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LYo Sk A S T AR B2 — , SCER 5]
FH AR 25 B3O8 v R 5 0 o 2 L0 B R A P 3 o L
FERSERAG B IMAIHRZEH R . 5, KK
R REE R A B i P o0 (European Center for
Medium-Range Weather Forecasting, ECMWF)
K& 0t B TR R 2 R AL AP R IAY (at-
mospheric infrared sounder, AIRS)%{ 4 %5 % #i #%
E S 2 56 00 I 5 8. 29 3 GNSS 2 #p A5 A
SCHR[15-16 ] & T 3 F 4 Bk < i <& (global
pressure and temperature 2w, GPT2w ) % % 7l it
ik e fe GNSS JZ T 53k s SCRRL 17 [ sr 1
BT B R R B0 XTI 2 B A AL s SCER [ 18 ] 9F
KT SEEF GNSS ZHr &40, T3 520 Y KA
WA 534r o

BT, @ 7K 4 BB PWV KRG B g4
il 45 2 GNSS JZ M 8, SCRk [ 19-20 TR+ 8
& i fL 42 75 i& (interferometric synthetic aperture
radar, InSAR )Y & S H #9570 BER PWV 2253
L0 A5 5 3 O R ) AT R A 2 R AR o T
JERTEE R B . AR, %0 R A A Bk
KIEE =% PWV 225015 B 5 58 8 PWV
WL AF J5 A B 1 29 AR 83X B2 ) T i 4
HInSAR K VAR B RS BE . BT, & [ rh 4y B
A% 615 {4 (moderate resolution imaging spectro-
radiometer, MODIS) | B H1 43 #5456 35 X
(medium resolutionimaging spectrometer, MERIS),
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spectral imager, MERSI) %5 1% J& 4 B 4% [7] #¢ 7 )
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3A) L1 MERST AL s $2 A9 i 20 B R PW VUL
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U
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B N T RCTE AR ST XA =GR KR B o A, AT
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A, TR 7R e die A 1, Al AR 4l R SR 1 1 32
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HEAT B B AR AR 2 34 50 43 A B 1A R B, R AR
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X, SWV FR T A BHAE LK & EE;
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bl 5 35 T DR R AST B K Y. MER-
STAL IR f% AL A PWV 7= i A% 36 19 J2: 38 SR Y 1%
PR E S PWYE, T UK = 1A #E
JEHC i R 55 E R 4K Chttp @ //satellite.nsmec.
org.cn) .

Z )7 M A G N S R S, B
AL AW 59 FY PWV KI5 S AR AE — 5 WL
D35 22 K FLFH 1 4 368 249 SRR T, 7 22 2 o DL g
FIREE™ . BB E Y 7 vk 2 R GNSS $di iz
HE PWVEEXFY PWV #EFRE . E N
Z2EF T GNSS PWV I S RS B,k L H
R 25 B L B 0 ¥ 05 AR 1% 25 (root mean square
error, RMSE) & 1~2 mm, 1] A1h i GNSS PWV
(ARG B 2 PWV ARG IE Y 2R JEF GNSS 4
KAGAE AT R, o] LLGE o b 38 GNSS $idli 18 L5
FY PWV 4% A —BF 2% GNSS PWV{E., 14,
HWEE LT PWV SRR S5 GNSS I i 37
B TS, FILEFY PWV B IES fE
FRHE PW VAL 2 5 3 GNSS M 3 1 FE 25 5% 4 &
T30 1 18 JBA% 0, VR B GNSS I3 f 3t AR &
SRR SR 8 R T, P B A R IE FY
PWV™ SHEAT .

FYPWV,, =aXFYPWV,,+6 (4)
X, FYPWV,, fl FY PWV,,. 4% 5 7% £ 1F
A G B PWV ILIUAE ;o A1 6 A EER R H, 3T
M IERL AL, A AT A B FY PW VU F 8E 17 4
IEL MRS B R E RN FY PWV KR fE E .
2.2 MMBIFY PWV AR &H

GNSS PWV LI 8 38 5 3R 7% GNSS M 3 3
BT ) R ASK IR KA % B RV R 3L FY
PWV I LLEAE FY 1§ 5 i o7 8 AL 3 B J7 ) B
KR FERUME TR

FYPWV = [ p(h)dh (5)

K, o(h)RRTEE T W LR KIREEE; h N
3 A7 1) = 5 top R X JE TR 55 R m M &
FHF GNSS JZ ki vh ¥ 51 43 A i iR R B, X (5)
CIN=Y: G

FYPWV = Z[]xk-hk (6)

k=1

A, B 43 I R B b R AR R B KR
iIF=0i

TE GNSS ZK VR J2 M B AL vp 3l 8 i i [ —
T2 N 1 K VR B b A A AE L i 1B 1 () B
AN, TR 2 B 47 8 A (2R 050 1 7K 950% B M

RFZIAE IR RIHEME . Wik, —5KE
ey K VR % B2 & B AR I 7 ) b A8 R G AR
F—PWVIMMAE, (H)Z,FY PWV £ 192
)43 FE K 1 km X 1 km, B W85 T = 4k 2 Hr
BRI KPP X S B4 FY PWV LI
{46 o AR E — B 2 BT R R b, T8 i RLOF
X s #EPWVIHEE., T 70 M
FY PWV RIS , i #&E R e 2 FY PWV
WO AR AR SR GNSS J2 T A HE 47 1R 43, an
B 1(b) Fras , BRI 46 14 2 4 X 88k F 47 — o
W oy, B TR A R A R ) i PWV
2y,

B T s S

(a) EHTRLEM A 2= (b) unE R4y
B REHR 5y K — s R4y

Fig.1 Voxels Division and Secondary Densified Division

HARL BT

IDREE IR RN AL RN 7 S 5 e B B R AV NI N
FH(E 1(b) P ek Rm 8 A /MER e
OB AL (LT 830 AR B AR X —/MAER
ey K IR % A

2RI FY PW VAR R S0y 25 8] 50 A A8 0
[ — G /ME RSN BT A FY PWV 4 EAE N
ZAN /MR Z B L) PWV LA
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K, PWVey BRI NMERI AR PWV M
DA 20 B 1 51 1] B 5 A ey 2278 X R 9 PWV 24 311
RBUEFE ;YR8 B A /MR R P K 7705 B R A
SR B )

A F ()RR Y SR NMEZE B K
VR FEAE, 1T GNSS J2 B A6 A e UL I 7 2 19 A 11
B KA TR B iy ARV B, A8 A /IMAR R B
(8 7K R BB S AVRZ AT B Y A 1 R 4, T
A S B0 B K 3 3 4%, Rl T GNSS Z T
RS A o P, AR SCH A AN /AR ZR B iy 7k
TR B 1R BB AR S AR 28 He i 7K 7% B, # 1
L E | S/NE W
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[F] 28 2R 9 24 SRS A A SO IR A 1Y) 3R % 1 A7 Ak
B IRV IR = R 7 SN Gy 2
P R 2 Bk X 3R 2 AT O AR A R AT A
%,VI’%@U]F:

xt (SWV—Ea 2t (11)

Ea

X o) TR /emuﬁkﬁtfﬂ%j/l\&k%%i}&ﬂ’\vk
TR FEAA s A 2R A it R 1, 78 3 AR R v e 31 A
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31 EMAREE
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PR A3 AT, b g 5 SRR 4R M L DX 2
f7E 64 GNSS I vk i = B2 Y8 [ o8 31 ~46 m /2
A, DRI e R R A X = 2 J23 T A TR () 5 i) 22 W A
e 2% A B A )2 B A& N R 4 11k
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Fig. 2 Distribution of GNSS Stations in Xuzhou
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TH5 GNSS SWV EH™' . FI ] GNSS %4 Al i
ZTD FIBS B AR B A I ] 23 BF 258 5 min, fEX =
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Fig. 3 Acquisition Time Distribution of 24
FY PWV Images
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Fig. 4 Comparison of Tomographic Water Vapor Profiles
Derived from Two Algorithms Under

Different Weather Conditions
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Fig. 6 Comparison of Mean Errors of 3D Water Vapor

Distribution Derived from Two Algorithms

B 7 7R T W0 FR 2 BT 45 30 5 38 2 B0 D I
ERAS B4 Bl S o i B, B R AR N 1Y
FLER HOS A LR A 3T Ak UL 2 M aE R
5223 JE 0 — Bk

B &7 T LR IR, DAERZS B0 S 2 5, B
LA B R B G G5 75 19 0.815 548 T B A
SCEHERY 0.955 95 5 ERAS KU AR L, Rl 2 AT
L A4 B R 0.750 8 F10.886 5, F B A ¢
TRV 1 J2 0T 5 R 1 A e B T AR R Ak i
— BT BN A BEEE PWV 2 B 2T Lk

T B RS = 4E K737 75 T B

25 — °
‘g5 [y=08155:H09266 ©
02 oSS
= I 1 oo o =
= 15——7ﬂ‘770f%* 00
L e
A
w10 2 8 =
T s
= o

0 5 10 15 20 25 0 5 10 15 20 25

RAIKYCH I/ (gm 3)
() &5k

TRZZIKY (% /(g m 3)
(b) A CHE

JEHTRICE B (g m )
[\e]

15 20 25’0 5 10 15 20 25
ERAS/K YU B/ (gm ) ERAS/KY (% Eft/(gm *)
(©) 1555 (d) AL
L7 TR 0 2 A 45 2R 5 R 2 R
ERAS $dfi; 19 #U 23 Aii ]
Fig. 7 Scatter Plots of the Tomography Results with
Radiosonde Data and ERAS Data Derived from
Two Algorithms

0 5 10

34 AEBEERMBELL

% 8 B R AUKIR IR B3 A A 4] AR 2 K
RERMETEEKIRAREHR 2R AT —
Ao LB P 2 AT B8R TR AN [ e B L 1 S JEORG BE
&8 7 1 43 i AR 25 B4l F ERAS ¥ S = 7%
B, T o 2 07 45 SR AEAS (] &5 B2 B 19 RMSE (s 7 i
2% (standard deviation, STD) A R AHX 1R 2%,

11.0 - - - ' 110
10.0 10.0
90 RY)R I EE—
8.0 8.0
7.0 7.0
Eoeof Eso

50
300

Iz 5.0
40
30[

20F

11.0
10.0

10[ 100
0 1 2 3 4 5 0 1 2 3 4 5 0 100 200 300 400
RMSE/(g-m ) STD/(g:m ) MIXHRZE%
() I 8 ERMSEAS He (b) AN[F] 5 2 ZESTDAY L () ANl i B A i 22 %) L

—O— MG TR A B == A SR B =D {5 TA-ERAS —Q— A UHIL-ERAS
K8 PIRP I A J2 BT 45 R A A [a) e B2 L A9 S I0RS B2 0 He
Fig. 8 Comparison of Retrieval Accuracy of the Tomography Results Derived from Two Algorithms at Different Altitudes



546 BE 11

ik SCUH A« B = K 23 HE S PWV 29 Y GNSS KRR HT L

1633

i 1 8 AT LLE i, A< SO v Y RS B A 4
KEBmEmE X TEERE. XTHES%
BoE , 2045 R A9 5 RMSE i 2.73 g/m’ A
F 1.78 g/m’, F # STD iy 2.48 g/m° & ik %
1.71 g/m®, P A~ 45 B2 46 b5 43 I B AR T 34.80 % F11
31.05% . MAb, 1E 0~2 km B T #b 38 B N L A< SC
By B RMSE 1 STD 8 43l & 2.28 g/m’ I
2.42 g/m’, W WA T A% 48 B 19 3.90 g/m’ i
3.71 g/m’. M AM % YE A T XA X iR 25
25.93% BEK R 13.86 %0 . R W] T 1w 43 P 18 oK
EAS B T 808 = 4 KR Z N 00 REOR
EEAEH.

4 & iF

AR SO TR o PR 2 18 BOK R BRIk
& BRI 7 KT 43 R PWV 29 51 GNSS 7K iR
ERTE . YRS PR EFY PWV B2 H] 4 fi
A B ST T B PWV 25505 12 Hoak A S &
48 GNSS JZ iRl

FIH 2017-08 [ 71 95 # 4 Hb X 24 I X =
KPR B 8 RN [R) A5 1) GNSS SE I 58, R 4
M HEHR A3 B T AR SCHR 5 A e SRk 1 2 B 4
(0T B SR BE . IR A R W] (1) DL R iR s
KK S ZEH WA Z g R, 5%
S A L, B PW V29 5 1) 2 4 Bk 10 F 1
RMSE 1 2.79 g¢/m’B&EAK R 1.74 g/m®, J 80K B
PEE T 37.63% . (2) F F ERAS B4 42 {1k 1) = 4
IKIEST A A5 BOXT 2 B 45 S E 7RG BE 1 2, AR SCH
B = 4EE AT A R T4 RMSE 4 1.83 g/m?, fli
TG HER 2.67 g¢/m’. (3R HENE S %
B¥s )2 45 R i RMSE /i 2.73 g/m® sl /N
1.78 g/m®, I HOKE FE ¢ 5 1 34.80% o #E 0~2 km
(4 30T b J23 50 TR P, A SO R BT R KPR R £k R
= HEIK IR ST A AR T A% SRS 0 LN R K
TR BE R T 38.16 %4, B R H UK P 4 R
T B K TOBOYE AE T GNSS JZ M 45 305 Y
KT,

Z % X #

[1] Zhang K, Manning T, Wu S, et al. Capturing the
Signature of Severe Weather Events in Australia
Using GPS Measurements [J]. IEEE Journal of Se-
lected Topics in Applied Earth Observations and Re-
mote Sensing, 2015, 8(4):1839-1 847

[2] Wang X, Zhang K, Wu S, et al. The Correlation

[3]

[6]

[9]

[10]

[11]

Between GNSS-derived Precipitable Water Vapor
and Sea Surface Temperature and Its Responses to
El Nino - Southern Oscillation [J]. Remote Sensing
of Environment, 2018, 216: 1-12

Yao Yibin, Zhang Shun, Kong Jian. Research Prog-
ress and Prospect of GNSS Space Environment
Science [J]. Acta Geodaetica et Cartographica Sini-
ca, 2017, 46(10) : 1 408-1 420 (W Fxk, sk, FL
. GNSS 78 [ PR HE sk e R B[ T]. 22
i, 2017, 46(10): 1408-1420)

Bevis M, Steven B, Thomasa H. GPS Meteorolo-
gy Remote Sensing of Atmospheric Water Vapor
Using Global Positioning System [J]. Jouwrnal of
Geophysical  Research ~ Atmospheres, 1992, 97
(D14): 15787-15 801

Flores A, Ruffini G, Rius A. 4D Tropospheric
Tomography Using GPS Slant Wet Delays [J]. An-
nales Geophysicae, 2000, 18(2):223-234

Rohm W. The Ground GNSS Tomography-Uncon-
strained Approach [J].
search, 2013, 51:501-513
Song S, Zhu W, Ding J, et al. 3D Water-Vapor
Tomography with Shanghai GPS Network to Im-
prove Field [J]. Chinese
Science Bulletin, 2006, 51(5): 607-614

Advances in Space Re-

Forecasted Moisture

He Lin, Liu Lintao, Su Xiaoqging, et al. Algebraic
Reconstruction Algorithm of Vapor Tomography
[J]. Acta Geodaetica et Cartographica Sinica,
2015, 44(1): 32-38 (fal bk, WIAR A, R IR IR, 46 . UK
FURMTARBCE S T]. 424z, 2015, 44(1):
32-38)

Zhao Qingzhi, Yao Yibin, Luo Yiyong. A Method
to Improve the Utilization of Observation for Water
Vapor Tomography by Adding Assisted Tomo-
graphic Area [J].
Science of Wuhan University, 2017, 42(9): 1 203~
1208, 1222 GEERE, Bhawt, 2 a8k . B n 4
Bl )2 A DX B g B 2 R R A KR R B iR [T
RBUR A - 5 BRHE R, 2017, 42(9) : 1203~
1208, 1222)

Hu Peng, Huang Guanwen, Zhang Qin, et al. A
Multi-GNSS Water Vapor Tomography Method
Considering Boundary Incident Signals [J]. Acta

Geomatics and Information

Geodactica et Cartographica Sinica, 2020, 49(5) :
557-568 (WIMS, BT, sKHy, &5 . B Ll A4t
55 R ZEOGREN Ik T]. W74, 2020, 49
(5): 557-568)

Zhang Wenyuan, Zhang Shubi, Zuo Doumei, et al.
Adaptive Algebraic Reconstruction Algorithms for
GNSS Water Vapor Tomography [J]. Geomatics



1634

ER N

7 B

BE 2 R

2021 11 H

[12]

[13]

[16]

[17]

[18]

[19]

and Information Science of Wuhan University,
2021, 46(9): 1 318-1 327 (3K 3CIM, skA3 5, Z#B
3,5 . GNSSKIZHT Y A 8 R AR K #4551
()0 RBUR 4 - ff BB R, 2021, 46(9) -
1318-1327)

Zhao Qingzhi, Yao Yibin, Xin Linyang. A Method
to Sophisticate the Water Vapor Tomography Model
by Combining the ECMWF Grid Datal[J]. Geomatics
and Information Science of Wuhan University,
2021, 46(8): 1 131-1 138(A P iks, Wk, ¥ Ak
T RS ECMWE # RS (4 7K 9502 B A 16 7 2
()0 RBUR 240 fs BRI, 2021, 46(8) -
1131-1138)

Haji-Aghajany S, Amerian Y, Verhagen S, et al.
An Optimal Troposphere Tomography Technique
Using the WRF Model Outputs and Topography of
the ArealJ]. Remote Sensing, 2020, 12: 1 442
Benevides P, Catalao J, Nico G, et al. 4D Wet Re-
fractivity Estimation in the Atmosphere Using
GNSS Tomography Initialized by Radiosonde and
AIRS Measurements: Results from a 1-week Inten-
sive Campaign [J]. GPS Solutions, 2018, 22
(4):91

Zhao Q, Yao W, Yao Y, etal. An Improved GNSS
Tropospheric Tomography Method with the GPT 2w
Model [J]. GPS Solutions,2020,24(60):974

Yang F, Guo J, ShiJ, et al. A GPS Water Vapor
Tomography Method Based on a Genetic Algorithm
[T7. Atmospheric Measurement Techniques, 2020,
13:355-371

Haji-Aghajany S, Amerian Y, Verhagen S. B-
spline Function—based Approach for GPS Tropo-
spheric Tomography [J]. GPS Solutions, 2020, 24
(88):1005

Sa A, Rohm W, Fernandes R M, et al. Approach
to Leveraging Real-time GNSS Tomography Usage
[J]. Journal of Geodesy, 2021, 95(8):1 464
Benevides P, Nico G, Catalao J, et al. Bridging In-

[21]

[22]

[24]

[25]

SAR and GPS Tomography: A New Differential
IEEE Transactions on
Geoscience and Remote Sensing, 2016, 54 (2) :
697-702

Heublein M, Alshawafl F, Erdniil B, et al. Com-
pressive Sensing Reconstruction of 3D Wet Refrac-
tivity Based on GNSS and InSAR Observations
[T]. Jowrnal of Geodesy, 2019, 93(2): 197-217

He J, Liu Z Z. Comparison of Satellite-Derived

Geometrical Constraint [J].

Precipitable Water Vapor Through Near-Infrared
Remote Sensing Channels [J]. IEEE Transactions
on Geoscience and Remote Sensing, 2019, 57(12) :
10 252-10 262

Wang Xi, L1 Wanbiao. Retrieval of Clear Sky Mois-
ture Profiles in the Pacific Using Measurements of
MWHS from FY-3A Satellite [J]. Jowrnal of
Tropical Meteorology, 2013(1): 47-54 ( L/, 2T
. B FY-3A/MWHS %} I i R - 4 1 3 i
25 R E L [T, $OF 4 # 4, 2013(1) «
47-54)

Liu Bei, Wang Yong, Lou Zesheng, et al. The
MODIS PWV Correction Based on CMONOC in
Chinese Mainland [J]. Acta Geodaetica et Carto-
graphica Sinica, 2019, 48(10): 1207-1 215 (X%,
T BB L% CMONOC WL 25 50 i Hh R
fifi 1 X MODISPWV 2 IE [J]. #2224}, 2019, 48
(10): 1207-1215)

Saastamoinen J. Contributions to the Theory of At
mospheric Refraction [J].
1972, 105:279-298
Landskron D, Béshm J. Refined Discrete and Empiri-
cal Horizontal Gradients in VLBI Analysis[J]. Jour-
nal of Geodesy, 2018, 92(12): 1 387-1 399

Chang L, Gao G, Jin S, et al. Calibration and
Evaluation of Precipitable Water Vapor from MO-
DIS Infrared Observations at Night [J]. IEEE

Journal of Geodesy,

Transactions on Geoscience and Remote Sensing,

2015, 53:2612-2 620



546 BE 11 TR SCUREE L BN & K S 43 PER PWV 29 58 GNSS K IR JE 8 1 1635

GNSS Water Vapor Tomography Algorithm Constrained with High
Horizontal Resolution PWYV Data

ZHANG Wenyuan "** ZHENG Nanshan'? ZHANG Shubi'? DING Nan’
QI Mingzxin'? WANG Hao®
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Abstract: Objectives: Global navigation satellite system (GNSS) tomography technique has become one of
the most potential techniques for retrieving the three-dimensional (3D) distribution of water vapor with the
advantages of high precision observations, low cost and all-weather monitoring. Methods: High horizontal
resolution water vapor information provided by remote sensing satellites is introduced. We propose a GNSS
water vapor tomography algorithm constrained with high horizontal resolution precipitable water vapor
(PWYV) data for the first time, which supplements and improves the constraints of existing water vapor to-
mography algorithms. In the proposed algorithm, firstly, the high horizontal resolution PWV observations
are calibrated, and then the PWV constraint equations are constructed based on the densified tomographic
voxels. Finally, the PWV constraint equations are included into the GNSS tomography model, which opti-
mizes the constraint conditions and improves the tomographic results. Results: GNSS data and remote
sensing water vapor data from FY-3A satellite over Xuzhou area , China in August 2017 are used to assess
the feasibility and accuracy of the proposed algorithm. Taking the high-precision radiosonde water vapor
profile and 3D water vapor density field from ERAS as reference values, it can be observed that the pro-
posed algorithm is superior to traditional method in retrieving water vapor profile and 3D water vapor distri-
bution. Three kinds of accuracy indexes of the tomographic results have been significantly improved using
the proposed method, with the mean root mean square error (RMSE) decreasing from 2.73 g/m’to 1.78 g/m”,
showing an improvement of 34.80% .Conclusions: This highlights that the improved tomography algorithm
has significant potential to reconstruct the accurate and reliable 3D atmospheric water vapor distribution.

Key words: global navigation satellite system (GNSS) ; high horizontal resolution precipitable water

vapor ; water vapor tomography; radiosonde; ERAS
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