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Abstract
This paper investigates the atmospheric water vapor retrieval technology based on the BeiDou-3
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Global Satellite Navigation System (BDS-3) and analyzes its accuracy. Atmospheric water vapor is
a crucial parameter in meteorological evolution, significantly impacting precipitation, weather
system evolution, and global climate change. Traditional methods for detecting atmospheric water
vapor have issues such as high cost and low spatial and temporal resolution. Therefore, this paper
utilizes the PPP-B2b signal broadcast by the BeiDou-3 Geostationary Orbit (GEO) satellite, adopting
real-time precise point positioning technology to achieve distributed, high-efficiency, high-precision
tropospheric delay resolution, and atmospheric water vapor content retrieval at stations. Water
vapor experiments were conducted in Shanghai, Hechi, and Haikou, and the accuracy of the expe-
rimental data was compared and evaluated using collocated radiosonde and GPS water vapor data.
The results show that the average RMS of real-time water vapor products is around 3 mm, which
is comparable to the accuracy of currently quasi-operational GPS water vapor products. This
study provides an important reference for atmospheric water vapor content retrieval and water
vapor service construction, and has significant application value for monitoring small and me-
dium-scale extreme severe convective weather systems, typhoon monitoring, and short-term
forecasting.
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1. 518

KA KIA (Precipitable Water Vapor, PWV) 2 i ER O b (1) 51 B4 il 70, HARME 5 K B G, IF
FERSRERAL . RRRGEE . KARITICL - EERAR AR S 2 Fh /S R348 i 20 A 1]
DRI, 2 450 4 T 1 00 20 T 7K PR R 25 0 AT R I 8% P A 2% R A AR AAE 8 0 R TR R 08 ¢ 3 Tl
LHAEER L.

FEGLI KSR J7 2 AT LR iR S Ul PR S TR IRV IAT T R A, HR L
PR &5, FLBF 20 HE R AIG, B I DN AN TR o /s ROBE 5 S5 1M R AR BRI ROR 228 . 76 B 140 80 4
R, Askne 25 A$2HEET GPS HATRN K S/KE MM AR, I8 5050 R KSR AEIRBE#E GNSS 15 514 4%
A% LR AT B K R T R T B I [2] )5, GNSS S 8 76 A< 5 AT ) o2 L BORER i2 . 2002 4,
Gradinarsky %5 A\ f 714 B FI I Hb & GNSS ZEkHAT LR R SRR & B K IHZN AR, Ayl F: GNSS 1
WK VR NS 7 T 24 5E 1 FHERf[3]. 2017 4F, Benevides 25454 Galileo 5 GPS &G HEAT 1 /K IHR I
W, ARERE T AKRIERE[4]. BT, EEEZRTNS AUl 7 LRI GNSS HE SEi 3R EUK
SRR R I TT 5 BEAE GNSS AR A R 5 N, 25 [E #OZ T 2 7k 7 GNSS ML, il 7 %+ GNSS
SEENF RN . ERE, GNSS 723 7 Z Kk . B FIH S 1 78+ [E b X ) H
ERA-Interim ZRISRIUS R S50 vl A7 M 3F BB S 2 S 5159 8] GPSIPWV 1S E[5]. TRASLGE
FIH GPS 1 NCEPCFSv2 K4 PWV [FlilkE FE[6]. RAUSIEKE GNSS /KIRGE R PM,s AT XL,
BT GNSS-PWV 5 PMys Z [HIAFAE—ERIAHICH:, AR R X 055 58 Ml [7]. % RESEHIER T
GPT RAIBLALT 5 H 1 KX I BCEE (Tm) RS 8w, nTHF 7KV 58]

BB Z EH T GNSS A G =M R CE T T — 8 R, (I Lt 50t il SeRT, 38 A7 1E
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o BUEUN B RE, AN BEAR G 1 AL RIS R IR T R A e R T N R R . B R [ R
LESMAZSK AWM E, JORRMESESIRN SR EMRS, IFHNH TR0 . £T
BEtEL, Al b} =5 ek IR PUE(GEO) L2 & PPP-B2b 5%, RIS K % 5 8 L EOR
TR, S kA AT AR I R R B AU IR IR MR S AR KIS B, QU R SE L B ok
ZOKI Eh A SER R AL, i 2 PN ROBE RS 580 R R GEHE I XU 0 AR e s AR 75 5K

2. RKEKAREBEREBRGZX
2.1. b SHEE LR PPP AR

K707 iR 2RI (SRIF), X AE SR M KHfs 3547 SEi PPP ALEE, fif SR ORI 2 RIS ZE IR (ZTD)
XL R U AE IR (ZTD) B & w36 43, RIOR T T AEIR ZHD (FR N R T 438 ) F R TR #% J) B8 ZWD
(BN RTHRELEIR) o 7525 2 bR <R 5 DL R, ZHD il i 457 (Saastamoinen A A9)RE Af SR 75 (LT 1
mm), 1 1 hPa [} 1R Z Pl U 3 mm (1) ZHD % 2% . 1E ZTD fif 5 b 48 A S e B AR AR B B AL 1y o
AR ML AL ) Se 5 ZHD, ZWD JIVE MR S BT T, R  AE i 2s ZTD . HT
T HE IR 55 bR SO A AR 552 R B 22 e/ (BRI 3 2 A T 22 e 1 DK, L T 3 e oo W MBS v 2 A DS ) 5
BEIR/INFL ), Jed8 ZHD R ZE 46 G55 BEREARF A5 1) ZWD W, DRI, BIDASE 72 30035 Ak <0 5 0 M ke 2% 1)
LR, B IR IR AR At ZHD 58R RENE 3RS kS BE () ZTD 77 e

2.2. BRBEXSKANEE

G R AKIR ROE B, EBR 2 INMESIES] GNSS K2khl, HaHH e & A
JEAR SR tHF%EIR 7r 5 (ZHD), #mi ZTD H¥nkRT 4EIE (ZHD) /3 &R BUR AL IR 4 2 (ZWD); 5 P2
R 6 3t A A0 250 IE S5 AR AL AT Tm-Ts BB A S5 2 Tm, 2 J5% ZWD 5 #9521 i 18] 70 240
T 5 AP R B R SUKIRFE i, RELSE FARAEAE G U A 8T &AL B S0 iR s 28, JARK
PWV EMFEM T

FR 4 FRAF B I35k kb Ps, T Saastamoinen #7845 K Thii /7 4E1R8 ZHD % ZHD M ZTD H4r &,
A RINITAEIR ZWD.

ZWD =ZTD - ZHD (1)

WIESRAER Tm, HE 25 1T

108
1=
prv[(k3/Tm)+k2,:|
Hrh, p, FRBAOKINEE; R, RKIRIIAARHE $0(461.51 JIK/Kg); Kk, Flk, WRSATH R E, HED
H1°4(17 + 10) K/hPa A1l ks = (377,600 + 400) K*/hPa.
# ZWD iy PWV,

O]

PWV =TII-ZWD 3)

Jele SRR AL (I GPT F1 GPT2 BRI EAS E—AE 5 hPa /ids, DEIX IR ZE KT 10
hPa, [RIA T 3REUERE L ZWD F= il 2R A SMIME K T3 ZHD. SR 178 % < 5O 5 £ A
GNSS KA —E MM 25, MR 10 m 1R Z B RS EZJEE T 1 hPa, #EiM4 ZHD 5l
NI 3 mm HIRZE . N T 3R AT BE SR BE ZWD PR, T B R B S S R, KR R A A E
GNSS RZAb . XS 7K PA7 B 1) 22 Sy R R K P BE ARG P] Z2ms FLsem o 0 TSR ORI R il 1 pr
No
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Figure 1. Flow chart of air pressure elevation correction
E 1. SESESIERIZE

HrMAR g 8 GNSS Rk, Fhr s BRAZMIME A Py Ty h 5l Rk (hPa) I (K) Al s
FE(m). B JINEE g = 9.8067 m/s?, Ta AR Ry = 287.058 J-K kg™, i ERimEAER T =-65
K-km*.

PAFEAGEIR 7 2 ZWD J5, FRARAE & 5l Ak BRI AT EE S I Tm-Ts i At A 20 Tm, #%
45 BT (5] 2 HEZA T 5 43 B0 6 5k A A B R SRR

3. BRI AL A
3.1. BRI

RISAE B AT AT = ANy ek AT, FH R R R AR K803 ST Lz S i 4 W 4
P, I FE A B R B M ML b R R HLEE TCP/IP #3250 1GS (H Fr GNSS k45 41 47) sk
SRS A5 b SRR B R R BRI, 5 OB AR B I AR B A 2 43 Sl DR LAy B R — N R KR
fto BRI AR IO AR, PREZVPA SE AR E SRS e . PTEEME . B, LA SRS
AR AT GPSIMET /KRN 5 5l NS b, LU b F S2if /KRR S KR B = (PWV), K856 PP
Rl LIRS 2 R AERA M

3.2. LFE
3.2.1. Tk IRTARBURLE

MRS GRS K & f e A TR () U (p)s AHXSIRE (U) AR AR IR (B) T HE K
PR ()R RI/KIIR A HR(a):

at
E=6.112exp| — 4
Xp(b+t) @

Mt>0CH, a=17.27, b=2373; X t<0CHf, a=21.87, b=2655.

UE
e=——

100 ®)
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&ge
e v
PR E PWV:
PWV:%K%@ @)

He=0622, RREIHEE: po NS HL A E; g NHWERE Sl .
RATER AR THHEE R LLBIHRES PWV H.
3.2.2. ¥HMEGE
PPk 715 e SER AR S 1KV i 5 F — B 2S8R GAMIT AR SER AR S GPS /KA S Al TS
L RS KRS AT te g, THE BN IR N A TR IR ZE RMS, RMS HHE AT :

" (PWV., —PWV... )’
RMSPWV :\/le( R-;] REF) (8)

AHn ?'\ﬂ;izlx/l\ﬁ’ PWVgt ?“j%ﬁvj‘ﬂ(ﬁ’ PWV ger ?"j%%%ﬂ(ﬁo
4. SCIRLER

4.1. STEEMSH

IKIRTE b B SEREVE AT 2 BEGE T — /NI 43 R ER KR SR LA B 4y R 2R KIR = i, Gevt 2o S b
iR AR A PR KR i B R o AR KV AU
4.1.1. —INEF PR T ST

GBI~ 2023 4E 7 H 1 5% 10 H 315, SiFr=ich L/ R KR, i3k 1 R,

1) s i SE R )y 85.08%, DR KE B 7 i LE 4.47%, TR % 4k 4 s A 2 i e 5 SBOEHE 2k
i 6.40%, DA IR EGR BRAE T BT T & EE 4.05%.

2) g OISR R RN 74.80%, [RIGRRAE B 0 i LU 3.71%, R 44 247 BIORE 1 i % 5 308040 ke O
5 19.67%, DR BRS80S E 1.73%.

3) L= i SEHE A 89.14%, [RIE I KE B i o5 LG 6.27%, [R50 4% 4 47 BIURE A4 i o 5 350 5 s 2k
7 bt 0.84%, R E R EAE S 20 W7 A7 B 3.74%.

Table 1. 1 Hour product integrity statistics
= L LB = TR M Gt

W 44 FE M H FEil
LBt = 85.08% 74.80% 89.14%
R 77 b R 4.47% 3.71% 6.27%

W £ A A A b 6.40% 19.67% 0.84%
B R B 4.05% 1.73% 3.74%

4.12. AR REEY
GEFBON T A 155 10 1315, Gk @y LMK, Wk 2 .
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1) JHIIhs 7 L e RN 85.32%, HLR SERERHIT 90% bk 70.49%, AR K P o HE 38.52%);
2) U A SE B RN 75.34%, HUORSEREERET 90% 4 LE 59.84%, ARSIk L 33.00%;
3) FE IV S e B RN 89.01%, R FEREFR T 90% 4tk 70.49%, AR K = 4 HE 39.00% .

Table 2. 5 Minutes product integrity statistics
2.5 DRI E NG

ik 44 it | FEil
P SERE R 85.32% 75.34% 89.01%
SERER KT 90% 5 Lk 70.49% 59.84% 70.49%
SEEEE N 100% 5 L 38.52% 33% 39%
4.2. BBESH

LTI d O LN BER BROKTU e, ST B e 7 A ~8 A9 H~10 A BN IA], AR e
BT T S IR DU REA SR, SR AORE T S IR 55 A A RS SR IR N S BUR L4 R E . 4
AW S G, 9 HE 10 H/KFMHEENREE .

42.1.7~8 BIKEF-RIEE

Giit 7 A~8 AMIKIREE indk 3 fin, LIS %R GPS MAE NS, IMithih T RMS 4 6.52
mm, 3 RZHCN 0.69. EHERE 5 RMS A 24.65 mm, 5 230 0.38. #1357 RMS 2 7.36 mm,
R ZHH 0.78.

Table 3. Statistical accuracy of water vapor products from July to August

3.7 B~8 AKKRTmBERITR

5 GPS xT 1t H5HREXT
7~8 H
ATt g 13 b M hor it I O3k
SF5 w2 (mm) 3.3 13.17 3.9 4,97 14.41 472
RMS (mm) 6.52 24.65 7.36 10.45 25.05 9.57
STD (mm) 6.51 23.01 7.32 10.3 23.76 9.53
PSS 0.69 0.38 0.78 0.77 0.43 0.8

PATCLR IR S 45 AR NS, iy 71 RMS 4 10.45 mm, #5¢ /%0 0.77. L 15 RMS A
25.05 mm, K RECN 0.43. L5 RMS N 9.57 mm, 55 R%0N 0.8.

K 2 8 7~8 Al IR (KIS fhi R, igssE 7 A 15 57 A 27 SKEMERE, E
R 14 SRES MR, KEMZESENERET, SEENZ AMERT, €27 SEAREF
JE R TEH

127 AGHARE T, BRSO &7 S IR S s 2 R IGS RS 88, BT MZHE SBHAEF AR E,
S AR 1) 5 B R (G AR I 75 B B O B, X BRI TR /KR R RS FE e 22) » #E 8 AR R BR o
Hte 2[5 N IR 55 25 (FR iR DUR 4B 1 7= S R R IR 25 #8) . 8 A RS 25 SR B B A 52Tt
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Figure 2. Time sequence diagram of water vapor product from July to August

& 2. 7-8 KR~ @mETFE

4.2.2.9~10 AKE~=RAEE

giit 9 H~10 AM/KIRSE R 4 B, LLEET GPS WMIRH GAMIT B AF#E S R 5 4 RAE NS
%, Y RMS 4 2.33 mm, MHKXRECH 0,95, RifgssFI4 RMS 24 4.15 mm, AHSE RN 0.97.
W34 RMS 2 2.2 mm, A5 R %00 0.93.

Table 4. Statistical accuracy of water vapor products from September to October

% 4.9 B~10 B RBESITR

55 GPS Xttt HERAER L
9~10 H
Ttk kg (7 Ttk kg O3
S35 {7 (mm) 1.53 2.9 15 2.81 3.22 2.33
RMS (mm) 2.33 4.15 2.2 3.26 4.14 3.12
STD (mm) 2.32 4.05 2.2 2.18 4.14 3.00
FHRAE 0.95 0.97 0.93 0.97 0.97 0.95

PATCLR IR S 45 AR NS, i T3 RMS 4 3.26 mm, M5 R% N 0.97. Lifgis 15 RMS A
4.14 mm, F5%FRZHCH 0.97. # 5 FH RMS Jy 3.12 mm, 55 £2%40M 0.95.

w3 fan, 9 H&E 10 A R/KERIE R, BT R A6 HRE 2 R SR IR, BT DAZE RS o
ANTAE R, EAAEF. GPS AnAlng ) TR BT, KIS B TawiAH .
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Figure 3. Time sequence diagram of water vapor product in October
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5. 58

AEETAC} =52k TR SH ARG BEIE R LUE MRS, BT KA . % Rl
AN O = AN X AT KPR RS, HFRIH FEREER S A GPS 7K IR B s 35 47300 Z0H e M B DA% 23 B
RN 4518

1) GRS AR S SRR AT AR B SRR A SAME D 83.22%, HERR FH AR RORS T IR SS A%
ANKEE BT ) R 58 A8 R 3106 R B R K i 7K™ il ) 58 B e B P ik 96.82%

2) MERGEBATHINGT A2 8 H)I, T B REANTE B AR 5 77 AR 56 55 IR N S BUi .
KR A EER 22 . (RS — RASH STAL S, A R G0 T DR e R S5 H s BE KA i, i 9
H~10 H 1ISER KIS fh B F) RMS 75 3 mm 47, 5 H AT &2 171 GPS KV~ ik AR 24 .

S, s P E R K PPP-B2b 155, SH B /NI A 2 9 B ARV i s, BB RS L
IS TSN SRR )50 (I Ca | 4 4 & A e A [T

SE

[11  WhEK, 5KIE, FLEE. GNSS =z [AIPAE A0 7T it e MR B[], W4 243, 2017, 46(10): 1408-1420.

[2] Askne, J. and Nordius, H. (2016) Estimation of Tropospheric Delay for Microwaves from Surface Weather Data. Ra-
dio Science, 22, 379-386. https://doi.org/10.1029/RS022i003p00379

[3] Gradinarsky, L.P., Johansson, J.M., Bouma, H.R., et al. (2002) Climate Monitoring Using GPS. Physics & Chemistry
of the Earth Parts A/B/C, 27, 335-340. https://doi.org/10.1016/S1474-7065(02)00009-8

[4] Benevides, P.C.G., Pardini, M., de Paula, E.R., et al. (2017) Comparative Analysis between Galileo and GPS Systems
to Detect Water Vapour Changes in the Atmosphere. GPS Solutions, 21, 1-12.

[5] B, fRIE, XIZF. FIH ERA-Interim SORHE h [H X R H miks AR SN T L HAE GPSIPWV fiR S
IR HbERYIHE 244k, 2018, 61(5): 1725-1739.

[6] ERA, MFHFR. 454 GPS Ml NCEP CFSv2 WX PWV it /7iE[d]. UK (5 BB #£AR), 2017(3):
328-333.

DOI: 10.

12677/0jns.2024.124080 710 FIAA R


https://doi.org/10.12677/ojns.2024.124080
https://doi.org/10.1029/RS022i003p00379
https://doi.org/10.1016/S1474-7065(02)00009-8

XE &

[7]1 kXK, ®ASCEB, BEFH, 2. GPS /KyRAEZE 58 KA MR R A BF AL 0], sIUKR 2= (5 B R 4AR), 2018,
43(3): 451-456.

[8] R, &R, E¥EF, 55 T GPT2w MRS b [E 0 X X 2 AT S5 B BAE BE 43 AT [0, Rl 2 5 3t
FREN F15, 2019, 39(5): 496-501.

DOI: 10.12677/0jns.2024.124080 711 HREL


https://doi.org/10.12677/ojns.2024.124080

	地基北斗大气水汽反演及其精度分析
	摘  要
	关键词
	Retrieval of Atmospheric Water Vapor from Beidou System and Its Accuracy Analysis
	Abstract
	Keywords
	1. 引言
	2. 大气水汽反演原理及方法
	2.1. 北斗高精度实时PPP处理
	2.2. 高精度大气水汽的反演

	3. 数据获取及实验方法
	3.1. 数据获取
	3.2. 实验方法
	3.2.1. 无线电探空水汽数据处理
	3.2.2. 评估方法


	4. 实验结果
	4.1. 完整性分析
	4.1.1. 一小时分辨率产品完整性
	4.1.2. 五分钟分辨率产品完整性

	4.2. 精度分析
	4.2.1. 7~8月水汽产品精度
	4.2.2. 9~10月水汽产品精度


	5. 结语
	参考文献

