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Abstract The atmospheric water vapor can be retrieved exactly on certain scales by the deflection and delay of the Navigation
Satellite Timing And Ranging Global Position System (GPS) satellite signal along signal path. Based on the water vapor obser-
vations along the signal paths over the density ground-based GPS network, a new GPS tomography model has been established
by using a Gauss function as horizontal constraint and the radiosonde (RS) observation vertical constraint, which includes RS
mean values of 4 years as priori information and RS standard deviation as the weight matrix to get the regional high-accuracy
three-dimensional (3D) distribution of the atmospheric water vapor. The observations on the ground surface have been used in
the tomography formulation to improve the tomographic result accuracy in the overall region, especially the low-level. A 3D
water vapor tomographic grid has been designed based on the GPS observation network with 22 GPS sites in the eastern part of
Hubei Province in the middle reaches of the Yangtze River. The quasi-real-time retrieval system can provide the hourly output
of 3D water vapor density. The 3D wet refraction and water vapor density can be retrieved from the observations of Slant Wet
Delay (SWD) and Slant Water Vapor (SWV), respectively. The accuracy of the retrieval results in the 3D tomography domain
of the overall, the low-level, the center and the edge has been analyzed by comparing to the RS observations during the flood season of
2010. The results show that for overall sample tests the 3D water vapor density average deviation is — 0. 63 g/m’, the standard devia-
tion is 1. 22 g/m*, and the correlation coefficient with RS is 0. 98. The correlation between the retrieval results for water vapor density
and soundings is better than that between those for the wet refraction and RS observations, and the correlation between RS observations
and the results of water vapor density after joining the ground surface observations is better than those without joining the ground sur-
face observations in the tomography. For the rich observations path of GPS, the accuracy at the center of the tomography domain is
better than that in the overall and at the marginal domain. Combined with the ground surface observations, the 3D water vapor retrieval
accuracy is improved with enhancing the correlation between tomographic results and RS observations, reducing the standards deviation
of tomographic results in low-level of the region, and the average deviation of tomographic results in the center and the layer above 2 km

of the region. The magnitude order difference between the elements in the signal length matrix due to the ground surface observation
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being used in tomography could disturb the stability of the observation equations and thus increase the overall standard deviation.

Key words GPS, 3D Water vapor tomography, Observations constraining, Water vapor density
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the water vapor densities before and after adding the ground surface observations to the tomographic algorithm

(2) 2T G 7 3 b 25 KR ZHTRS B

AL T2 AT DX 3 2% 14 BT ol 3R 3 AR AR 3k 590
Ao AN 12 SR ST EE K VR B 5 0 i e 0
S5 1) 7K 0288 B RN R 23 A 06 R BUIR I3 i s B
MRZ WD I AR & T 20 SRS A OC . T &
HRIZM R GRSV 0 22 E B IR BOR T
PRAS WD Z /N L ZE BT 0 5 K2 as R 53 1
BEgm it — AR IR E T 2 WAy N
JENTIL G TCECE NS 2 R A TR s i
12 FER 1AL AT AR )2 0L I I o e 3 X a7 ik
JABT S5 S5 i A B B AR EZE R R T 10% .

Tiext FREM O EN %, ENTKIREE S
PRZS B AH SR T-10 4 568 B s 1o 08 300 5 %) )23 A g
HE— 204 R A W AH G . IRJZ I m A B
WML R T A R 2. | T A E A KA

[ O WL SC R B 2 L (A5 PO E AT RS BE 4 T
R AR G 2 AT HORS B2 o A2 L Ay i AR 8 A A
WEZEAT SR U RS 10 5% SR AT 45 SR e W A 452
MR 22 50 JZ A i th AR E

FEJZAT AR BAE T3 b il T2 1 AR K K
A—BL KA 3.5X 10" m, LAY A LAE] 10 m. {15
WL 75 7 (240 v 28 2o P A B I BT S 4% Jc ]
FAAERER W G2 57 o R 2 AR B R A ok A v 3
PANOE R R PPN U RN =R o2 O ey DR
TE o MHARJZ I B AL 34 7 0—500 m —JZ 1Y
WLIAE A A 926 12 RS F- 0 ) o B R 2 i
WA 1) S £ 38 22 L AEL RO AR A HG B2 I S 2 BE L il
SHE BECA ] UL 7 R ) e 2 AR A AR P A RRUE .
TSR AZ 2N 257 R I J2 M B3 v T 1) 73 — A )
B AEAE 2 R



330

K 2013,71(2)

Acta Meteorologica Sinica

Z 60— L8 S —
5 (a) 2 Lo g |0
& 40p 4 = s
=] Lo 4E - oo~ 4 i
g - £8 | 8 E
gi 208 IRy o ERS
~ N a;'-‘ et e el
2 E 0 1 g“; R #%}‘?&'AZ éé’
5& 1F o § [ ML vy TURSGAE -
- Pe 2 S T—4r N . . * - o o
S =20 — = -
= 2 o
o r . V‘H —
E 740 L L L L L L /= 78 L L L L L L = 78 L L L L L L
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
E 160 25 25
s @ sa |z @ e | B O -
g LR k2 L w2 L : R
E 1o . L g5 2 .o =, g 2 R
- - . BT
¥ 2o 157 . S - Pt s
3 sof et {1 g et 2 R
& . "-‘! 5 & 10F R 41 5 & 10k . "-4'. R
= 3 R 5 o 5 k6
g 407 . ool 10F LN - L e i
IV IS ¢ I
& 0 w Il Il L G OM L L L U Of L L L
© 0 40 80 120 160 0 5 10 15 20 25 0 5 10 15 20 25
RS wet refractivity (mm/km) RS water vapor density (g/m?) RS water vapor density (g/m?)
B12 770 590 FEAS = 42 b 45 5 55 4 2 I Y 1 24 i 25 ke O ¢
Casbc. JEHTIRAT S5 BE A S 167 0000 1 5 2 BT 00 2K P B AR s P 4 e 22 5
dye £ BT IR AT 5 BE A Ml T 00 I L 2 AT Y K B AR S A B D
Fig. 12 As in Fig. 11 but for the 590 samples over Xianning site
LA F A B,
6  ZiieHitie

D A GPS = 4 UK PR R E L A B
WML GPS R AR A PO | 2 4 48 23 LI A
Mo TG I O JE T3 T AR R AT A B AR B L
R

(DRL4 a ffas I oy 36 5 290 BRI H i #5
252 0 S B (L s v A 2 S AU AR I . L St o KR
KLY T T R A L ) 2 SRR A
BT E AR M R = 4R I 5 L O RE SR 4
SHERKIRERE . EGE )RR kP EIA T
EUNTTPYRIKE SIS

() #3717 AE A SRR X GPS i KK
JZE BT AR AR AL T b 3 LI 24 R A il B R S
BT HESE I = 4EK PR A SR RS LB
2 M 4 A

(305 T 45 2 WL 29 2% F 19 J= B 45 2K 0
JE 5 RS AR TR T B B AR A A T = 4
TKVRE BE T H 0 25 S — 0. 63 g/m® ., bR o i 25 Ky
1.22 g/m’  SERA MR R BN 0. 98,

(4) dy e Ak J= T DXCIA [R] A0 IR G 50 45
Z AT L JZ T 0K E 4 T AR B 5 )2 BT 1)

(5D TMAARRJZ LI 1) J2 A 45 5 5 425 9 A e
U TR AR LI B AR B o AR LI £ i AR i
T SRS BN T L Z T 2 R 2
Mrbn 2 A 2 km LA f9 J2 A 3 22 . % 42 & JZ A b
JEEA B

AERJZ LI A9 T A X8 T2 T AR S A R 22 5 T A
SR E ) TR] IR o A AR o 22 A SRR i) L JE N T )2
M 22 G52 W 2 . 028 23 A 5 R 0L 7 A o
KIEHMITR B R R ZE AR TILRE RN
BR 22 5o 23 1 W SR i 2 8 rP i OR 9 4 2l 5
AL KR i AR 22 5 5 0T RS A AN RRUE P T A

YRR R B o M — R MR RE A 1Y ok
i 38 S LI 295K ) 22 3R AT T = 4E K IR E— i 5
it — 2 R e SRR L T B — Bl A 1 AR ik
ik R ik 1) A RE P [] AL

B BB VHEAR ESEMIRAGEN A ® L4
T HIA 45 NS DAY U AR B L B ek R RS
TR R R TR GAMIT 1t

2% Uk

B, PRkar . ZWESE. 2006, F A GPS i i K KR

=/
W



o

A LT UL 24 3R B Hb 3 GPS = 4E KR Z M H R IS

LMk, SR, 34(3): 241-245

TWAE. 1993, GPSIRZMA. IEFHL, (D). 4549

FEAERE, B4R, BEES%. 2003, KW, Jnt. Jbnt Rkl
Ji 4t ,522pp

KW, RSO, TaA%. 2005, Eifi GPS WEH KR = 48501
BGEBUE TR Y. BH2 @R, 50(20) . 2271-2277

TREER. . BIREAE. 2009, HiRE GPS 8 R AT R K 4 7 i
ROct. B R E, 28(3): 203-209

HAHUE. 2005, GPS nJ K 5 BER R T MMB #6834 42 3 7] 4L 18
B, KEAEH. 63(4) . 391-404

JRUCRL, AR, TR 4. 2008, BE T Kalman 33 19 W72 3190 25
BHOKFGRTH A0 . IR %R (5 B R MO . 33(8):
797-799, 809

Bi Y M, Mao J] T, Li C C. 2006. Preliminary results of 4-D water
vapor tomography in the troposphere using GPS. Adv Atmos
Sci, 23(4): 551-560

Boehm J, Niell A, Tregoning P, et al. 2006. Global Mapping Func-
tion (GMF): A new empirical mapping function based on nu-
merical weather model data. Geophys Res Lett, 33(1.07304),
doi: 10. 1029/2005GL025546

Braun J, Rocken C, Liljegren J. 2003. Comparisons of line-of-sight
water vapor observations using the Global Positioning System
and a pointing microwave radiometer. J Atmos Oceanic Techn-
ol, 20: 606-612

de Haan S, Barlag S, Klein-Baltink H, et al. 2003. Synergetic use

of GPS water vapor and meteosat images for synoptic weather

331

forecasting. J Appl Meteor, 43(3): 514-518

Duan J P, Bevis M, Fang P, et al. 1996. GPS meteorology: Direct
estimation of the absolute value of precipitable water. J Appl
Meteor, 35(6): 830-838

Flores A, Ruffini G, Rius A. 2000. 4D Tropospheric tomography
using GPS slant wet delays. Ann Geophys, 18(2). 223-234

GAMIT Releasel0. 4. 2010. http: / www-gpsg. mit. edu/~ simon/
gtgk/index. htm

Gradinarsky L P, Jarlemark P. 2002. GPS tomography using the
permanent network in Goteborg: simulations // Proceedings of
IEEE Positioning Location and Navigation Symposium. Palms
Springs, CA: IEEE, 128-133

Gradinarsky L P. 2002. Sensing Atmospheric Water Vapor Using
Radio Waves. Department of Radio and Space Science, School
of Electrical Engineering, Chalmers University of Technology

MacDonald A E, Xie Y F, Ware R H. 2002. Diagnosis of three-di-
mensional water vapor using a GPS network. Mon Wea Rev,
130. 386-397

Riteger ] M. 2002. Refractive index formulae for radio waves.
Washington, DC; FIG XXII International Congress, 13pp

Skone S, Hoyle V. 2004. Troposphere Modeling in a Regional GPS
Network. Sydney, Australia: International Symposium on
GNSS/GPS, 15pp

Tomasi C. 1981. Determination of the total precipitable water by va-
rying the intercept in Reitian’ s relationship. J Appl Meteor,

20: 1058-1069



