1 THHLH o+ drIZA3)X LY

vy SINg, =1, SN, =a (14

S2FVADADADX LY, EEOBHEETH S Ky 77— 7 b LTEE OB fa 6
Total Bending Angle o 23RO B2, 29 LTHiA 72 alZoW\WTadd:RO L, (10)0X%H
WTEEDEEE LTOEFILE (N ERDD ZENTE S, ADXBHKYSIHZ &, DE Y KED
HFERIRE LTV D20, KREFHOBIEICE R, TOD, HHNDETFRIT
& LR DR Y (] 200-300km U ) & £ Kl COFETH D, £, BLEICITHERIIAE
MR CTH D70, BRI A IE L CREE SN ERBLII O 7 — 2 1T1E, BBEICIE L A EREITR
WERRE D DT INRRENE L 5,
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FEEE> GPS EIRFAERERTIX, fERTOMERRIC X > TEIROREE N - KKE /DM
ZRER & FRITEIE L T, ZORFD o OFFRIZ{LEZIEY Z & Tn OBEEIZLDEND, DFVE
THROGET a7 7 ANEBDLIENTEDLDOTHD,

B D
b oEHETORFTRENITKFET 237 XA =FOEEANTUTFTOXTEED,

N=m-1)x10° =

P
77.6§+3.73><105 i +4.03x10° &t

THRIE, PRRKIE. PehKEKE, ne NETEE., [WEBE OB, WA KK O
R (EIHRIRD KRN DL Th D, 2055, EFOFEIT TEC B & FERIC GPS © _ffH
DRy R THEBEBEKAAEEZFIA L TRD D Z N TE D, ZFEOHHRNE L - Le O E A fi -
folT Dl BYEE nIRHE0EE L 52 LT TROOLND,

n :<NE_JVi fff?
e A ]q2___]gf (16)

(A=4.03%X107)

i, KRR EFEOMD/NT A—F OB HIZHON T, AR TIEZET 2 LERENDTH
H%jqéo
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3.1.3 FORMOSAT-3/COSMIC f# &2

AWFZETIE, 2006 4 4 HIZKELE BEOIKLFE TS LiF 5472 FORMOSAT-3/COSMIC
(Taiwan ‘s Formosa Satellite Mission #3/Constellation Observing System for Meteorology,
Tonosphere & Climate ) 2 OEREEE FHE 707 7 A4 V7 —4% % CDAAC: COSMIC Data
Analysis and Archive Center Version 2.0 (http-//cosmic-io.cosmic.ucar.edu/cdaac/index.html) X
Dy ra—RLTHWS, FORMOSAT-3/COSMIC (X8 95 43, & 520km, #LEEAMA
72 £ O M #LE Z A B4 2 LEOURHLE) 2 4, Ul O F A8 B EZ 375 Lz =S 0fuEz 2
FTo, HEHAET 22T, 1BHVK 2500 DERET 7T 7 A VT — X Z2ERITDIE - T
[FHZENTED,
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