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KF:ZTD K5 DEMA 6 FRIXH= BAER
B ZHD X R R TR #1388, PR A X 0=
KTTHEIR s ZWD Ry Xt )z RTR LR .
THREREIEMN ZHD BHARRE . FE—EHR
e, Jl LA o B 7 38 B 77 (Saastamoinen) B
#0285 JR 48 (Hopfield) 11 810 545 47 Hb #
BE, A X FEEHEE TEA R R EER,
Rp
ZHD = (2.2794+0.0024) X P,/F(A,H),

ZWD = 0. 002277<12j+0 05>eo/F(A 0,

FQA,H) =1—0.0026cos 21 — 0. 0028 H.,
(2)
A P NI s R UK, hPas e, HKIRE ;mbar;
T iR KA I s M B4 B s H I Kb
km.
TR I 25 AR AL 4 R R 2, ZWD il 2o B2
R E A om iR 2D F I — BN B R L
B ZWD, MEM ZTD s ZHD B3] ZWD.
PWV 5 ZWD FLERLT IR

PWV = II X ZWD, (3
LI ASXRERERTCNELRRY.A
m= 106[,)-Rv(k—3+k/2>]71, @

HF ks b WREIHREGR, BB AT
B T HIMBCY- YR, 248 BRI AR R A A R
SREE A, ACE AR Z i PWV RN
ER—TERESH, ARA LML EENE R
o AT LA A @B R M B I R 4 (GGOS) £
B9 GPT2 SR8 % i B [8) %f B #b 45 /Y P,
T,

2 BIRALIL Ko Hr

2.1 HiEskiE

2011 2 E PR GNSS iR %5 .0 AGH FF & T IR
B AN S BT 2R AT A A GNSS {55 19 MGEX 1
B, XML GNSS W Hieds fi 2 55 &7 .

AYR SE B A B 2L 3 CORS #I MGEX ¥
2018 4FAEFLH 120~150 d 3£ 31 K 1 W BCHE , 5
Wy o BmE 1 s, K, InRBERKFET
B S E A S0 50 = SR B FE 0k CORS £ 4% W I £
W3k A & FRI0 R JZDX. W A H X 3 B 8 AN 4R

At 22 1 LI B 59 MGEX T3 , T 35 654 45 Bl 2
BRUN, CMUM, GMSD, HKWS, JENG, KARR,
KIRI,MCHL. ) I- W10 $k 4% ¥ 62 & BDS #1 GPS
LI &=, SR A [) [ A 30 s.

40° ﬁ’-m ,,,,,,,,,,,,, m"""""‘f’w
i YIZbX & MGEX site
30°§ JENGAE  ©  AGMSD % CORS site
i I . i . ® Radiosonde site
. HKWS
- it CMUM
Z 10°h <R
Ei [ Fy
® L BRING A
: e, A KIRI
-10° [ +
-20° :
HOO 700 M
o 2w, A e
80" 100° 120° 140° 160° 180°
ZEI(°)

1 MeEsHE

RIURZ 4% BDS &4 T = F A R B 3R
Ky BDS & Ji #1387 &, 43 315 WUM, WHR,
WHU. Hh WUM,WHR % T35 S0 kb7,
WHU & A F 5 B 2045 40 3.

2.2 HEHH

Ja43 4 BDS 1B KRR B HE g, E 4 BDS
R PWV 84N &4 B, 6 & T =7 BDS ¥ %
B Jifg B BDS/PWV 43515 IGS Xt i 2 iR 7=
i GPS KIS BRI 45 3R (ERA-S F 43047 Bk ™ & A
R 23wl H5 4 3347 X B
2.2.1 BDS R ZTD # & \#fr

ZTD £ RERSKREEMNEEZYMER,
HEEABRREE ¥ ﬂniJ PWV BB XEE,
IGS 2R AL R R 5 min, K5 BEAL T 4 mm X
BRTUAER 7 o 3% 77 dh BB B B R R 7T &
P, AT U R 7 R8RSR IR S500KG BE A AT Sk i A
wEFBZ M.

7 YK OS2 % 3R I 3 GMSD, HKWS, JENG,
KARR.KIRI f1 MCHL 3t 6 M35 IGS 3% 2
RIAER =iy, B3k 6 M) BDS ZTD fig {8
MGPSEFERAKBEERGHMEM ZTD 5
XF R IGS XF 32 K AL B 7= & i) RMS i3t 15
BN 2 Fis, B T e e R ARG, B 3 /R T H
I HKWS 3§ BDS/ZTD # 1GS/ZTD {4 it d] ¢
3.
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Zja#,F kT BDS # % E 5 & & 6 KA 48 5 AT

93

35 pe

30 -

25 777 16F/ZTD

20 ¢

15 3=

RMS/mm

10 f-

GMSD HKWS

JENG

KARR KIRI MCHL

W5 H

2 BDS.GPS i ZTD i@ 85 & 5 1GS/ZTD {R £ i RMS

2700 ¢~

2650

£ ,,.,/',v"p..' N
2600 A B

ZTD/mm

2550

2500

2450

1GS/ZTD

WUM/ZTD
WHR/ZTD
cwonen: WHUIZTD

120

FEHAM

3 HKWS i ZID Bt 5 5

ME 2~3 FH, = BDS £ i WUM fg &
ZTD WK E &, WHR & ZTD W ER 2,
WHU 8 ZTD fEFEf# TR & . BDS #4k 5
GPSHT IGF @& ZTD MWL 1 ~2 cm &
HZzR,BDS f# 5 ZTD ka8 h—3,
ER EZALT GPS.

F1I/H THRIE=F BDS & ™= Rt 4
#,% 3 BDS/ZTD 5 IGS %} % |2 R T 4E 3R /=

HBEZ RO AR 1AL, =% BDS B )
B ZTD f@ B H 43 B\ 7F 4464.4326 1 4464 4, 5
1GS/ZTD W)F# w2 (Bias) ¥ KT 7 mm, FrifE 2
(Su)KRT 22.09 mm, ¥y HRERMS) KT 23. 37
mm. Z545 K 3 AT LUk H BDS #55 ZTD M4 R §
HERZHSHE. ZRIAMEZZ W, £¥ KT =
B RENBRMES BREE, BDS/ZTD 5 1GS/
ZTD B Sy kT 19. 80 mm,RMS KT 21. 15 mm.

%1 BDS/ZTD 5 IGS/ZTD By £ %%t

B B fWZE/mm  Sy/mm  RMS/mm  HB>36)5 Su/mm  BBR>30F RMS/mm AR
WUM 4464 7. 64 22.09 23.37 19. 80 21.15 0. 985
WHR 4326 7.36 24. 35 25.44 22.00 23.05 0.982
WHU 4464 7.62 25. 88 26.97 23.63 24. 82 0. 980

RN RHEENRIKREENEER
FRDEMPERE, BEREFECYHRELAX T
1000 km B KFEL,10 em ) DEHLERESTE
1.3 mm ) ZWD iR 2,0.2 mm i PWV 5%, &
i T## BDS T EWHIERITAIA,BDS #HHiBA
WERE I E TE(GEO) A FREHE T A
AGSO)FH R #iE DA (MEO) =/ T EIEF 4

HRES A # Y. {8 GEO T 43 A i JL A 45 W 4 22
M M EZMERESS MRS, L
BERS, S GEO DRV MALE 1~4 m BF
RERZE ,MEREZ® T IGSO f1 MEO 1
£.

FIRA S 5RE AW ¥ ¥ AT K M X,
BDS T2 S 2% 4 8 45 i vk 45 H AT L BDS T
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BB 12 B4/ H AT 1IGSO M MEO
TEBRESHAR. KEFWEBELEHAN
XA L BDS WEKOK T 8 BRI =, #5549
ZTD BB 5 GPS/ZTD M E M5 . W t7E BDS

2700

2650

ZTD/mm
]
(=
]

T35 ) 4% AR S 4 1 DX 3, f SRS b SRR R
HEREEREN IGSO f1 MEO TEM i, 7 —
EREE FREIRE BDS KRR EEE.

IGS/ZTD
WUM/ZTD
WHR/ZTD

25 p~

20 ¢~

15 3=

RMS/mm

10

GMSD HKWS JFNG

FRAENM

KARR KIRI MCHL

ik P

5 BDS.GPSH) ZID BB EL5S IGS/ZTD REZH)RMS (A4 GEO R E)

SRECHAE ] IGSO #1 MEO T B ) R & 5% s
EEHME ZTD, HKWS 3% BDS/ZTD 5 1GS/
ZTD BRI 3 INE 4 fin, HEVARES -
WRZAVIBRE, R EENERE 3 A B
BB S ARET 6 ANl ZTD B RMS SGeil g,
A LLE AT 1 RMS S5 2 A B 8 /I8
N FE 2RI T BDS/ZTD 5 1GS/ZTD M
RERTFR S L5 11,BDS/ZTD 5 1GS/ZTD 1y
MZERELE 5 mm £4,Se/MF 17. 01 mm,RMS

/ANF17.84 mm. FEH R =P iRER, Salk/M A
11. 95 mm,RMS & /R 13.16 mm. BDS/ZTD 5
IGS/ZTD WHR R B E T 0. 99, RILH EAHK
H#% 4%, WUM, WHR #1 WHU f# % ZTD &)
RMS 4351 13.16 mm.13. 21 mm I 16. 40 mm,
2w Bl 37,8 %0.42.7 Y%A 33.9 %, B ik
WESMHEMA GEO PEMRE ZTD ML A H R #
. BT S 22 A 52 5 SR IR A IGSO
MEO T E K ff B R #H1T IR E.

%2 BDS/ZID 5 1GS/Z2TD £ R %1 (A4 GEO B E)

Bl B WE/mm  Su/mm  RMS/mm  BR>36JF Su/mm  BIER>30F RMS/mm  MHERE
WUM 4464 5.26 13.72 14. 69 11.95 13.16 0. 994
WHR 4326 5. 20 13.74 14. 69 12.05 13.21 0. 994
WHU 4464 5.39 17.01 17. 84 15.48 16. 40 0. 991

2.2.2 BDS/PWV 5 GPS/PWV st 447
1993 4 Rocken' 4 i@ i GPS/SRTOM 3£

%% GPS B PWV 57K K% 5 4 B 17
XF LY G5 5R BoR W B i 2 /N T 0.5 mm, RMS ik #|
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Zja#,F kT BDS # % E 5 & & 6 KA 48 5 AT 95

1.5 mm, $iF T GPS R PWV X5 . HiEH
BDS fiff f§ =/ 2 7™ & IR PWV BSMF &K B
¥ =% BDS BJiF=mfgHE K PWV 5 GPS fii i
IGF f#3 K PWV #E47%F b4 b7, 55 0 PR %1 R
Kl 6 7~ i T HKWS 3§ )i F =F BDS 2 J7 fi# 5 1)
PWV 5 IGF/PWV WEEZFEHR. B 7 /I T

9 AN F§ =Fh BDS 2 Jif B ) PWV 5 IGF/
PWV BB R RE S B WE 6.8 7 TLLE
H=% BDS B i =M W EHE PWV 5 IGF/PWV
HH I, BDS 5 GPS WM ZTE 5 mm DAY, e
HWEEH. R KT 0.97, RAANBHWMGILE. P
HHR O RrEFAFRERITEX.

£ £ g
E E £
b o o
e # B
B B 53
Ay Ay Ry
L L 3 _5 " L I L L It
120 130 140 150 120 130 140 150 120 130 140 150
FEPHM FEPHM FRHNM
(a) WUM (b)WHR (c)WHU

6 HKWS it BDS/PWV 5 IGF/PWV #{E{RE F 5

70
y=1.013x-1.197

601 Re-0.9858
50+ p-value=0

601 Re-0.9855
p—value=0

y=1.013x-1.209

y=1.016x-1.389
R>=0.9778
p-value=0

£ £
40 E
= ; 30 30
L A &~ 20
20
20 & S 10
P ey vl wrgr« 00— N
10 0 0
0 20 40 60 80 10 20 30 40 50 60 70 10 20 30 40 50 60 70
PWVimm PWVimm PWVimm
(a) WUM (b) WHR (c)WHU

7 BDS/PWV 5 IGF/PWV X ¥4 #f

F*3-E T BDS/PWV 5 IGF/PWV Z 8B
EZ5giit, AWK 3 /LU ! : BDS/PWV 5 IGF/
PWVBIMWELE 0.7 mm £F,Sq/NT 2. 76 mm,
RMS /NF 2. 81 mm, ZEHIRIE R TEFFPIREN

BEZE So/MF 2.50 mm,RMS /MF 2. 61 mm.
BDS/PWV 5 IGF/PWV ¥ X Z ¥ & F 0.98, %
BUONSRAESC . 45 ETTLIIA N, BDS 5 GPS W& 72
FEH TR BA ARG 1 —BUHE.

%3 BDS/PWV 5 IGF/PWV I £ B % it

B B fWE/mm  So/mm  RMS/mm BB >3c)5 Su/mm  BIBR>36c /5 RMS/mm AR
WUM 6665 0. 66 2.35 2.26 1. 99 2.11 0. 993
WHR 6458 0. 69 2.21 2.27 2.03 2.14 0.993
WHU 6665 0.74 2.76 2.81 2.50 2.61 0. 989

2.2.3 BDS/PWV 5 ERA-5/PWYV 3t b 947
ECMWF 2 [ by £ AR R T AT 58l
25 B o 51 22 A e R B S o A A 2 A
fi. ERA-5 it ECMWF & A7 B4 5 R E
ST BERL ™ i, ERASS R4 #1557k 53 BER N
31 km (92 /AR S R B ID RN @ S5

i s AH AR Y 4 A% Y A 2000 3 A BE BT, SR OBk
PR 09 7 15 B0 X B 3 8 09 PWV R [E) JF B
(ERA-5/PWV).

& 8 /R T 9 M ¥s BDS,GPS @& iy PWV
MR ERA-5/PWV ¥ {8 2 55 RMS 4 il-1%
B, AT LLE R =AM E KN PWV 5 ERA-
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5/PWV A, RMS 7E 3 mm 45, WUM & Jj #&
HEWEEEST WHR f1 WHU, #{% T GPS. &
977 HKWS 3t BDS/PWV #1 ERA-5/PWV 1§

RMS/mm
w
1

SN

BRUN CMUM GMSD HKWS

07 opsipwyv

JFNG
Wt

PGPS, PRI B i — 2, TR R4
i 2=

g
%
/
%

%

%
|
%
]

KARR KIRI MCHL

8 PWVHIELS ERA-5/PWV R £ K RMS

PWVimm

WUM/PWV
WHR/PWV
- WHU/PWV
ERA-5/PWV

FRHENM

9 HKWS if PWV K 8 FF 5

¥ BDS/PWYV # B Jj #1714y 2% J5 5 ERA-S
HRBaR4FRER, =MEFRKN PWV REHE
5 ERA-5/PWV W Z7E 0. 3 mm &4, Su/h T
3. 94 mm,RMS /pT 3. 91 mm,ERBE R T =%
FIREMBEZE Se/hF 3.74 mm,RMS /M F
3.74 mm. WUM, WHR il WHU =# E FHRE
PWYV #) RMS 4354 3. 44 mm,3. 47 mm FJ 3. 74
mm, WUM & & th T WHR f1 WHU. =# & F iR
B PWV 5 ERA-5/PWV A HLE, M6 R

BT 0. 97, A kM.

B 10 7~ T 9 s B T BDS = B 5 iR
B PWV 5 ERA-5/PWV MR IRA A 1B
B, W 10 T LAE & =Fp BDS £ 57 ™= & i &
PWV 5 ERA-5/PWV I, R 478 0.95 A I,
5 ERA-S B iR a e B ER R, RE LT,
BEEENARE PEHI N L ERAEERESR
HEX.

% 4 BDS/PWV 5 ERA-5/PWV £ 8B %it

B B fWE/mm  Su/mm  RMS/mm  HI>36)5 Su/mm  BIBR>30 /5 RMS/mm AR
WUM 6322 0. 30 3.58 3.56 3. 44 3. 44 0.978
WHR 6319 0. 26 3.61 3.59 3.46 3.47 0. 980
WHU 6322 0.22 3.94 3.91 3.74 3.74 0. 976
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% 5M R, F kT BDS 4 % 25 7 e 49 K AR M AR 247 97
70 70 70
y=1.005x-0.0835 : y=1.006x-0.0345 y=1.009x-0.1416
\E 601 Re_g.057 \E 0180060 \5 60 R2=0.951
; 50f p—value=0 ; 50 p-value=0 ; 50 p—value=0
A 40 3 40 & 40
ﬁ%k 30 ﬁ 30 ;f; 30
% 20 % 20 % 20
© OB 10 o5 10
5 ———gEm 5 #w E o
10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
PWVimm PWVimm PWV/mm
(a)WUM (b)WHR (c)WHU

10 BDS/PWV 5 ERA-5/PWV [E 134 47

2.2.4 BDS/PWV B L2 48 % 48 st b 447
TEBREZERZHIH AR AT EH
PWV I & ik —, B REREF LLBEHE
ST RERK EABEE T HEMRE .S
JE B S5 S0 8. TR HEE0HER PWV
FEEE mm &, & 12 hid 5, 7] DUE 20 57 01
BDS £ K VRAE BE 7Y Fb B 5 . 38 i 58 B MR
M 37 K 2 Wk Chttp://weather, uwyo. edu/up-
perair/sounding. html) T 2% 4H 3¢ I 3% A9 TC £k i 5

N, ;,%MM?!@«% ,

PWV/mm

&  RS/PWV wweome WUM/PWV =

25 IR,

PL HKWS 3 4§, K BDS/PWV @5 {H 5
RS/PWV B8 #17 tb3E, PWV B} B ¥ 5 & BT B
T 4 10 43 7 4 B A 1 11L& 12 s, BHr AT
PLVE i HKWS 3 i BDS/PWV & H 5 RS/
PWV -8R, BEHRE N, THE AR
SGMmz. WUM.WHR fi WHU EFi - LR &
) PWV 5 RS/PWV I, R? ¥ KT 0. 91,84k
PWEMERR. PEA O, ZFEARERITEX.

= - WHR/PWV === WHU/PWV

130

FHANM

11 HKWS 34 BDS/PWV 5 RS/PWY i 8 5 31

601 y=0.912x-3.161 i 60
R=09214 Sl
50 p-value=0 ,

R’=0.9205
p-value=0

PWV/mm

y=0.915x-3.032

y=0.93x+2.293
R2=0.9111
p-value=0

- A : ;
e S IR R ﬁgﬁ%
1‘0 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
PWV/mm PWV/imm PWV/imm
() WUM (b)WHR (c)WHU

& 12

FE5RHT WUM,WHR #i WHU =% BDS
EFfRERK PWV 5 RS/PWV £ 25BN,
B, BDS f@ .1 PWV 5 RS/PWV M H 1R
ZTE 1 mm £, RMS T 5 mm, ¢ R A
0.9 AL, FiFRIAIEA R F AL, AR

=#E K BDS/PWV 5 RS/PWV L & # £

HELF. HRIFESKIEZ 12 h g5 — K, W At
6] 43 B R FEA BB R AT R, D BB IR
ZENFRARAG B AR R W, i BDS/PWV
5 RS/PWV Bykt%, Al LATA R BDS T2 /K R
BRI T SEbRE) PWV AL B, 528 5iE
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S B 0 B A AR G A 22 T RE PR L T 2
HiEE GNSS [ PWV AHX AFE R 5 mm 79 %

KU, B BLFR TR0 K S AR %0 R ER.

&5 BDS/PWV 5 RS/PWV £E S #i 4t
B BiE HE/mm  Si/mm  RMS/mm Max/mm Min/mm MRERE
WUM 248 0. 20 4. 39 4. 39 14.94 —19.99 0. 960
WHR 245 0. 20 4.41 5.32 15.13 —19.18 0. 959
WHU 248 0. 38 4. 67 4. 69 18. 81 —21.90 0. 954

3 HiiE

ARICH AR K2R A WUM, WHR Al
WHU BDS £ J7 7= f, 5k Fi MGEX Fi 8 % 3k
CORS £ it iy BDS/GPS % B JE W I %% 3% , 85 By
GAMIT 4%t BDS 7K ¥R W 68 1 B9 KE B A W] 58
M A, FEABUTE R

DEBERNTEYGERRIEKREREN
K4, 7E BDS DR WM B £ £ 0 K, R I
B BB B B 1) IGSO 1 MEO T ERRE
RS N R B R ZTD B S 31%E
12 mm, % f# J§ GEO.IGSO fI MEO =# T £
fRBEIRMGMRE ZTD MFSEEIRS 33. 9N AL, — &
FEEE MRS T BDS ARIRMNE B, 7T LLIA K BDS
(5 ZTD i3 AE S 1GS ¥ i J2 JE 3R 7= 5 A 48

)%t B4y HT T BDS.GPS #E K S KKK
KIPERE, 5 GPS #tL, 3 F BDS WUM, WHR #
WHU R ™= RE PWV BN E 458 2. 11
mm.2. 14 mm 1 2. 61 mm, 5 GPS f# & 1) PWV
BIAI R R T 0. 98, BiF T BDS =/ & Ji =
mi R E PWV [ KEEE R Al S0, fTLAIACH BDS 1
BAKRRM K 5 GPS /Y.

3)7E BDS 5 ERA-5.RS [ KRS AKIKLE R B Xt
437 s, )% B BDS WUM,WHR #1 WHU £ 5
PR E ) PWV 5 ERA-5/PWV [ RMS 4351
>4 3.44 mm,.3.47 mm f1 3. 74 mm, 5 RS/PWV
B RMS 5 4. 39 mm.5. 32 mm Fl 4. 69 mm, F§ %
REHET 0.9, LB REMHME, BIE T BDS
RiE PWV BSMEG 4G BE 5 AT SR , M XA BE I 2
FMNRBERER IR MIIEEHRFER.

2% 3k
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Performance analysis of water vapor detection based
on BeiDou precise ephemeris products

WU Xuxiang, GUO Qiuying, HOU Jianhui
(College of Surveying and Geo-Informatics, Shandong Jianzhu University, Jinan 250101, China)

Abstract: Reserch on the performance of BeiDou satellite navigation system in retrieving
atmospheric precipitable water is conducive to promoting the application of BeiDou in numer-
ical weather forecasting and meteorology research. Based on BeiDou final precise ephemeris
(WUM) products, rapid ephemeris products (WHR) and ultra rapid ephemeris (WHU)
products released by Wuhan University, Using GNSS multimode observation data provided
by MGEX station and single CORS station, after verifying that the accuracy of tropospheric
zenith delay calculated by the three BeiDou precise ephemeris products meets the require-
ments, the atmospheric precipitable water vapor calculated by the three BeiDou precise e-
phemeris products is compared with GPS water vapor detection results, ERA-5 reanalysis
data and sounding station data respectively, and the BeiDou water vapor detection perform-
ance based on the three precise ephemeris products is analyzed. The experimental results
show that the precision of atmospheric water vapor detection based on BeiDou final precise e-
phemeris products is higher than that of fast ephemeris products and ultra rapid ephemeris
products, and the relative accuracy and reliability of atmospheric precipitation inversion of
the three kinds of BeiDou ephemeris products are equivalent to that of GPS, which meets the
requirements of small and medium scale numerical weather forecasting and meteorology re-
search,

Keywords: BDS; precise ephemeris; precipitable water vapor; MGEX; ERA-5 reanalysis

datasets
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