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Abstract In the present work, variations of ionospheric Total Electron Content (TEC) are investi-

gated and compared with applying Empirical Orthogonal Functions (EOF) on the dataset from the

Global Ionospheric Maps (GIMs) which are produced by Jet Propulsion Laboratory (JPL) over two

concerned areas: the North America (30◦N−50◦N, 140◦W−50◦W) and East Asia (42.5◦N−57.5◦N,
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65◦E−140◦E). The first three EOF components attribute about 99.57% and 99.79% to the total

variations separately, and spatial-temporal features manifested by each EOF components are similar

for the two areas: the first order EOF component for both areas represents semiannual variation

which is strongly modulated by the solar activity; the second order component exhibits pronounced

east-west longitude difference to the zero valued geomagnetic declination line, and these east-west

longitude differences are coincidently consistent with plasma drift velocity caused by thermospheric

zonal wind; the third order component demonstrates latitudinal variations possibly influenced by

plasma drift velocity caused by thermospheric meridional wind. Results of the this paper are useful

for understanding the physics mechanism of the ionospheric variations.

Key words Ionospheric TEC, EOF (Empirical Orthogonal Functions), Semiannual/annual

variation, TEC east-west longitude difference
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�$%21!,!"3A�CD,8!-9AAM
S8:1.,.B)&!-/:LFN'C)667
'T&''@�!"%#�HJ:HCD,.

EOF IJ7KLM&@MHFN-N#, S#
HF,-L$%1!. EOF �OIJ.TUCO
 O%N9H<@M 6HF%21!,$O [13],

1)9PQH<!!"PO#!!"$%1!.(.

./ EOFIJUH<PQ-H!!"OU (Param-

eterized Ionospheric Model, PIM)[14]; &"' GPS#
&*&RVWHFJ=-H!G&, 3(H3IAP
H EOFIJ,(72IAPH*XDH, PQG 4Y
!!"OU [15]; VH EOFIJ, &"�O 1980) 4
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U [18]; CH EOF ' JPL GIMs HFPOS#MW
)* TEC OU, )) EOF 7KLM&I) TEC %
2,$21!,�!, J$0F.BRM%GL EOF

�$$!9)G!!" O%N# [19].

L_%3&; (42.5◦N−57.5◦N, 65◦E−140◦E)

,O= (30◦N−50◦N, 140◦W−50◦W) %3&;T-
IK,&'(055U,3A&;UG<O7*&'
'3 35◦−55◦ XRE, J$&'?'@8U["A
&;, \O=&;&''@V:2)<L_&; (&
''@XRO= −10◦−10◦,L_ −5◦−5◦). >@,&
".(&''@#!"%#�,�"�$'O=#L
_%3&;!!"1!'(,2*,'<GW!!"
$%1!,<:2*+*T-'X`a.

]bCH<N9:DH (EOF)IJ�OGR 15

), JPL GIMs HF, G?GCH EOF �W%S#
,-L EOF �$1!�Æ&+*, �OG%PH,
HFG&IJ, 'S#,SFL EOF �$%BD,
1!#Æ&+*J=.(,JYS/G--X`a,
0F.

1 TYcÆZ

1.1 23=>?�4 TEC 5@
CT GPS [d!!"E:A4 1998 )^()

_!!"H3!-/:U,VHF;Z)*!!"U
T 5 W IGS .[�O%e (IGS Ionosphere Asso-

ciate Analysis Centers, IAACs) *: [20−21]. ]b
PH, TEC94=C\ $#INW, GIMHF,

7 GIMHF1' IGS)* GPSQSR 100W (2004

) 5 Z 4 ,,\7H]]`) GPS ^X+ TEC

(4HFJ=a/%S, %fB,&^GPS^X+
_67_`)>�1b, GI) GIM <]Ug,
%2_` [22]. JPL GIM 5 450 km 8: F2 "
`, TEC HFcC` 2 h $22aG 2.5◦×5◦ �
d4,<3:QbJ=DE, Ne' 2002 ) 11

Z 11 ,,S`Y+* 12 FUY,\U1`Y 13

FU. ]bPH 1998 ) 8 Z0 2013 ) 4 Z
R 15),O= (30◦N−50◦N, 140◦W−50◦W)G�L
_ (42.5◦N−57.5◦N, 65◦E−140◦E) %3&;, JPL

TECHF, J$cF1@dZ tLT = tUT+φLON/15,

5c[a$ (UT) �_,h TECHF;@*c&I
$ (LT)8$2a�_,i< EOFG&, 2Y TEC

HF.

1.2 G67HI5�8
<N9:DH (EOF)IJ'M&$j5eIJ,

&"]H8#1!\?]k[lMI)hHF,f
! [23−24]. &"'AEG&%Sc LT �_, TEC

HF δTEC(t, φ, λ) J= EOF �WG&, )b t .^
&I$, φ .^&&3:, λ .^&&<:. V%21
!6G(H%A.^1MA9: EOF ]JO (4^
DH) νi(φ, λ), $21!7K.^*'],MA$�
$ (4$2QH) Ai(t). CH]JO νi(φ, λ) #1]
$2QH Ai(t), δTEC(t, φ, λ) 6G.^1

δTEC(t, φ, λ) =

〈δTEC(t, φ, λ)〉t + Σiνi(φ, λ)Ai(t). (1)

Z%, 〈δTEC(t, φ, λ)〉t 1K$2f (1998 ) 8 Z
0 2013 ) 4 Z) E δTEC(t, φ, λ) ,$22U/,

H%A.^cL δTEC(t, φ, λ) ,=2U_$, Æ&
A.^MW%2�_; i 1LH, νi(φ, λ) 31R i

L EOF ]JO. EOF IJ&"e` δTEC(t, φ, λ)

mI2cL C ,]JI+ Cνi = μiνi S#1
]]J/ {μi}, 3gn:, McFgn: {μi} /
)o']J_J=dp, .MS#MA.Ka^D
H {νi(φ, λ)}, 5 δTEC(t, φ, λ) ' νi(φ, λ) b'6
S νi(φ, λ) 1],$2QH Ai(t). ]b%O=#
L_%3&; TEC SFL EOF �$�eRN-
4 TEC K1!, 99.57% # 99.79%.

U 1h/GO=#L_%3&; TEC$22U
/ 〈δTEC(t, φ, λ)〉t G�SFL EOF ]JO νi(φ, λ)

(i = 1, 2, 3). U 2 1)i,,&I$OW2eAA
W&;1],SFL$2QH Ai(t) (i = 1, 2, 3), `
FUAg]G�"�$>- P c8. P = (F10.7 +

F10.7A)/2 7KLM&.^�"�$#, )b F10.7

1 10.7 cm �",-&$, F10.7A 1 F10.7 , 81 Y
j$2U/ [25−26]. Liu 8 [25] .(.B, P ,�
"EUV, H Lyman α, He I 1083 G� Mg II 8#1
., M'/ P h F10.7 <d<.^�"�$. &"
e`SFL$2QH Ai(t) (i = 1, 2, 3) , P ,8
#1.QH, 0F.BO=#L_%3&; TEC R
ML EOF �$$!��"�$i*. )'>1RM
L EOF$*� A1(t), P 8:1. (8#1.QH,

O=R1 0.93, L_R1 0.90); RGL A2(t) , P

e1. (8#1.QH, O=,L_JR1 0.76); Y
RFL A3(t) , P 6kN1. (8#1.QH, O=
R1 0.37, L_R1 −0.46).
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 TEC �����f 〈δTEC(t, φ, λ)〉t ���Æ EOF �Æ� νi(φ, λ) (i = 1, 2, 3)

Fig. 1 Time average TEC map 〈δTEC(t, φ, λ)〉t and the first three EOF modes νi(φ,λ) (i = 1, 2, 3) derived from

TEC variations for North America and East Asia respectively

2 glcfh

!!"-$.)/NJ9:$%1! [27−28],C
D!!"1!,-&67+*ji�"�$#, &'
"", %#) $#%#!$#%8"+ [2]. $e'
O=,L_%3&;SFL EOF$%1!�Æ&+
*J=?'.

2.1 P9Q EOF �R4STUV
RML EOF ]JO ν1(φ, λ) jmG.$!

,1!, �eRNO=,L_%3&; TEC K1
!, 97.23% # 98.71% (jU 3). V1]$21
! 〈A1(t)〉t .)17)1!, )b 〈A1(t)〉t ' A1(t)

,)2U/ (A2,A3 J=1JG&), A&;.)/
U/)( 3 Z# 10 Z, J$A&;$%1!/9)
1.)//)( 12:00LT−1500LT ,,1!.

O=,L_%3&; TEC RML EOF ]J
O ν1(φ, λ) 9)GNJ3A1!, ( 45◦N−55◦N

,%83:K, L_&;,n:4<O=&; (O
=R1 0.07TECU, L_R1 0.1TECU). )&1!
' TEC 7)1! A1(t) 4:%2�_,0F. g
IA, 7)1!,&&<:1!-. [1], (%+,1
A; (k1&'A,&;), ./O=/Fl8O)F
L&;, JA; (,!&'A3J,&;), ./_8
,H)FL&;, T<�!"om, &'(��"�
$'(, 7)1!-3)NJ. (JA&;, knm
/),&&3:L8, 7&;,�"YlV^1 90◦,

>@'], [O/N2] ;+4p0o, h'�"YlV
p0oq, 3Pknm;+3), [O/N2], <aN7
;+3$,!-. >@, (JA&;, NmF2 (6*
Lo ([O/N2];+4Lo), m�3) (YlV1]X
W;+41]), 4*:Lo ([O/N2] po), )Kq
/)7)1!,qi. (1A&;, NmF2 (6*L
) ([O/N2] L)), m�3o ([O/N2] po), 4*<
o ([O/N2] JMQpo), n))1! [1−2,29−31].
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 TEC ���Æ���� Ai(t) (i = 1, 2, 3).

or�Xjk�� P = (F10.7 + F10.7A)/2

Fig. 2 First three order principal components Ai(t) (i = 1, 2, 3) which are exhibited with Local Time and DOY

plane for North American and East Asia, and the solar activity factor P = (F10.7 + F10.7A)/2

(purple line) are superposed on both panels

@., AEA&;RML EOF ]JO ν1(φ, λ)

%21!9)/3:1!,Ne'(IJ!!"*0
;34. (�"�$<),&'rslt$, Yu8 [32]

CH!!"&'OZXpG%<3#IJ&;!!
" NmF2 �!(7)1!,'(, OZ0F7BG
<3!(7)1!(r\0uq$f'IJ*0m
9; NmF2 ,7)1!-M^,]4. Ma 8 [33] )
)%<3&;7)1!,!!"\nB]-., 3!
!" E "5(M&�IK<!"+,>08$,T
-7)1!,IJsm,&")&\nB]JYCD
IJ!!"*0,7)1!. 6Gv#, �)&\n
B]'(,O=#L_%<3:&;5(L4,7)
1!n:.

2.2 PYQ EOF �R4=:Z[\;]^_UV
RGL EOF ]JO ν2(φ, λ) jmr$!1!,

�eRNO=,L_%3&; TECK1!, 1.71%

# 0.74% (jU 4). 7L]JOBDG TEC ,LF

N'C)6, V1]$21! 〈A2(t)〉t BDGLF
N'C#o&I$,+,1!#*+,sw#. O
=&; 3 Z0 8 Z(2, !!"1! ν2 · A2 .)
1sY 08:00LT−16:00LT FA TEC )<LA2U
R 6∼8TECU. sYLFN'C.)/)( 4 Z, r
A)/( 8 Zt1; 52 18:00LT−03:00LT !!
"1!.)1LA TEC )<FA2UR 6TECU.

52LFN'C6k))5(, \.)/)(6
* 11−2Z. L_&; 4−9Z(2, !!"1!.)
1sY 08:00LT−16:00LT FA TEC )<LA2U
R 5∼6TECU. sYLFN'C.)//)( 5 Z,

rA)/( 9 Zt1; 52 18:00LT−03:00LT !!
"1!.)1LA TEC )<FA2UR 4TECU.

52LFN'C.)/)( 6−7 Z.

(O=LA#L_LA&;,4*2(4#5(
,0B01*01K,,1!NJ [34], ]b0F.
BAEA&; 〈A2(t)〉t U9)/.)/�e/)(
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 TEC ����Æ EOF �Æ� ν1(φ,λ) (a) (b) �
���� A1(t) ���f` 〈A1(t)〉t (c)(d)

Fig. 3 Panel (a) and (b) show the first EOF mode ν1(φ,λ) on LON vs LAT plane for North American and East Asia

respectively. Panel (c) and (d) exhibit yearly average of principal component 〈A1(t)〉t with Local Time and month

4−9 Z# 5−9 Z, TEC 5214)6, )pBO
=#L_&;4*52,LFN'C)6,0B0
1*04%34*5214xq1. [5,35−36], @.
O=&; 〈A2(t)〉t (6*<.)/BE, TEC 5
214)6.

t!'/,', 〈A2(t)〉t y.^ TEC 1!RG
L EOF �$,$2�_, MN73^H9.^A&
;, TEC 1!. gIA, '<AEA&; TEC 1
!]0; ν2(φ, λ) # A2(t) ' ν2(φ, λ) ·A2(t) J=
?', ./(O7*6*52$, O=&; ν2(φ, λ) ·
A2(t) .)/.<?'@8LP19, FP1u,B
E, TEC LFN'C)6. )pBA&; TEC L
FN'C)6,0B01*04%34*5214
T-IK,$21!NJ.

cFGA'E, J$Xz#!"�(#&'(
' TEC N'C)6#0B01*0,:H+*, O
=&;(6*<.)/BE, TEC5214)66
GH0B01*0)6,'Ha+*Wr. T<O=

&;^1H�2L/),'#8(O7*,'Ha
F, � E×B MS:H,!-7'#8&$q*BA
;C, >@(H7*4*$, �)&BA;C:H'
(, H7* TEC 4*52180B01*057'
#8;C0O7*'HaF,>@O7*6*$O=
&; TEC 5218)6sas�BE [37].

O=,L_%3&; TEC 1!RGL EOF

]JO ν2(φ, λ) U.)/7?'@8,LFN'C
)6, %21! ν2(φ, λ) (?'@8FP1u, L
P19 (jU 4). \'L_%<3&; (&&3:
R 42.5◦N) t1?'@8[" ν2(φ, λ) u/;9,

J$ ν2(φ, λ) ,!"3A�CD,8!-9AAM
S vdz v;SMNM, )'>1L_&;IJ!!
"*0;9ut#<8,3:;9, PS7;9�
#!!"\nB],E6'(, XWL_%<3&
; TEC LFN'C)6N7&" EOF IJu)@
M/9.

% 3 & ; ! !"F"52!"�tU/1
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� 4 �	����	��	

 TEC ����Æ EOF �Æ� ν2(φ, λ). (a) (b) or������`�v
�

	������
������v� vdz = −1

2
wz sin 2I sinD �`� (wju��`, {ju�x`);

y�zw vdz = 0 �ww������; 	��vxv` wz = 200m·s−1.

(c) (d) ���Æ EOF ���� A2(t) ���f` 〈A2(t)〉t
Fig. 4 Panel (a) and (b) show the second EOF mode ν2(φ, λ) with longitude and latitude for North America (a) and

East Asia (b) respectively, and both are superposed with the contour of vertical plasma drift velocity

vdz = −1

2
wz sin 2I sinD induced by zonal thermospheric wind (red curves denote positive value and blue curves

denote negative value). Zonal wind wz is set to be a constant of 200m·s−1. The black curve is the vdz = 0 line,

and also is the zero value geomagnetic declination line. Panel (c) and (d) exhibit yearly average of principal

component A2(t) with the Local Time and month

b 1 cdef<=>g?hij TEC klmn, @o EOF pAq νi (φ,λ) (i = 2,3) B
grrs DEC, grrC DIP, Dj>Et/FGEtHIuvwiFJEKxLv 2 ÆMyNO

Table 1 Correlation coefficients between the 2nd, 3rd eigen mode and declination, inclination,

zonal and meridian wind induced vertical drift velocity separately. “/” means that

the value is not mentioned in the paper

DEC DIP vdz vdm

North America ν2 0.9635 / 0.9440 /

ν3 / 0.6105 / 0.6898

East Asia ν2 0.9368 / 0.9595 /

ν3 / 0.7714 / 0.8011

P “/” �y�xyz
�z�w�z��
���x{y���z`.
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200m·s−1, Xz#3y$2E�:1!N), ?
'!"72�CD,8!-9AAMS$Mz6
GM!"�:17tU/ [12]. ]bVH�:1
200m·s−1 ,LA!"3A�, e`8!-9AA
MS:: vdz = −1/2wz sin 2I sinD, )b wz =

200m·s−1 172!"�3A�:, I 1&'{V, D

1&'@V. {0F6Gv#, %21! ν2(φ, λ) ,
!"3A�CD,8!-9AAMS:: vdz ^]
MW.$eG&-r�CD,8!-9AAMS${
VH7tU/e`!"-rA�CD,8!-9A
AMS.

1G^$�ORGL#RFL EOF ]J
O νi(φ, λ) (i = 2, 3) ,!"3A/-rA72�CD
,8!-9AAMS,1K#,)bCOH{U|G
&||%PQ]H, 2 Y8#1.QH}eA|,
2,1.# [38−39]. ^a)oU1 M ×N , 2 Yc
L A # B ,1.QH1

ρ =

M∑
m=1

N∑
n=1

(Amn − Ā)(Bmn − B̄)·

[ M∑
m=1

N∑
n=1

(Amn − Ā)2
]−1

2 ·

[ M∑
m=1

N∑
n=1

(Bmn − B̄)2
]− 1

2
. (2)

Z%, Ā # B̄ �e1cL A # B ,U/, ^a1

Ā =
1

MN

M∑
m=1

N∑
n=1

Amn, (3)

B̄ =
1

MN

M∑
m=1

N∑
n=1

Bmn. (4)

O=,L_%3&; TEC 1!RGL#RFL
EOF ]JO νi(φ, λ) (i = 2, 3) ,!"3A/-rA
72�CD,8!-9AAMS, 2 Y1.QHe
`0Fj. 1.

6Gv#, A&; ν2(φ, λ) , vdz UT-38,
1.#,.B ν2(φ, λ)$!�!"3A�CD,8!
-9AAMS:H,'(.

2.3 PQQ EOF �R
RFL EOF]JO ν3(φ, λ)jm,1!�eN

O=,L_%3&; TEC K1!, 0.58% # 0.4%,

%21!n)BE,3:N'C#MhL_&;u
t#383: (jU 5). T< EOF G&IJy'
MWH%"+, }J5h}HF,$%1!|}�
W1MQ|9:^DH, J$(<N9:DH EOF

�W"+%8L EOF �$<~})A�]k[l,

>@ 〈A3(t)〉t 9),$%1!�Æ&+*N7S#
LM,Wr, ./,2 〈A3(t)〉t 9), 3−4 Z9/
# 11−1 Zu/.

6Gv#,L_&;RFL$21! 〈A3(t)〉t .
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