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MATHAME GPS AMHEMAIITRAKNE (PWV) HEXFERMTERAESR
FHMRLEMEMER., il GPS MEH PWV 0 EREF XK ARG T RN
wOATHREXRBEERMMETHEE, RI\EXE S BB E AR, RIS EE QMG
By RATEE S HMA T MBELERMG . RAXETEEAHMER GPS MEEMT R
BRMENHE, ARGEEN PWV BHERLE 1—2mm, 2LIMERAHMBMBEHTH

TE, MRTRAUAOIERSHREN PWV MG ERIF TR T AAME GPS &2 N
PWV T S%.

X ®RiA RKHUBER —HeEHS8MAT — MOLERGT — TERANE
4 % 2. Pi28.15

1 5

ik

ERTDEIMEMRL (GPS) i — AN B FH, BETFAHX ECLT A P &5 E&Bfm
SHIEAM, XEXLBFESAGPS TEFMMBEUNAERIBFZARIHEEA L
THER, HhZ2dEagERAENERYBEEER; 2P ANNERF AT HK
[AFHRSEMERMFER, KNI ESRAERMBER. B RERAHFHHE,
EE AR T BB RFAIMER. EPHERFENE R RBHEE, A6 H IR 8 J5 &%
HER. R, TEEMAEEAEEE, —MEAREDTRIEREL; WREEHTK
M M EARARR AT, RERMESRIOETRRL, AT Z E K&
HROFBREFZ U, ASRITILHHERBRE, HhKXEHT (WVR) M
HRMIER. EHT WVR HERABREAEEEATMEL TER, RAARERK
WVR EHTRAMNREARSHEHRIRAE, ARRESABGRIEEZIRAE TR,
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RERTEERSHOE T E5ME, TLUERTUEE R — PRI BERAM T, haTllEE
FEEER AN RAXEERFA -0 BS R RAMA T, FIHXEMAEERBAE GPS
BEEMNTHBHESTEHENENHE, Hokkm GPS MEME XS TRKRE (PWV)
RET—mEHMFE DY, TRARBRAR¥ L 1TEENYEE, REEE MR
P RKRESIEME RSB KEREE T ERMEKE, HEXA:

1 [ 1 * e
PWV = A pwdz = R A —dz (1)
Hd, Ry = R/M,, M, BAKKKOERRKR, HHEY 18.0152gmol™' ; R AE/RABEH
(8.314.]-m01_1 K™Y 5 pw HKEBIEE;, p NEAKOER; e YKKE (mbar); T X
KREE (K); h ABEUSEREGE.

b GPS MBI B IMRTNEERBETIR—IMEFRITERBEATEARE, XITMHRTE
B ARSI 5 E B K S8 m A 2R R 89 e/ 2, K AU 28 A R Bl B R NS 8] 3R 4L 69,
EEREMHTATE U AERBERET, HHRETFOELMEN 00156

2 EBRAMBR, KMEMWE GPS AMEES K PWV 5 WVR FilE R4 MRIF 6.
T E TR H GPS it PWV IR BEHAA —ERM, EA-EGERIELEX 4K
BofE S O XML hE GPS MMAI B 2B BN PWV GiT RBRSR¥NTE
E BTAMKAE PWY ENTRKAMNEERS, MARA —INHKSFHBEES A
HEMKKAEBERE, BMESASKTHEXN KK TSR, BERKANTHERTS
SH 1715, FE, KKEHEBEMSKHAZERARNERERMHEKR, mHEHRRI RS KK E
HREE. BAWNKMERMBEUER, SESGANENSEFTEASEZNEWE,. Bk, i
i GPS W& R (L Ef i B RAFRMERIBEHARBEAREENEL T,

2 i GPS WM PWV KB

XL BWE, KAFHEX KRR, FHmAAH GPS AT LUBAETKNEERE
MR ER (.

ERMHRASBEN BB AIAUE LT, ATUEMRRER Ac ERRTMER Ao,
S ST RE m g RM B

Ao = Ao, -m(z,p) = Ao,q - my(2,p) + A0 - My (2,P) (2)

KA TR A w SR FFATREAS, ma Fm. S5 RHB MBS R 2 % GPS
DEMATEE, pHARS%K. RIGERE LY 10

Ao, = 10_6/ Ndz (3)
h

Hep h HEBEEBEERE, N AKSISER, ETURTRA:

N = (k1pa/T)/Zq + (k2e/T + k3e/T?)/Z.,
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XE py Fle 43 AFASER (mbar) MKKIE (mbar) ; T HRE K); Z4 M Z, RES
B k. koo ks AASITHEY, HBEREL., KEE/EEHEH Thayer £{LH1H,
EH¥ERS.

#1 FERGCERANKSFHERARKRE Y

k1/K-mbar~! kz/K-mbar~! k3/10°K? . mbar~!

& XHE BRE X E RE F¥HE RE

Smith ! Werntraub 77.607 +0.013 71.6 +8.5 3.747 +0.031
(1953)

Thayer 77.604 +0.014 64.79 +0.08 3.776 +0.004
(1974)

Hasaeaw 1 Stokesburv 77.600 +0.032 69.40 +0.15 3.701 +0.003
(1975)

Bevis M, Businger S, 77.60 +0.05 70.4 +2.2 3.739 +0.012

F1 Chiswell S.(1993)

REBRSERSTEMKCR HEPHEHFETERTTER O
Ac,q = 0.0022768p,/ f (¢, h) (4)
He, p, AMES/E (mbar),
f(e, k) = 1 —0.00266 cos 2 — 0.00028h (5)

o HEBOEERE; h ARMSKEREAR, RAH km .
& B AT 13 R g 2 IR -

Aoy = 1078(kb + k;;/Tm)/h e/Tdz (6)

XE, ky=ky — ki M, /Mg, Mg BT RS BE/RER, HAE% 28.9644 (gmol™); Tn A3
ARSI 238 % -

Tn= % ™
RO IERA PWV BCRAER, WTH S 802 E 8% RE.
PWV =11 x Ao,y
IT = 10° [py Ry (k3 /T + k3)] (8)

M (8) RATLUEF, REBEF T WX@BREK T, Bevis AW HASEMNTLBESTN
(Radiosonde) %k R T M EARX: Tn=702+072T, T, AHEEE, FMACHING
XRBEREHBRT PWV KREMN 2% . B, FABEXRSHR (NWP) Rt i+ 8
T, EBFMERIEENT 1%, 0L PWV (R ETELRKXKERTIRERMMH T, ER
BEMHERTENREWATEERA T HEENRELTIIR, XtBREBAT GPS AR %¥
WRABRBEFRMBEAIEMTRZ— T,
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FABESRAELIAN (@) HHHRXTUFEE, RATEN GPS WR A T RTNER
FMBRAFRTEER, FEIHERAKARATKRE PWV , EHME GPS AWM IR FEK
Rk, X AME GPS SR ¥ T HEHE,

3 i GPS MR PWV 875

GPSZEEMFTEAIERMAMMAMBRR, BEHEHRT, —M GPS EWHL AR
C/A S, AT, EHMEEAMBRARAMCME. MUMBOUNM T EFEEEHRAMEN
BEMLIRE, FEMKE SA HAS HEILMRE. TEMEBEE. TEYIHBRE, Bluss
FRIRZE, EBAMMN, AUMMIRE, KAERREAANES, B X 8iRE XA s
S, Hh, SA S AS BSGRSIRMIRETT AR ELNE, DEMEHET A ELNE
BRI ET LE N S BT, BUTENEEMDEMZ %, IGS(International
GPS Service) I GPS PEEHR TR AEA, HENHET A 10cm , HHHEKMR
BB AT A 20—30cm!'Y ; EIR R EHNHARECRAGTERNEEE, HEAITEXER
(2] xR B R A T RAEFA R BRHLABHR GPS M8 8 1k 5 A — i
KF15°, HBEBRRNEAKHNF; MUTMIRERD, TRAERIT; GPS JUH B KHLAY
EHHATEEERERRNEANE, ASFERTHBASSERERELL AN
FEVE N M 53R ER — &4, WA GPS W Ay 8 8 0 8 00 R TUR SR 5 3t B9,

HTFEERARHBESR TR EHEEL, SASENEAT8EM. EFELHEMAX
F 15°, XA ZE R B 5T 56 HORN IS AE AR M 5T R 20 BIR AN, T B & B 5t R 2080 3 B o,
FrLLE % AT F. 15 B 5T R BARBUY R0 sec(z) X R B . BAEBILEEE AR /N, ExA
M ERTIREEAEAMOBEE (0 CFA22 R, Yan %R B HH B & 131 &)
MF . RSB R, WAL KSR TUGEREA S ESTMAT, RERERTETF
HER 8 3 R TG € 8.

R B KM SES it (WVR) BB R TR [ K8 2 B E 4 R a0 a R
—Br &R - DRAN KBNS AL R R TS [ B R, A {UAT LR
RERMRSGIRE, THTURFHELNEEROMHIRE B | —Br&W - /AR KB
SEMEHER AT E R ERY 139,

p(i+1) = m-p(j)+e
i1ty _at
m = € Ta =€ Ta
(9)
E(e;) =
E(eje;) = 02-8;5.= 37,081 =m?] &

B, o) ERFiANMTANBERNFEHELSY, ATUHERSEEREIERRFSHL
REL E A A KR R R AGE (18918 7, 02 4 5% Bl HLIE A2 1 4 < B R O 3,
EHMNIBNEIEESY, ENNERMERERAEH, EXFARBOANEEETTE
W7, flo? ff, MARELBLRANRRN 7, Mo HEE, REFSHA Tralli® %
ROFHEAE WVRBIBNERBIMEH#THE, tREAEM L, M2 H O, o kH
37 i 3% B8 i FR B 2,
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E—B & - S/ARARMIEESD, 7 o oo BRRMHWITE, HERHERN:

pi+1) = pli)+e

2

10
o? = At-of (10)

EHIIEO SR TES, FIUMATHA - MREFEEH, GAMIT KHEKBFRA
XTUEBELI AT T HH, RATHBRAMGEMOMIER, XhEREDT:
BE—EKEEERE R - NREFES Y, HESHOREFESHN o() M p(i+k),
HRETER:
pli+k) = e 7o p(i)+&;
EE) = 0 (11)
BE(EE) = 37 [1_6—2'“"!] g - 8i;

R R ERE ¢ i+, ZEBUWMF T j R LML, .

pl) = p(i) + L= (ol + k) = p(i))  i<i<i+k (12)
B, (12) ARAHRMRM AR, RAIBL o) =1—m,m ARG S5 . HAHE
MESARNBEMEFE, IREFENRBREHE, ERHFTE ARNEHEHESK (linear spline) iF
¥ Ll 30min M EIRGERMEBLEHU, HIEENEREA—MEN - S/RBXIELE, N
M8 — A8~ Rf5Hl, ABURLSHTEERSEEGHEGEN B,

BA—HEREAMSBESHOTEHEM T HFERANE—BFEA (K0 120min X —
B) RIS R A2, GPS ¥R 4 H ¥ GAMIT B ER AR £ XHE AR/ N - RERLE
SMBEERERW V7, BEFRERSRBRBE R Y, BHE GPS AEABEHLIILIE
%, . ) .
KU ERB T U LB A - REHME TR E/REBBEMHMSEHBHE, Bild Bevis %
WHE T HEHETEALRNMETMRER (NWP) BHEBRET, Eﬂ:&tﬂ PWV B8] 7
7). AN, BEKENKT 500km , FEBSHRTURERBMEXEiH B, B0, 48
SHEME, IMMESEINFEKER— A#ﬁ(ﬂﬂb%ﬁlﬂﬂ‘]&ﬁﬁ'ﬁ*—i Iﬂ?%%) M H
BAXMEERNHERMAET G, BEBIECHENGT, FF -1 WVR XREXMRE
67 B, EARBBREBLEEEATRNMEXAMTED RIS E RO LA, BRIE
BIBEATRSELHEBRN A KIME, WK PWV KM ITEE, TUXILTFEHS—
SRR, EoE5RLHEBRANMABERSOHEE, 4B EFHELITEAMELRKRE.
B Ak PE A ERCH 15°, B K AE %S 500—1000km!S7)

4 PWV KPR B
ER S BSEA T MBENER G T UEME T RO EERSIRHRTNEERE

Wah, ERKNZRARMORER S, MARBAYS, XHRFEKTIEORTRE
REZEEELGBR, B PWV BT EIZBLKFLR.
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Gardner['8) 7F 1977 S HE B T Mo U B 89 K AU 37 5 3R 7K 7 86 F8E X 38 ' 00 56 1) B o84 £ — B
FEX, EROHESS, REHTRKESREREOTHRTRMB TR 2, B XHE
KA AN N EREENEmEERERE AR ENEwa S EXERNKTE, B
S5mBEAAX. €100 AFEAN, FRAFNANNEEREKTIA S5cm ; 7 20° &R f Atk
1.25cm , MKEAN L BEBEANEERELA, BARKYHENEHBES T TRE, X
BEHREN GPS MBARLESEARKNLELSEBH AT HRENE S,

Bi# WVR tEEM B3, Rocken £ A ¥ ZWAH | (ER. Edb. EFE. EX) L43
PAEE A 90° . 30°, 42° FIET#EATT WVR WM, XS REE — Orthogonal Tip Curve
M, Ed 4 MRTOERA 300, 42 BHHANAPEEXFTAHEDPRMIE 12 M B AR,
% T8 Orthogonal Tip Curve WM MR T B4 F (30°, 42° B AN TR LB
RTEIER) . ORI £ R FR T {L2EM A — K Orthogonal Tip Curve M ¥ 8t 5]
AW (10min) KX KR, ERETHMELTEMORSE KT, ERESEAHTAD LA
FRMBERMER A B & THBRAEKFE, BAAE 3cm, XK K 5 # R R TR0 IR0
BREEFBHIREZ—.

Macmillan!’®! %t VLBI M # T T AN AN HRBENKIE, KAKNESHELETRER
R#m., X 5998km ELR, BLABEHEEMNERMN 9.1 mm £ E T 7.3mm, x?/f i\ 3.6 £ E
B 20(x* RABEKWNAMEBEAUNRES, [fAAHEY . XEAFERRET S RK
s REH M.

UERBERAWMATUAHHEELFEMBRE RSIUBLAOEN, BEARLBERHE X
SHWEEEAFREmMANEE K EABNGESAEEYE, ANELREx b GPS W
HFHRTRERE PWV GH. BRTEAEEST GPS FR R H A A3 B a9 B R sk 4t
i [7.17) .

5 GPS-PWV ES&REMEN B NH

IR HE GPS W ¥k, aTLLES KRG ERRBE PWV 8 B FF]. Yuan %A
6 @B ATHIBHA T GPS £AN B LB (BHEEMTRKEES) B CO, S BIEN
oL, KIMEN CO: MUlh AHRBEOKNSE, 788548 b 4 8 i X 1018 &R faT &
KEBHBHM KHEERBAITHM40mm LL E, REAXN 10mm; PWV F#H{iZER
K% Tmm, 2% 1—2mm, BIEWELEGE 4. X PWV FIE TUE B 3 SR
BURYE, WRARNBK PWV FRELUE FHR SR X S SE B0 ER.

B & GPS FTiB 3l PWV b B 2= S FU BT () 4 34 R0 32 8, Xt O F 2 1 KK
BEREAMPENREAGSI RO KREARSNBIRBEMNY. TXFEEBSRANE
M BRTEAH X, XEBHE GPS B ASHERTHAFELZRAWHR T, 1993 %5
A% GPS/STORM %Lk (2 54 F i # T GPS ity PWV &85 WVR Mm%
RHABMRY, ENE 1 —2mm DA, FHIEHT PWV MESSFREEIHMNGIE
MM, TRYMEETFRGESB3), REXET 100 R EER (AP AE K F4 4%
RHER), UATKERHIESE PWV fRERA S BEHHR AR, L85 EE & E T A
AMFEMEATHRENATMSIE TSR THIAKRKE, GREBER, & FEAE
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BEABEFRLTHRAERASY & (CFA), X FE I E b T U0 P R S B 1,
{H7E GPS PRSI PWV PHNERAMYBEN, BRATHEAEN 7 . xxmm
B GPS MM BHERRTREN. BSABERTARANR: ZHITEEELHG GPS I
BIFER, SRR REE R, 3SR O SRR SRR B KR, R R ) 4 R 9 S B
PWV . HHj SOPAC(Scripps Orbit and Permanent Array Center)(2!) 238 fit T 47 JL R 5 8,
i: pred A, pred B, pred C il pred D %, M, pred D a[4R 4 24 /B 936 ST B $13,
EMERPE (FEABRHGE) X PWY MEMZ ENYLEXEE TEX, HifESEn
BAEL REREHFRSESX PWV M ZEBINRE, SEEHEFLRIETSEHE
IR R RREENES, INLRAES BT THE GPS B A X —HKATHES
MRBEA RS,

Sk, KIREERMRKREARNERLS R, HME GPS WMEM A TR AKET
AR[NHEHRBHREER TR (NWP) BERBE—AFHOAREH ), NTRED—&
REBBEREORBEUT TR, MHARNHH NWP BEREFHFERTRER#
BB, BETIX A 8 R E AR BE O R L E MRS b AT BB 8]

6 & @ iE

G ERTE, FIAHE GPS MR PHEH T UR T BRI R MEERNEE, NTHTE PWV
firit, MLREFEG GPS FR B KB PWV R 7] 0 X S BUR A 4R B 57 31 4t
BREFHES, X—FABXBSESSERANEN. AN, RMEERNMGITEAR, 52
PLE R A5, AT LUR 4730 S BE R SUE LR 45, 38 0L 150 6 BE 0 5 B 1) 43 % 3R i) K THAR 2
B, ABA WVR RIS BE R BRE T - REMMETEERNGTE. WH, 5§ WVR
MELBHE X (Radiosonde) MLk, HiE GPS MLt PWV FIIRFEER 59X, X
FEX GPS KBMEBHB > SHATHELENTE, BIANSRTSHARERMERED
HANORE AN SERAH#THEAREREAN PWV EEMEA, EEHF. GPS WU
EREILR R, EET SRS 29 0BT RN N EEME PWV
BRH|T AR K. BT IGS WL KB AT OB PWV K5 N B TEK— 8
5, FOEREABBEESTPON PWV EHERD TN PWV it 75, #REIR
EBIIEH.
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Methods and Promise on Monitoring Precipitable
Water Vapor by Ground-based GPS

Wang Xiaoya Zhu Wenyao Yan Haojian
(Shanghai Astronomical Observatory, The Chinese Academy of Sciences,Shanghai 200030 )
Ding Jincai
(Shanghai Meteorological Bureau, Shanghai 200030)

Abstract

This paper provides an overview of applying ground-based GPS to monitoring the precip-
itable water vapor above GPS receiver sites. The wet delay due to water vapor which is highly
variable and inhomogeneous is difficult to be precisely estimated by surface meteorological data.
But it can be estimated by multi-parameters estimates and stochastic processes, such as first-order
Gauss-Markov process and random walk process. The derived zenith wet delay can be readily
transformed into an estimation of precipitable water vapor. This transformation is well achieved
by multiplying the zenith wet delay by a factor. Many tests have proved that Ground-based
GPS technique can offer not only both high accuracy and high temporal resolution of estimates
of precipitable water vapor, but also potential facilities in nearly real time estimation of pre-
cipitable water vapor. With the rapid growth of regionally and globally continuously operating
ground-based GPS networks, it is good opportunity to observe distributions of precipitable water
vapor with high spatial and temporal resolutions. The results have been proved to be valuable in
regional or global climate analysis and short-range numerical weather predictions. In addition,
GPS-derived precipitable water vapor may provide a powerful constraint for numerical weather
prediction models. This is also helpful to improve the zenith wet delay estimate for relative

positioning.

Key words Zenith wet delay—Deterministic parameter estimation—Stochastic process estima-

tion—Precipitable Water Vapor



