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Abstract The spatial-temporal variations of shell height are analyzed by utilizing IRI2012 model.

The method for precision evaluation of the ionosphere models based on STEC differences in applica-

tions is presented, and the relevant influences of shell height on the positions of Ionospheric Pierce

Point (IPP), mapping function, ionospheric modeling, ionospheric elaboration and ionospheric accu-

racy evaluation are discussed. When satellite elevation cut-off angle is set to be 10◦, the shell height
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has important impact on the above quantities. The maximum deviation in latitude or longitude is

about 3.2◦. The maximum error of mapping function is about 15.46%. The maximum deviation

and practical error are about 9.71%, 3.64% respectively. The maximum error in ionospheric elabo-

rations is about 9.26%, and the maximum error in ionospheric accuracy evaluation is about 9.62%.

According to the above results, the following suggestions are given. Firstly, a shell height model and

a larger elevation cut-off angle should be adopted to reduce the above errors. Secondly, when a fixed

shell height is adopted, the same height should be used in regional ionospheric modeling. Thirdly,

the shell height of reference data should be the same to the be-assessed data in accuracy assessment.

Key words Ionosphere shell height, Modeling error, Practical error, Elaboration error,

Accuracy evaluation error
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Fig. 1 Single Layer Model (SLM) of the ionosphere
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3&#0(*.+ [4,5]:

H = hmF2 + 80. (2)

&� hmF2 ��� F2  ��%Æ#*35
"�Æ. -6! �� �Æ(4/)#00�
$ 300∼450km 50"'4�Æ [3,4].

GPS Klobuchar �� �!3&"# �Æ
� 350 km, BDS Klobuchar �� �!3&"# 
�Æ� 375km, 1'�� "$%"21��*7
" GIM ))�&"�� # �Æ� 450 km. 6
2, 33-(�4." IGGDCB ��3&"�� 
# �Æ� 375 km. &' [6] $�� 1��3&
"�� # �Æ5$�!((*�� Chapman
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1��3&"�� �Æ� 365km. &' [8, 9]$+
,�� (%�3&"�Æ� 400km. &' [10] +
��� "/�Æ� 355km. &' [11−14] $��
 1��, ��2& GIM ))384Æ,., 42
3& 450km.

&' [15] 2&�� �Æ� 450 km " GIM )
)-5�86�� 9Æ�! (�Æ 375km) "9
), :21�79)"*%*)%.5. &' [16] /
) GIM 9Æ�� ))38 Klobuchar �!9)
-5, :2& IGS 48"79�� (�384Æ
21, $+8 Klobuchar �!9)"7/38�;
6. &' [17] $2&#0�!2938 GPS Klo-

buchar �!9)-5/7$-5�:38,.�,

3&# �Æ� 450km "(: GIM )). &' [7]



� ��: ������������ !"#$ 39

$$8;(:�� 1�#,�3&"�� �Æ
� 365 km, <$4Æ,.�3&��� �Æ�
450km " GIM )). &' [18] / GIM �9',
.� GPS, BDS, Galileo �=�� �!"4Æ.

(�&;, �� # "'��Æ5)%", #
01::;4. �'%&�2&+8# �Æ��
 �!" VTEC (Vertical Total Electron Content)

))38�� 9)-5&�!4%/74Æ,.
"-<;6�>. $ SLM �:�� # �Æ0�
�'4<=�35=5!,+8�� "# �Æ5
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�F*66D"#!Æ. �� BCD M "(!!
Æ φm&(!#Æ λm +,(*�

φm =arcsin(sinφu cosψ+

cosφu sinψ cosA), (3)

λm =λu + arcsin
( sinψ sinA

cosφm

)
. (4)

&�, φu �>G?(!!Æ, λu �>G?(!#Æ,

C@!+/�DÆ; A ����+@, !+�DÆ; ψ
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(*�
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( Re

Re +H
sin z

)
, (5)

Æ@

ψ =
π

2
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( Re

Re +H
cosh

)
. (6)

&�, Re �(�GA, 427 6378.137km; H ��
� # �Æ; z �>G?H+�$*��EF"B
@, C��H+@, !+DÆ; h ����Æ@, !+
DÆ.

1.2 &123
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$$�<%�,&/MN�Æ@� h�BCD27"
# *J

ΔS(h) = S(h+Δh)− S(h). (11)

+8���Æ@.BCD".-G:

Ph =
ΔS(h)

S(hcut)
. (12)

*�, hcut ����ÆK6@. �� 1�A��$
�%&����ÆK6@%3& 10◦, -6<IIL
7���ÆK6@� 10◦. Ph F����Æ@� h

�BCD27�J*J";:, &E$���Æ@
� h �"=7.

$MK+,�, L79N�� ��5,!9,

�Æ@� i � STEC >K;:

Vi =
∣∣∣Ne −N ref

e

N ref
e

∣∣∣× 100%. (13)
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e �9N�� ��5,!. $+, STEC

"MK�,&(#$+8�Æ@�"MK:38O=
MNMN"/ STEC MK:, /I$ STEC "4Æ
38,., C
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ViPi. (14)
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�,�� ��5,!*9N�� ��5,!"K
3 (Ne−N ref

e ) /J) (ÆJK) �, * (13)&/O�
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e
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0 2 ������� h ���	���P�
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Fig. 2 Thin layer region with IPP when satellite

elevation angle is larger than h

6�, # �Æ)%H?"MK�I;MK, +,M
N"MN"/ STEC MK:&&'$�I;MK3
8C).

3�?;?@?LM

�21�� # "'��Æ)%, 0N�
� # �Æ"O�NQ, 2&* (2) $ Online

IRI2012∗P7" hmF2 ))3821, H:F@��
 # '��Æ$�07-0�")%$/4&, "
5$)3�DK 80 km.

� 3 '.� 2016  1 O 1 � 50◦N, 40◦E 5
" hmF2 �)%.5. /� 3&/Q., hmF2 $P0
6�, Q� 340km; PH6Q, Q� 240km. ",A
?� (�� +)"�.) "#OR:*'",B.
� (�� +)"�B)"#OR:. &/+� hmF2

$ 02:00LT 8RRN#*3, :&$�P0 hmF2

"SF; $ 09:00LT 8RRN#%3, :&$�P
H hmF2 "SF.

� 4 '.� 2016  1 O 1 � hmF2 "-0)
%.5. � 4(a) � 50◦N 5 hmF2  #Æ")%,

� 4(b)� 40◦E5 hmF2  !Æ")%. /� 4&/
Q., hmF2  #Æ)%;6"R, #&$PH")
3Q'P0")3; hmF2  !Æ)%;6SC, T
UVP82, &$PH")3�Q'P0")3.

� 5 '.� 50◦N, 40◦E 5" hmF2 W�0S
D)%.5. � 5(a) � 2015  hmF2 ")%.5,

� 5(b) �4<",$�9E� (2005  ! 2015  )

hmF2 ")%.5. /� 5(a) &/Q., hmF2 4 

0 3 hmF2 F��GT
Fig. 3 Diurnal variation of hmF2

∗http://omniweb.gsfc.nasa.gov/vitmo/iri2012 vitmo.html
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0 4 hmF2 �U��GT
Fig. 4 Spatial variation of hmF2

0 5 hmF2 X�UTH���GT. (a) hmF2 � 2015 I���, (b) hmF2 ��QSUVR:JK���
Fig. 5 Long-term variation of hmF2. (a) Variation of hmF2 in 2015, (b) variation of hmF2 in a solar activity cycle

�PHAP0")%SC,ÆDL, /Q� 50 km.

<5, T J� 80−110 A 140−200 �C@)%4
&2, &V�0C@)%$/9YDS, CZLWP
H" hmF2 �'TTW, IZLWP0" hmF2 Q'
TTW. /� 5(b)&/Q.: 4<",$�9E�P
HAP0" hmF2 )%SC,ÆDL,Q� 70 km;4
<",$�9E� hmF2 )%NQQ� 220∼370km;

hmF2 PHAP0")%$/4&, #",$�Q
 (2008 )" hmF2 �Q'",$�� (2014 ).

4�?;?@?LM[XWUFL

hmF2 $4<",$�9E�")%NQ*&
� 220∼370km, /)* (2)&;, �� # �Æ H

";>)%NQ� 300∼450km. 6H�*&' [3]

A [4] '."�� # �ÆNQ4&. -6, H 0

�$ 300∼450km 50"'4�Æ\$4�5!7.

4.1 <=>?@*+,A'B()
$�-�0�+'.���+@,��X>+,

�� BCD"+). -6, 3&BCD.�� 6
6D*>G?0"(�@ ψ (�� 2) +,21��
 # �Æ$�� BCD+)"6V. (�@ ψ

"YUYZ�>G?5���Æ@*BCD5��
�Æ@"K3,)3��BCD*>G?0!ÆA#
Æ#*K3. 7�� # �Æ2]� 300, 350, 375,

400, 450km, +,BCD*>G?0"(�@ ψ. +
,H:D'F 1.

#F 1 &;, (�@ �� # �Æ[�I
CZ[*,  ���Æ@[OICZ[%. 84��
�Æ@.,+8�� # �Æ$%"(�@50\
$KG. � 6 '.�+8�� # �Æ.(�@
*# �Æ� 375km �(�@50"K3MF.
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D 1 EFG*HIJKLMNONHIPQR+J
Table 1 Geocentric angle with different satellite elevation angle and

ionosphere shell height

�� ��	
	��/km

���/(◦) 300 350 375 400 450

0 17.2389 18.5620 19.1836 19.7820 20.9174

5 12.9282 14.2007 14.8007 15.3796 16.4805

10 9.8529 11.0004 11.5462 12.0752 13.0877

15 7.7006 8.6977 9.1764 9.6430 10.5422

20 6.1713 7.0248 7.4377 7.8420 8.6262

30 4.1958 4.8175 5.1213 5.4207 6.0064

40 2.9766 3.4316 3.6552 3.8763 4.3109

50 2.1271 2.4575 2.6203 2.7816 3.0996

60 1.4752 1.7064 1.8205 1.9336 2.1571

70 0.9340 1.0811 1.1538 1.2259 1.3685

80 0.4535 0.5251 0.5605 0.5956 0.6651

90 0.0000 0.0000 0.0000 0.0000 0.0000

, ^W�1� (◦)

0 6 ����	
	��X^W�� H = 375 km

�^W���

Fig. 6 Differences of geocentric angle with the one

when H = 375 km

#� 6 &\, +8�� # �Æ.(�@
*H = 375km�(�@"K3  ���Æ@[*
I[%, #�Æ3DK\%�(�@"K3I\%.

$$��+�, ���ÆK6@427� 10◦, B#
 �ÆNDK 50km, (�@DK#*Q 1.05◦, (�
@#*KG� 3.2◦. -6, 4Æ>O6��=>$�
� # �Æ384;-!Æ@.+.

0 7 ��
	��
	������Æ

Fig. 7 Ionosphere mapping functions with

different shell heights

4.2 <=>?@S(&123B()
66?4B)5! �!"I'?4B),*�

� "# �Æ%6D>. � 7'.��� # �
Æ� 300, 350, 375, 400, 450km �"66?4B)
MF.

#� 7 &\, 66?4B)  ���Æ@[
*I[%, #[%R:CZ)%. +8�� # 
�Æ"66?4B)50\$KG. ���Æ@6
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%�66?4B)50"KG6*,  ���Æ@
"[O<?KG\L\%, �Æ@*' 40◦ �<?K
G&/!�++.��VOYZ(;6+8�� #
 �Æ$%"66?4B)50"KG, /# �Æ
� 450km �"66?4B)�I', +,+8�Æ
.66?4B)KG"_2;, H:D'F 2. �_
2;"P4<,Z5,L VTECD8�, /# �Æ
� 450km �" STEC �I', +8# �Æ STEC

KG"_2;.

#F 2 &;,   �� # �Æ* 450km

K3"[O, 66?4B)"K3;:I\L\*,

C# �Æ� 300km �K3;:#*, # �Æ
� 400km �K3;:6%. $$��+�, ���
ÆK6@427� 10◦, 6�# �ÆNDK 50 km

H9#*� 5% "MK, I# �ÆDK#*� (2
]� 300 km A 450km) H9#*� 15.46% "MK.

<Y[ +NQ&\�*"MK, �� # �Æ
$?4B)$ VTEC N STEC "4D�H9#*
� 15.46% "MK. -6, 4Æ>O6��, =>$�
� # �Æ384;-!Æ@.+.L+/4;.
+�� # �Æ�,0�"# �Æ%L7���
 # �Æ;6 �"�ÆÆ@9'WE;+))

M.""/�Æ.

4.3 <=>?@TU=VWB()
�� 1�#,�(43&-]"]R&-)

)-�MN STEC,S9[T��*>G?"K2U
>K, ^(#0�"?4B)4DH VTEC. �� 
# �Æ  #!Æ&",$�&(��'-#)
%, V$�� 1�#,�3&0��Æ, :H94
�MK. $7^MK"+,#,�, 3&84#!Æ
�"BCD,+8���Æ@$%"27G:*84
-]�4&, `W�;6 VTEC =>38"+)W
4%5!. $+,2&+8�� # �Æ38�
� 1�H:KG21�, 3&"9N VTEC 52
&�'�� �Æ1�MN".�'�� �ÆC�
� ���Æ,�-�� ���Æ2]� 300, 350,

375, 400, 450 km.

F 3 '.���ÆK6@� 10◦ �2&+8�
� # �Æ381�"H:KG_2;. #F 3&
;,L�� 1�3&"# �Æ*�'�� # 
�Æ+4&�, 1�H:\$KG. �� 1�3&
"# �Æ*�'# �Æ50"KM\*, 1�H
:0"KG\*. ���ÆK6@� 10◦ �, KG#
*&R 9.71%,6��� # �'�Æ� 300km,

D 2 EFONHIX-QYÆ.Z[\/ H = 450 km ]YÆ.Z[\Q0X^1 (%)

Table 2 Relative difference (%) between projection mapping function

values of different shell height and the one of H = 450 km

�� ��	
	��/km

���/(◦) 300 350 375 400 450

0 20.47 12.15 8.65 5.48 0.00

5 18.95 11.34 8.09 5.15 0.00

10 15.46 9.42 6.77 4.34 0.00

15 11.72 7.28 5.28 3.40 0.00

20 8.62 5.43 3.97 2.58 0.00

30 4.59 2.96 2.18 1.43 0.00

40 2.47 1.60 1.19 0.78 0.00

50 1.30 0.85 0.63 0.42 0.00

60 0.63 0.42 0.31 0.21 0.00

70 0.25 0.17 0.12 0.08 0.00

80 0.06 0.04 0.03 0.02 0.00

90 0.00 0.00 0.00 0.00 0.00



44 Chin. J. Space Sci. ������ 2018, 38(1)

�!# �Æ� 450km, *&' [22] '."�0H
:4&.�� # �Æ;> �$ 300∼450km,L
�� # �Æ$�(027G:D8�, �� 1
�H:"KG&#F 3 �"/338,.. L1�
L7"�� # �Æ>8# �Æ27(0"�
D (375 km) �, �� 1�H:"KG#%.

�!3&�1�H:"�&MK;:D'F 4.

#F 4 &;, L�� 1�3&"# �Æ*�'
�� # �Æ+4&�,1�H:�&MK*%+
', </%'1�H:0"KG, _-5?4B)[
X�&0KG. 62, L�� 1�3&"# �Æ
*�'# �Æ50KM\*�,1�H:�&MK
\*,���ÆK6@� 10◦ �KG#*&R 3.64%,

6��� # �'�Æ� 450km, �!# �Æ
� 300km. �� # �Æ$ 300∼450km(0�2
7G:D8�, �� 1�H:"�&MK&#F 4

�"/338,.. -6, 1Y(:�� �!�,

1`3&D%(:"�� # �Æ�!Æ@L7
*�'�� # �Æ4&"0��Æ.

4.4 <=>?@W2_`&_?abB()
#&' [7, 15−18]&;,2&+8# �Æ"�

� �! VTEC ))38�� �!9)-5&�
!4%/74Æ,."-<;6�>. �'�6�
�]H94�"MK, _-$'9)-5&�!4%
A4Æ,.�/ VTEC "4&7�0I, <�'%
&�3&"5 STEC, I VTEC N STEC "4D=
>&N*�� # �ÆD>"66?4B), /I
$&�MK"aZ.

$3&+8�� # ))38�� �!9
)-5A�!4%�, 0I55@" VTEC D8Æ
@D'. -6, �#,## �Æ+4&H9"MK
� VTEC D'�(#D%66?4B)+,MN
" STEC KG. �MKD'F 5.

#F 5&;,L))a"�� # �Æ*=

D 3 EFONHIcdefQ0X^1 (%)

Table 3 Relative differences (%) of modeling results under

different shell height


	��/km
�����
	��/km

300 350 375 400 450
[^


300 0.00 3.24 4.66 5.97 8.31 4.44

350 3.43 0.00 1.51 2.89 5.38 2.65

375 5.07 1.55 0.00 1.423 3.97 2.41

400 6.66 3.05 1.46 0.00 2.61 2.76

450 9.71 5.93 4.27 2.74 0.00 4.53

D 4 EFONHIcdefQ0Xg^ (%)

Table 4 Relative errors (%) of modeling results under

different shell heights


	��/km
�����
	��/km

300 350 375 400 450
[^


300 0.00 1.35 1.97 2.56 3.64 1.90

350 1.34 0.00 0.61 1.19 2.26 1.08

375 1.94 0.61 0.00 0.58 1.64 0.95

400 2.51 1.18 0.57 0.00 1.06 1.06

450 3.54 2.22 1.62 1.05 0.00 1.69
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>9)-5&�!4%"# �Æ+4&�, ]H9
4�MK, I#�ÆKG\*, H9"MK\*. �
��ÆK6@� 10◦ �, KG#*&R 9.26%, 6�
))a# �Æ� 450 km, 9)-5Æ�!4%#
 �Æ� 300km. -6, �� �!9)-5&�!
4%%L7D8�� # �Æ"))a, Æ@:�
� �!"�Æ;4N))a"�� # �Æ.

3&+8�� # �Æ))38�� �!
4Æ,�b$"55@" VTEC D8,Æ, I+
8# �Æ"�� �!$D8 VTEC �MN
" STEC +D', \$4�MK. /9N))"# 
�Æ+,MN" STEC�9NI'�,+,MN"M
K*�� �!9)-5&�!4%�"MKD',

�F 5 ��. #&' [7, 15−18] &;, *b2�� 
4Æ,.�L7"))5�� # �Æ� 450km

" GIM)),I GIM))1��3&"�� ))

"# �Æ\S27$ 300∼450km �ÆNQ�. �
� # �Æ2]� 300, 350, 375, 400, 450 km �,

2&�Æ� 450km 1�MN" VTEC $+8# 
�Æ"�� �!384Æ,.�H9"MKD'
F 6.

#F 6 &;, �� �Æ� 450km �, 2&
# �Æ� 450km 1�MN" VTEC $# �Æ
� 450 km "�!384Æ,.�+]aZMK, I
&V7h.5/H9*%+'"MK, �� # �
'�ÆA�!# �Æ/� 300km �, #*MK&
R 9.71%. L�� # �Æ$27(0�"27G
:D8�, /# �Æ� 450km" GIM))38�
� �!4Æ,."MK&/)F 6 �"/338
,.. #F 6 &;, /# �Æ� 450km " GIM

))38�� �!4Æ,./H94�!"MK,

#�,.�!"�� # �Æ* 450km DK\

D 5 i\jkKd3lm]ONHInm4oQ0Xg^ (%)

Table 5 Relative errors (%) induced by shell height variation in

parameter fitting and model refinement

Æ�c� ����_��
��
	��/km


	��/km 300 350 375 400 450

300 0.00 3.37 4.94 6.44 9.26

350 3.29 0.00 1.53 3.00 5.75

375 4.77 1.52 0.00 1.45 4.18

400 6.16 2.94 1.44 0.00 2.70

450 8.69 5.53 4.06 2.65 0.00

D 6 ipLMN\qONHIr 450 km ]
lIstQ0Xg^ (%)

Table 6 Relative errors of accuracy assessments when the

shell height of reference data is 450 km (%)


	��/km
�����
	��/km

300 350 375 400 450
[^


300 9.71 9.56 9.55 9.58 9.71 9.62

350 6.16 5.93 5.88 5.87 5.93 5.95

375 4.60 4.33 4.24 4.24 4.27 4.34

400 3.37 2.86 2.74 2.74 2.74 2.89

450 3.63 2.25 1.63 1.06 0.00 1.71
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d, H9"MK\*. # �Æ� 300, 350, 375, 400,

450km "�� �!384Æ,.�H9"MK2
]� 9.62%, 5.95%, 4.34%, 2.89%, 1.71%. -6, 38
4Æ,.�,L7"9N))"�� # �Æ>`
!*c,��� �!"# �Æ4&.

5�a8

21��� # '��Æ"�-)%X],0
N��� # �Æ"(027,21��� # 
�Æ$�� BCD+)766?4B)"6V; 2
1�3&+8�� # �Æ��� 1�H:"
KGA�&MK,/73&+8# �Æ"�� )
)a38�� �!9)-5&�!4%/74Æ
,.�H9"MK. ;>H��..

(1) TUVP82, P0"�� # �Æ�'
PH"'�# �Æ,#�.�"#OR:*'�B
�"#OR:;P0APH"�� '�# �Æ$
4 �")%SC,ÆDL, <)%$/9YDS;

4<",$�9E�P0APH"�� '�# 
�Æ)%$/4&, )%SC,ÆDL; �� '�
# �Æ;>)%NQ� 300∼450km.

(2)�� BCD*-]"M�  �� # 
�Æ"[OI[O, <  ���Æ@"[OI[
%; �� # �ÆDK\*, �� BCD*-]
"M�KG\*;�� # �Æ$�� BCD+
)"6V6*, ���ÆK6@� 10◦ �, #!Æ#
*KG&R 3.2◦ 8R.

(3) 66?4B)3  �� # �Æ&��
�Æ@"[OI[%; �� # �ÆDK\*, 6
6?4B)3"KG\*; �ÆK6@� 10◦ �#*
H9 15.46% "MK. -6, �� # �Æ$66
?4B)3"6V6*.

(4)�� 1�3&"# �Æ*�'"�� 
'�# �Æ+4&�, 1�H:\$KG, $&1
�H:.-MK,�MK  # �Æ0"KG[*
I[*;���ÆK6@� 10◦ �,1�H:KG&1
��&MK#*2]&R 9.71%, 3.64%. -6, ��
 # �Æ$�� 1�H:"KGA1�MK6
V6*.

(5)3&+8�� # ))38�� �!9
)-5A�!4%�, H9"MK  5@�ÆK
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R 9.62%. -6, �� # �Æ$�� �!4%
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