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fF9
9O GPS naev3zQjK5/��∗� � 1† � � 2 ��� 1 � � 1 ��� 1

(1 sX�X�(6P�|?D�� sX 201100)
(2 �Q[�\sX=[/ sX 200030)Æ� �� GPS (Global Positioning System) 2?pG�J�*�
 3 ;&"~/g�/	I?<�&w~pG�J#{ (Precipitable Water vapor, PW) Æ�	'?R�~�

Fr~�J#{ (Slant-path Water vapor, SW); n	>C'M~ GPS rR�
FI?# K�r`~�JnR�h���JBd (water vapor tomography) Æ���s9v~rW�X\�~�� GPS M�,Qi1M~�
r�U GAMIT k"�(`~}B�J PW e=;&wr~6��h	I?=H�e�| GPS ?�~ SW, dCBd~Æ�℄�|rW�X�J~nR*3�h�6 2008 3 8 ` 25 erW℄ ~p�NPs�*d~�JnR4SiN��<G
~>C�ER6 qp1Y�7^���?=�l��rAXI� P128; x}.i℄� A

1 �� �oF	�I}mQ_�)2�g�K	|Y���S�&�}�G(J�)�jFx,�d(�)L�I}mQ_�)2�)0YP�-a1_Ld7Z�GK1_q��}�PTh 200∼300 km 5q�h-/�_�Y�|K 100 km }	Y��MiB��FxW����/"�}�I��J.��bG℄O 20%. :h�qB[�}�� GPSH>Ld~{7��}mQ�I
��7_+�$ p�
GPS Fx��=�~2d7. pEd}.�+E�Z�?N/Æ�}V�d"�%!}1A�\5)O_� GPS Fx�d�� GPS Fx���P} UCAR (University

Corporation for Atmosphere Research) �G& 1995 2HqBlgh LEO (Low Earth

Orbit)W�q} GPS /Æ�SA�"�_Fx;�d�kA����}=!3D�N8� [1−4] 3�}(YMz LEO/GPS��"��ToF;�}'!d	�oF}(�"�
��kx1� [5] U�} GPS ��}&)At
�}�G�
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300 = [ � � 51 Rh�� GPS %!� Bevis � [6] �l7_}9B�� GPS 
�1>oF�I[z}Vl�U�}�� GPS Fx�}�G�)L�� GPS 1> PW 
�%!�hS����\m`�z��t PW ;�>qq_oF�I}.Q_�)2�O}~{��}�I�g� Braun � [7] �K�Gdl!qB}5��<Gvg&1/Æ�q_1A%VqoF�I<v9�S)�\=��&51> SW. Braun � [8] u� GPS O�I-w�
(Water Vapor Radiometer, WVR) H>3R�")
 n� GPS H> SW }��\5mx`�z��"�n� [9] qB_�kA�r} GPS (GH>&g�/�' SW ,Z{}<p�#��� [10] ,B WVR O GPS )*hf�d,?.E<�}vgH>�1AH>�	d��}�"3R)%��u}T%?bG|K 4 mm.℄5�G)% GPS >�} SW �[�I=!�g�qB SW, ?TA
\~{�I}mQ)2�g�qB GPS ?TA
)
~Z_�Y�|K 100 km �OH.7��}mQ�I���vO77	Y��M��S�}��7B}xa}℄�>!�j�77	Y��M��S�}��dS��_Æ� ZqBqV �7��}�� GPS L�9B�K�Gdl}%!~{ SW, �Bg
}A
%!�~{qV�W}mQ�I���+P�n}=��-a
��(o�5 2008 2 8 _ 25 d}qV�Wo�MOr�OB-}1>��q"�3�}�I}mQ)2hM��;F	}=B�
2 gG:d:P GPS tOqV>|[�qV��
F[rV�+�&qV�>|[%H} 9 :q�qV��
F�G[%H} 4 :q|gxK'm,� GPS L	�v%��bVdKm, GPSLhqV} 5 :q�qV�FxJ�%} 5 :q�qV�W\H 23 : GPS ��q����Cs���q��q}��mx|K 15 km, 7)�W|K 10 km. qV�W} GPSq	)2hD 1 +��B	1A}q	.bq)d�1A}7� (B	�OFxJ� △O>|[� ◦ O�
[).

3 �[VbT
3.1 
hHkJo;HkF� PW �9B}Aw\��
&(.W�%v}�X?TAw\�Awx;�%v�v.\���X}F'H%m}�r�4 p}��1A}\���b SaastamoinenAw\��Marini Aw\��Davis Aw\�d Niell Aw\���)L�)}dl GPS�N}j!� GAMIT � BERNESE d GIPSY, Z	}3RG GAMIT j!dl�X
x GAMIT j!V5;�%v}"�X���B}� Niell Aw\�&<:�	E%v}�XC�x;�%v�+5& Niell Aw\�d GAMIT }5�\�8u.j�
3.1.1 Niell Aw\�X
xoF;�O>q}�l,(H.�}vi�A�J>\0�zal�oF&



3 A � $��sX�Y�� GPS �KoSCe��f^6?D 301	O>qq_w�oF��}bG�Herring[11] qB�� 10 :1_FTq}���)*�oF	}4)zd})z%t}.Æ�}�h;�%vL.t}Aw\� mh d mW,O
mh(e) =

1 + ah/[1 + bh/(1 + ch)]

sin e +
ah

sin e +
bh

sin e + ch

, (1)

mW(e) =
1 + aW/[1 + bW/(1 + cW)]

sin e +
aW

sin e +
bW

sin e + cW

, (2)B	 e O$,� mh(e) � mW(e) )*O Niell 4�}Aw\�� ah � bh � ch O4Aw\�i�� aW � bW � cW O}Aw\�i��

E 1 sX�Y�� GPS s
+4E (C��u�HyL� △ u��}\� ◦ u��Æ\)

Fig. 1 The distribution of the GPS stations in Shanghai (�� △ and ◦ represent stations which belong to

Shanghai Meteorological Bureau, Shanghai Surveying and Mapping Institute and Shanghai Institute of

Geological Survey, respectively)

Niell[12] �Bw)���
��=B} 26 :℄T)2}1_FT���%t}h_p�-�q}.: “℄ToF�XAw\�”, PO NMF (Niell Mapping Function) &	�
Niell[12] 
O�)Y�)" 2 000 m 5q}oF&tQ�{��ZSK�);�}&	o�}&	���X
*�����&t}oFA)2�9B�P(�oF&	� Niell[12]



302 = [ � � 51 R p}�}Aw\��\�	}i�OFxH>_G��O�lV�HG�+>_}�T 15◦ � 30◦ � 45◦ � 60◦ � 75◦ }i��7�,O 30◦∼120◦ ��bG|K 4 mm.q"KB-&	� NMF &		}Aw\�}i� a � b � c )�OO>q�!Fx��J℄1qG}>q�lT� ϕ ��l7�d2�d� t (Day of Year) }\�
a(ϕi, d) = aavg(ϕi) − aamp(ϕi) cos(2π

t − T0

365.25
) , (3)B	 T0 ��O 28, j( i �>q}(b�;� b � c OHO (3) �j!}
��� NMF&	}4�}y:)z}+Hi�Th Niell[12] 	�>qT�B�)
�>_�p�.D!\5BdVb8>q�b8pU}i��h NMF &		��HX
oF	�I[z}&t�4Aw\�}�r�

3.1.2 GAMIT j!5�&	
GAMIT j!	5��X&	hj


DG(e, φ) = m△(e)[GN cos(φ) + GE sin(φ)] , (4)B	 φ O%V,� GN � GE )*�,���f%v5�� m△(e) �5�Aw\��
�hj

m△(e) = 1/(sin(e) tan(e) + C), C = 0.003 . (5)

3.2 �ZU>~m`V5 SWHyÆ%!
.Æ��/jH>%V5_d�t�v)V~{W�d.q�G��g�10E��~{3R
�.Æ%!�?T4A0E���'} PW d~{�:h0E�n��-a
��Z	�)8uo.Æ%!���A"�X\5)mO
DT = mh(e)Dhz + mW(e)DWZ + m△(e)[GN cos(φ) + GE sin(φ)] + Re , (6)B	 Dhz � DWZ )*O;�4�}�X� Re O5}<Gt (H>��&1�), �)GoF1Tb��\&�<E�rB5�t&1oF10:n1Tb���q<Gt0E�0v:1%�FB�h�$,H>��^��B GAMIT j!<��Ndl��l�'_;�%v"}��A�Xd"}�X5�t��K4�X�^�<iFx;�d�'�j"�X	��4�X
O;�}�X�t��K5�t�&	>_}3R+1W)4�}�X5�t�^�qB4�X5�t.�.\�}4	�
��4�X5�h(.���. (h 12 h) O.J��?T�5�5+��<T)��za4�X5�}�r�v%H\5{x}�X5�t [13] .[a+H4�X;���qodl}<Gt�
{x}�b	Eq}}�X

Sk
i = m(ek

i )Zi + Π × [m△(e)(GW
N cos(φ) + GW

E sin(φ)) + Re)] , (7)B	 i O.qb� k OW�b� Zi q).q i q_�I"z PW, GW
N � GW

E )*q),���f%v}�X5�t� Π �"rJ��\5ZO 0.15.
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4 tDNB
4{
4.1 2ysC8M��<L9}r)�)�%5jy:>!

(1) .�10MT 60 kmO}za�	E}=�}�r�^��B} e O 10◦, u`u\5�7�t�H>x}�by�t�X
xqV�W+d}T��.�
O��AA�℄ 10 km, +5^��n}A
}7�O 10 km, +�\5�'_ GPSq+d}L9(o%K 10/tan(e) km, ℄
57 km. hR%KMTv:o��A..q+H/Æx}�bwph�!}C��dhA.:L9.�
(2) >za�:L9.�H.q)5Sv:℄8�)V>z�}.q)2�qV�W}.q)2�	P�W��(o}JQL�.�mx 10 km×10 km, � 0.g)V�hg�%vq�A
+0)'}�Am�℄8� Flores� [14] }�G)%� GPS A
\)'}(|g�m�℄O 300 m. hRm�|Kh��ol;y�rA
3R�tA

3}g�)'Æ��t�,�+�H>_3R��Kg�%v�l�n 1 km })'Æ���<%v�X
<i��S�+�CI�5�o�3R=BK��S�+l!��^��nd WRF (Weather Research Forecast)&�q:6}�<9P�O 18 km×8 km,5qV}	�AT� [N 31◦, E 121.5◦]O	��&qV�WrO 16 :L9�
4.2 2y><

Flores� [14] 7_.ÆA
%!��)
WQ)Sl4mQrUL9���.L9.}}twÆWSU���h.�H>��.\5H%E}H>��%V}:�oKU��}:��qB(|�U!V5�)`%V}:�oKU��}:��:Oh(~rU9	�H�b?T�U��u�_!_��+5J9B}℄�>!%V���dl��9B}�<℄��g�℄�d%7>!�
Braun � [8] h Flores � [14] }�bq�0%!<�}.~2<��b GPS �b?T}rUL9}�'� Z79B0%!�O:hj


(1) H>%V^��qV�W} GPSLq_}��AoFh�<dg�%vqr)O��L9��y.���.�:L9.�I���.J�P)2Tb�o�.>H>	E P q}�I"zOv>wp+e^}L9}�Iz�d�O
SP =

∑

ijk
(FP

ijkXijk) , (8)B	 Xijk O� i � j � k AL9}�I��� FP
ijk Owp P eT0L9}K��h.
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(2) �<℄�)`q�}%V�)ZoKU�z�)�t�j.q)2\5W_�+10�~�!�:L9	�H>q���(~L9�HwpeT�+5Æ)>_.�}�<℄��:O�<%vq}�I)2�w�}�qpGv}�^��yPk^q=�oqG�^M�9B}7 �\\�<�℄��BMz%V\)mO

QX = 0 , (9)B	�i�Mz Q }U%9Bj��'
Qi =

U
∑

j=1

e−(lj−li)/L, i 6= j, i = 1, 2, · · · , V , (10)B	 lj − li �y:rU9	�	��}Pk� L O9P� U � V )*�g�d�<%vqL9}�)�
(3) >�℄�& WRF }S�I}Y���	Y�dF��Fx�N<i��'_<:L9}�I����BMz)m�O

IX = N , (11)B	 I OrVMz� N O��S��'_}�I����+5(
}A
H>%VO








S

0

N









=









F

Q

I









X , (12)V5U�z X }%!9B Flores � [14] >_}D9�)5!�
5 _��	�

2008 2 8 _ 25 dSO�qV�7)�WjR�L25d(Mg�M���zFxq 7 �� 8 �r|�Mzm 117.5 mm, O0qHFx�� 130 L2d+U���I�K5�>H�v?�	�QWd?��-��Z%��}i�Mz,TMT 100 mm }o�M(��GKMzTK�	�mS℄� 150 L>�	�� 10∼40 cm, 11 000 Lq#I<���MumSqVjO�?�y�I<�L^��b�KF�N 400 �:�iK	�qV	�Fx. 05:54d 06:25lo 2g�d�MvpSB�b� 07:31���MvpSB�bO�MRpSB�b�j!^�)*BJK}Fx�>��d GPS qG}�>d)
vIo�M�D 2 � 2008 2 8 _ 24 d 20 ��WRF &�� 3 h S�}id 5 �� 8 �C 3 h })�z)2D�GD 2 \5W_�qVo7)�W�dK|K 10 mm }|MW��7Y=Z%v/=7)WQHMT 25 mm }oMW�MT 50 mm }�MW�))2hqV�,7Vq�
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E 2 WRF '�T�� 2008 4 8 a 25 f 5 �� 8 ��*�|+4E
Fig. 2 The 3-hour total precipitation of 2008-08-25T5—T8 predicted by WRF (Weather Research

Forecast) modelD 3 � 2008 2 8 _ 25 dkq}gmx-D�jD 3 q\5W_MW}M�d2�TV�hkq 05:48, �)})MWu�T 3 |;WQ)2 (�D (a) 	} a, b, c (�WQ), h 07:34 ��MWwS.;��)})MWVKqV}f�7d'$},7 (�D
(b)). h��qV�W��})�4AMT 50 mm, a)mxo�M}V��t�rjgmx-qW�|;MW��HM�MT 45 dB }Mx-kh�D 4 "A} PW }qG�g�D 4(a) Oo�MTV	� 07:30 �Km,�W}�I)2D (i�OA��$�OT�), D 4(b) O z}o�M}��zrq} 7 d ��D
(i�O���$�O PW �), D 4(b) 	}��O 55 mm }ip�?Np2)Md PWGiB�_d})�B6p�jD 4 	"A}|A�I}�g�+10:nvio�M}4{��I�;;MTB6p 10 mm )I�dk�.�)��}��o�qu�D 5 O
B Z8u}%!�~{} 2008 2 8 _ 24 d 19 �d 2008 2 8 _ 25 d 7�}qV�W}mQ�I��)2D�jDq\5W_x 24 d 19 � (D (a)) 7A�I
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E 3 2008 4 8 a 25 f 05:48 (a) f 07:34 (b) �hn�!$x�
Fig 3 The radar basic reflectivity factor at 2008-08-25T05:48 (a) and T07:34 (b)

E 4 2008 4 8 a 25 f 07:30 �Lo-�Y PW +4E (a) fsX�{s PW � 7 d ��E (b)

Fig 4 The distribution of PW (Precipitable Water vapor) in Yangzi Delta (a) and the 7-day series of PW

in SHXH (b) at 2008-08-25T07:30



3 A � $��sX�Y�� GPS �KoSCe��f^6?D 307)2".Tb��I�)�	h�A 3 km j��H�� p}�x�x 25 d 7 � (D
(b)), 12 h �.�j	�A}�I����&q{��� pN|�+5)`|A}�I[z�H(J%m}{7�t�	�A}�I[z�&{7�w�}�O}o�M�mQ}�I��)2D\5>S�X7Bg�%vq}�I�g�v�JK}1>��+107B}�

E 5 2008 4 8 a 24 f 19 � (a) f 2008 4 8 a 25 f 7 � (b) �sX�Y�oS�K �+4
Fig 5 The 3D distribution of water vapor density in Shanghai at 2008-08-24T19 (a) and 2008-08-25T7 (b)

6 S\L�u ZhqV�W[�}�� GPSL}�bq7_}qV�W�ImQA
}%!�+PqB0%!>_} 2008 2 8 _ 25 do�M��}A
3R��03R<�}Fx�)
�5�dB-1>��}�")
�m�}mQ}�I�gheY�;FS��SB	}+B� Z}�)f�	hK�+�B}
�%!�!g}�Æ%!}E^	��n}.Æ
gKFx7��+P\5�n-a
�}%!� Z�i&qV�W+H}�� GPSq	�N�
BK5'�7��}qL�{V5}mQ�I��3R�Ogl�\Y��P Z3gFx7�}��ÆV�h<�L9r)}�n��i7_}6g��S�&�}L9r)%!�>_}L9r)}� Ko�+&��S�})
I��+Ol!�<iV5%V�v%��~5'3R}\���J���S�}3RH+2<�Oo�&mQ}�I��<i��&�*a��� Z+7_}%!�4AhqV�W�n-at
��*�℄P<�W^d^�}
GPSq	%y�̂ d^�}Q� GPSq	)2���mx}V5mQ�I)2})V�vÆ
�}GJd=B�h:oJ7M��;FdQ�.f�eY�;F	&y w^d^�)}+B�
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The 3D Tomography Technique and Application of
Water Vapor Using Ground-based GPS Networks in

Shanghai

LIU Min1 GUO Peng2 YE Qi-xin1 ZHANG Jie1 ZHU Xue-song1

(1 Shanghai Center for Satellite Remote-sensing and Application, Shanghai 201100)

(2 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030)

ABSTRACT Precipitable water vapor (PW) is a column average of atmospheric water vapor

over both space and time and is estimated by GPS (Global Positioning System). The signals

from GPS are used to retrieve the integrated quantity of water vapor along the path between

a transmitting satellite and a receiving station. This quantity is called slant water vapor

(SW). Measurements of SW allow for an improved assessment of the spatial distribution of

water vapor within the atmosphere, which is called tomography technique.

These are the main methods of remote-sensing water vapor by GPS. There are dense

networks of GPS stations in Shanghai. These networks are used to assess the 3D distri-

butions of water vapor. Taking a heavy storm in the city center on Aug. 25th 2008 as

an example, the 3D distributions of water vapor supply more information for the weather

analyses compared with the traditional atmospheric sounding ways. It is proved that the

tomography technique is very useful for the disastrous weather.

Key words astrometry, atmospheric effects, methods: numerical


