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F GPS S /K P57 B AT 470 B 5% i 7K YR 48 DU A
R FERE,
1 HESAHZE
1.1 %3
1.1.1 GPS # 3

GPS il >k B v 44 1 P45 W X 2% . 75
1 J GPS 3l o5, 2 AR e 8 AR P 3 L P e A B
Sl Pk Ae i, & 1 4 51k 75 T (XNIND | #f 2%
(QHDL) . #% /R A& (QHGE) . F # (QHYS) Fi i
(LHAS) & 5 ANl SR AE s 2. P97
T o SRR TR K PP T A A T i A i v R
A6 s AKVRR U 32 Sy B0 BV o IR VS b 28 1 B 1
VA B RSP AT 85 A 5 3 22 o 6 T Sk R 2L
H AT » S8 o R B A 5 B8 R AR T b A
F b VY R I 2% R BRI v DR R ki M A R POR IR

FEE R AL PR AR s BRI FRILE X,
R Wty 2 5 R XU 5 52 o 8 B Y XU A e I 2
IR [R) 2 0 5 iz %57 55 7 o B o  Je v Dl
A R R Z BB KR
1.1.2 HEHE

PR B SHe R VAT R 2 I il 1 A At =
(http://weather. uwyo. edu/wyoming/) , Z{HE H £
B AR A BE IR BRSO R R
v 11X 328 S5 2R AR WL AL A WL 2 Y CUTCO Al
UTCI12 2D . 5 GPS 3 sl 808 [F] 25 3855 0 s A5
B 1, WANG SV HESE K e R 25 2 RH G
UE GPS Bl Sz 38 0] A B Y T4 2 1R =
Ui RN GPS 3l SR 25 /N F1007m , 7K1 B B A
i 50 km, H. GPS Jifi PWV /DT EH 4 FiPs -
e+ 1570 A WA SO I GPS 3 5 I
23 0l i IR KT IE BE 2K

x1 MRRX GPSHRARRTHAME

Tab. 1 GPS stations and radiosonde station$ in the study area

GPS i i PR
i AR ZE/ () /() K /m Wi &R BE GPS Wi SMFEES /km 5 GPS ¥l 2% /m
QHDL 98. 10 36. 30 3149, 25 52836 0.91 —42.75
QHGE 94. 77 36.15 3090, 24 52818 31. 60 281. 24
QHYS 97. 01 33.01 3 704.561 56029 0. 44 22. 61
XNIN 101. 77 36. 60 2.363.84 52866 12. 35 67. 84
LHAS 91.10 29. 66 3624, 32 55591 1.75 —25.68
1.2 F&k ffR S R A GPT2 X 2R i Bk

1.2.1 F|H GPS K iE PWV(GPS-PWV)

GPS TEfF T A& b KR 277 A 38R
FES 1 L 49k HE B )2 4E 3R Gionospheric delay) F1%) 37
JZ22E3R (tropospheric delay) ., H o, 2 i & 58 /M
FER AR, M REA R 2.3 m /24, GPS AR %
R I 2 3 S P SR A A B DK iR R
FL B J2 AR T DT 3 SR T XU IR AR T 1E 2 2K
R R IERTE KTy W 455245 B R T 2E IR
(zenith hydrostatic delay, ZHD) #1 K Ti 1 ZE iR
(zenith wet delay, ZWD) , H 1 ZHD X} i JE AR A
SR AT AT IE B 22 K f g, A Ak T X 22 3 1
PRk B GPS $di A B GAMIT fig 58t K Tt
BEIR (zenith total delay, ZTD) , ¥ B o] DAk 5| 2
KA, XL RE TS B 2Ok R ZWD., A H]
ZWD 5 PWV B IE H 3G Z R i i K T3 18] /9
PWV e AR .

BESR 107, THBRAH GRS B REE iR 25, 5 A
3SASE R S BB KT 500 km ) IGS £ % v
(BJFS.URUM F1 SHAO) #1745 ab 3, DI 3k
P EORE EE I PWV, RO ZTD fif 5.
ZWD f#a % PWV i,

(D RAEYrH=H

GPS {55102 H AL 46 i i )5 ) 15 5 1
12 E AT AL Go 2 SC Ir iR AN R (ND k3%
R FeIRA Y Ry

N=10°(n—1) (1)
WH O FIR N
‘ P, P,
N=10°(n—1)=k, ‘;Z)ch ;ZH
P, (2)
k Tf (2)

A Po Py 03 BE B = AR B BT 28 SAKIR
M 58 hPas T e K 250 k= (77.6+0. 05)
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K/hPa, k, = (64. 804 0.08) K/hPa, k; = (373 900 +
0. 04)K/hPa,

(2) KT AEIR

RISy X 2 B3R 5 RSP iR N Ak,
FRA

Typ=10 %/, Ndz (3)

o Ty MR TEAER ; 07 Fm KAPT IR B4y
Y A

KA I ARG T 28R (N FIHRLER (N,
oy

N=N,+N, 4)

PO R/ PP Sl A C NG W IV B 3 N e ]
FER AT ERIR

Tp=1(0.002 276 8+0. 002 4);;% (&))

fCpsh)=1—0.002 66cosep—0. 000 26h (6)
K P GPSMET 3 i A5 R 440N i 5]
H’\J/ﬁ}j—s,hpa; @ ﬂ\jfﬁg;h j‘]ﬁi%ﬁy km; TZHDE/‘J
LS m,

XPJZE Town 2278 TR I )2 ZE IR vh /KR 5 [ 1Y
FEIR , R (DR

Trwo=Tm—Tmn=

107 ko[ (Be) detobs, [ (3 )det ] %,

s Py KA He o hPas T S RATREE K kg
ks RSERARAF TS R, Bevis S NG K
I T ST 5 230 28 800 BEURRMEARL 58 AN ] 2H 47 5
RRPC B W% 22 7 HIR XA PWV AL B Y
BRZE TR AT DL 2B AN T

(3) KA AT K 7

BT ToitH PWVLARN

Towy=II T (8)

= 10 (f}jﬁk; )RWOWT1 (9

A Towv A RAATREK & m; IT R T & W A5G
Pwarer J IR AS IR L 10° kg/m® 5 KRR EL R, =
461 J/(kg/K) s k; = (3. 776 +0.014) X 10°K? /hPa,
k' =16. 48K/hPa; T B BN K ms T R RSN
BOF 1R Rom N

[

P,
J o

X Py K ZEAUN 53 hPas T A 2R K
T RS AR A A 2 ) T RS B R MR 2 5
KRRV, ARSCHEIU ER > 1 42 BRAAL , A5 A

« 522 « KX KK R

T.=

(10)

T A R R R BE R T Bevis RS, kRO
PRI X S A SCRFF 5T X B 46 B Bl 15° N~ 30°N,
30°N~45°N, Hoep, #1522 A& KA PG T B A S5 3
X[ T AR

T, =105.152 9+0. 611 7T, (1D
PLBEHLIX A T TRy
T,,=0. 603 440. 953 3T, 12)

A T, IR, K,

1.2. 2 HFHZX#HHFEITE PWV (Radio-
PWV)
HIES BT EPWVR AR 2N
1 ("
W= JPI 2dp (13)

K W RS LRGN B 0 7E P 1 Py Z (A
HPWV . keg/m*; g HEIINHEEL 9. 8 m/s” 50 ik
A g/kg s IRAH AT E A
__0.62%¢/
TP 0. 378¢

it:EF‘P ﬂf],‘éﬂ‘]jﬁ%}j},hFa;e ﬂﬂﬂ(ﬁ}f’hpa»ﬂﬁ e—
Hyos eo(CD3R s e, R AMKIEE, Pas; Hr KA
AL, Y0 MBAKIAHE e, ATH TS

a4

o (18.729—T/227. )T
.= FX6.112 lexp[ T } (15)
£=1.000 7+3. 46X 10 ° P (16)

KT oAIRE, Cs f NIBIEREL.
2 TewHIBERIES 2

2.1 Tpwy BHIEMN 7{‘%’?@

RS BN RS BE g, ) DL A O 3T
Ho NEE Tewy K EE . FIFH GPS-PWV 5 Radio-
PWV i+ 54328 UTCO Al UTC12 B2 H Towy 2
TS WE 1. WA Jr kit 5B s UTCo il
UTCI12 B 2] Towy GETHXT LA SR L% 2. H &l 1,
2 AL Towy B R/N 500 25 S B IEAH O, 45
W ZE/E — 6 ~4 mm; GPS-PWV 5 Radio-PWV
RS Towy B H AL HEAR — 2, MOCRE - Ny
0. 87~0. 93, FH KM &1 5 BR P10k Ab HAth £
UTCO Bt Z i 34 5 R % 22 (root mean squared er-
ror, RMSE) | A1 %} % 22 (mean relative error,
MRE) ¥/ UTC12 B2, [y UTCO Btz GPS-
PWV 5 RadioPWV  r #&F UTC12 B2, 45
A BURY AU 22 43 A (B 2) kL A | UTCOo B
2 Towy i 22 54 h HRG B & T UTCL2 i 20 F) L
A BER Towy 52 Ho I 5 & (surface temperature, T,)
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Fig. 2 Tpwv deviation distribution histogram of GPS-PWV and Radio-PWV at UTCO0 and UTC12

KxKKFB o 523



F19% 3 @AM G AR CE IO

2021 4 6 H

2.2 Towy AN E

F I E REAAR BLER I B8 () 38 AR 22 55, 40 b7 5 4
i 5 GPS-PWV 5 Radio PWVIHE(# Tewy 1% 7 i
2, A 55 S 25 48 5t 22 (mean absolute deviation,
MAD) \RMSE MRE 5§ 2+ 5§ i 7 Wil [z B 458 U kG
JEMFENAA . IR R TR B Towe & H
22N 3, MR 3 nH6—9 H MAD 8K, £ 2. 0~
5.5mm, 11 H.1 HHl 2 H X/, fE 0.5~
2.0 mm; 5 />l AP T A 22 A K R 22 R AR JR
Kl 2228 k3 M EasE . RMSE #1 MAD 4 A [H] 11
Ak e B, {7 AT v 5 RMSE 76 8 H 4y ik 85 A, H
H P36 1 RMSE $5 A, UTCO i %] f1 UTC12 B
Z143 54 5. 05 mm A1 6. 04 mm, RMSE f/ME
PAE L Al 2 A6y, AT 1.1 mm 4.
£ MRE 5 RMSE f1 MAD ##4H% . 7€ 59
HE/N11 H 1 A 2 AR K MRE S/
17% B KA 154, 34% . 2% GPS #¥i Ml Radio
B 3 X A 4 R R AR R AR Towy BXIHY
H s GPSPWV i 2% 3% 3 K F Radio PWV 5 5
MBE #2K 5 75 B /K 38k 783 1) 2% 755 . GPS-PW Vit
B Towe i 25K - GPSPWVHI Radio PWVi &
(R 25 R /NAS — 5 22 1E « T A 4K, 5 30 MBE 48
ANe BRI ZERE K SR A 2R T MAD [y 45 R 31 A 4K
ek

gh543% 1.2 AT LIS MRE BEWHAR 0 58 i iy 3
I AR DG AN J8 25, J R AT R AR SR AT 5 A~k
MR ZEA R . 435 MAD,RMSE fI'MRE 7
UTCI12 B} ZI B 8 & F UTCO B 2559 J UTCo
B Z0 1 UTC12 B %1 MADF1 RMSE {f A8 % F 34
ML Ay K, 25 b rids & H iy UTCO B %1
GPS #RMA Towv K BEIE T UTCL2 B 21, 2245
i BE AR T A ZE UG JE 78 . X GPS /KR T 11
KIEC AR Z WP g 1 R4 = N B OF 5258}
GPSPWV I RadioPWV () RMSE 3 A& £ 1 ~
5mm " H . N 2 A LIE L ARBFSE 5 A3k
RMSE fl7£ 2~3 mm, jiff /&R B 23K, fig ) Moz
XA SEBRA) Towv . I GPS B8 v] LU %5 5%
BARLE A P K VRERIN RS B A = B 25 43 B
2.3 Towv 3T BUEAFE 070

MUL BT & s Towy X GPS-PWV R FR
KEEEASZM  BEE Towy I3 K MAD 132 8 3 K .
QHDL.QHGE.QHYS,.XNIN,LHAS 483 Tpwy il
MAD (¥ » 43524 0.56.,0.57.0.55,0.53 F1 0. 43,
— AR A S  r BETE 0. 4~0. 6 &5 4
Ko Hr , LHAS S A PER S5 . Oy 0. 43, 1813
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é{ﬁ\'CHT MAD % Trowy E‘Jﬁ’ﬂﬁ(ﬁlﬁ 5 mm *gﬁ\ﬁ
ZEWPPIED - S 3l BEA Towy 34 K MAD 2 3L
b TR S, Hodr, XNIN s 3 30 F 5 i
(6 mm) s Tewy Fl MAD A P

%3 GPSPWVE Radio PWVitEH Tew B BEE
Tab. 3 Monthly deviation of GPS-PWYV and radio Tpwv

UTCo UTC12

v A MAD/ RMSE/ MRE/ MAD/ RMSE/ MRE/
mm mm % mm mm %

1 .06 1.25 59.65 1.19 1.31 59.40

2 0.93 1.11 41.73 1.64  1.83 70.30

3 0. 81 0.94 25,91 1.58 1.86 58.55

4 1.38  1.66 26.64 1.97  2.18 47.60

5 1.31  1.60 21.32 2,16  2.37 47.86

QHDL 6 2.17 2,39  17.65 2.86. 3.06 26.69

7 2.81 3.12 17000 3.03  3.38 21.38

8 3.69  4.06 24720 73.63  4.12  30.82

9 2.70 3,04 425.920 2,98  3.43 27.51

10 1.90 2028 +.88.51 2.53  2.94 52.29

11 1.34  A.57%7 52.48 1.60  1.98 66.03

1 0.467 %.0.57 © 21.12  0.83  0.90 40.57

2 0.75% 1,05 25.64 1.23  1.43 53.73

3 0.66  0.90 21.44 1.35  1.45 48.32

4 1.51 1.92  26.15  1.45 1.63 31.32

5 1.67  2.06 25.47 1.85  2.29 32.13

QHGE <6 2.47 2,85 20.24 3.00  3.49 30.41

7 3.22 4,17 17.84  4.19 480 28.14

8 3.61  4.17  25.08 3.70  4.21 29.95

9 2.69  3.15 28.38 2.86  3.31 27.34

10 1.38 1.70  28.24 1.71 2.14  33.52

11 1.14 170 42.41 1.27  1.45 45.99

1 0.75 0.80 37.82 1.74  1.94 87.98

2 0.94 1.07 41.01 1.51 1.73  82.67

3 0.98 1.06 32.39 1.63 1.8 53.71

4 1.52  1.86 26.66 1.33  1.84 26.52

5 2.30  2.57  31.95 2.22  2.50 29.07

QHYS 6 2.70  2.94 19.83 3.03  3.27 20.62

7 3.28  3.70 19.62 3.82  4.22 23.73

8 3.39  3.73  19.01 4.34  4.62 23.89

9 2.94 3,41  20.55 4.17  4.41 27.05

10 2,40  2.60 29.28 2.80  2.98 30.47

11 1.59 172 4561 1.68 1.83 51.11

1 0.82  0.99 30.89 2.28 2.54 98.55

2 1.26  1.43  39.02 2.07 2.36 64.75

3 .56 1.90 32.81 2.51 2.70 61.74

4 2.01  2.33  23.99 2.52  2.92 40.51

5 2.72  3.26  27.10  3.43  3.97 42.80

XNIN 6 4,51 4,80 27.02 3.24  3.63 24.16

7 4.85  5.42  22.95 4.68  5.31 22.32

8 5,05 5.72 21.38 5.34  6.04 25.71

9 3.30  3.93  18.19 4.01  4.91 23.05

10 2,21 2,50 20.37 2.98  3.45 29.78

11 1.33  1.58 37.72 1.62  1.81 46.32

1 1.34  1.50 80.67 1.86  1.96 154.34

2 1.24  1.42  62.12 1.48  1.67 116.20

3 1. 57 1.75 5274 1.54  1.80 79.02

4 2.17 2,49  38.17 2.46  2.60 70.12

5 2.52 2,74 27.88 2.74  3.03 34.96

LHAS 6 335 3.70 22,23 2,59 3.0l 18.00

7 4,08  4.53 21.45 3.62  3.97 19.81

8  4.03  4.34 18.9 3.83  4.23 19.76

9 3.66  3.98 23.00 3.21 3.42 25,61

10 2.15 240 27.41 2.04  2.14 31.64

11 1.36  1.59 48.72 1.34  1.48 58.57
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Fig. 3 The change of mean absolute deviation with Tpwy
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Fig. 4 Mean absolute deviation changes with T
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W

(D4l A RMSE (B 7E 2~3 mm, r {5 0. 88~
0. 93, MR o Wl JE A BE 25K, R W GPS %45 fE
S T G 1 DR X S PR PWVL ] LUF A GPS 15
5 ST R e D ML DX ) K YRR R, S RS B
LLE BT RS RS R PWV, TR
FNIA i S X RS Ul A AN A

(2) #5355 UTCO B 211 PWV FRI0KS B2 AR
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Verification of retrieval accuracy of PWYV based on ground-based GPS signal
CAO Shoukai' , WEI Jiahua'?*, QIAO Zhen'? ,ZHU Xiaomei'? , BAI Wenwen'"?
(1. School of Water Resources and Electric Engineering ,Qinghai University . Xining 810016 ,China;

2. State Key Laboratory of Plateau Ecology and Agriculture ,Qinghai University , Xining 810016 ,China;

3. State Key Laboratory of Hydroscience and Engineering , Tsinghua University , Beijing 100084 ,China)
Abstract: Precipitable water vapor(PWV) is an important parameter for the study of regional water vapor distribution and for-
mation mechanism of precipitation, which is a quantified indicator to describe water vapor. In Qinghai-Tibet Plateau, the PWV is
hard to be acquired for the low spatial and temporal resolution of water vapor detection due to the large variation in altitude as
well as the scarcity and uneven distribution of surface radiosonde stations. While the water vapor data with high precision and
high spatiotemporal resolution is the premise to improve accuracy of regional precipitation prediction, heréewith the PWV with
high precision is needed. Water vapor detection by ground-based Global Positioning System, (GPS).is an effective supplement to
radiosonde. To analyze the accuracy and influencing factors of PWV detected by GPS, 5 typical GPS and radiosonde stations
were selected in Qinghai-Tibet Plateau as the source of the data for further research.

GPS data of the Chinese constructed environmental monitoring network, and sounding data of the website of Wyoming Uni-
versity (http://weather. uwyo. edu/wyoming/) were applied. The international high-precision GPS data processing software
GAMIT based on the double difference method has been used to calculate the. total zenith delay, which contributes to the obtain-
ment of the millimeter scale zenith wet delay. And then the PWV in zenith direction is accordingly gained by the proportional re-
lationship between zenith wet delay and PWV. The GPT2 tropospheric.delay model is utilized for the calculation with cut-off
height angle setting at 10 degrees. In order to eliminate the systematic error caused by correlation, 3 IGS reference stations with
a distance of more than 500 km from the point to be measured areiintroduced. Retrival calculation is an integration of total zenith
delay calculation, tropospheric delay calculation as well as™PW.V calculation. The GPS retrival accuracy evaluated and verified by
the near radiosonde data (approximate true value) is used-to the analysis on the daily and monthly accuracy of PWV measured
by GPS as well as on the impact of the retrival-accuracy exerted by PWV and surface temperature.

The results show that the daily variation of PWV retrieved by GPS is consistent with radiosonde data with the correlation
coefficients from 0. 87 to 0. 93. The RMSE and ARE of each station at UTCO are less than UTC12,and the correlation coeffi-
cient at UTCO time is higher than the.valte'at UTCI12 time. By analyzing the monthly deviation of the stations, it is found that
the MAE from June to Septembertis relatively large,about 2. 0-5. 5 mm; the value in November, January and February is rela-
tively small,about 0. 5~2. 0_mm. Among the 5 stations, XNIN Station has the largest MAD, while QHDL Station and QHGE
Station are relatively stable; The-RMSE and MAD of all stations have the same trend. The RMSE of all stations reaches the
maximum in Augustsand the value of XNIN Station is the largest, which is 5. 05 mm at UTCO and 6. 04 mm at UTCI12, respec-
tively. The minimum value of RMSE appears in January or February, which area about 1. 1 mm for each station. The MAD,
RMSE, and ARE attUTCI12 are significantly higher than those at UTCO0,and the MAD and RMSE at UTCO0 and UTC12 from
May to September are larger than those in other months. In addition, the influence of PWV and surface temperature was ana-
lyzed on the accuracy of PWV retrival. It is found that the PWV and the MAD, the ground temperature and the MAD all have a
moderate correlation. Apparently,both the PWV and the surface temperature have a certain effect on the accuracy of GPS detec-
tion of PWV,

In conclusion, the detection accuracy of each GPS station is equivalent to that of nearby radiosonde stations with RMSE of
2~3 mm and the correlation coefficient of 0. 88~0. 93, which satisfies the accuracy requirements. In this circumstance, the re-
trival results can be put into use on the study of PWV on representative areas. In the future, the research on water vapor retrival
may dependent on the information combined radiosonde with GPS, and thus provides data support on water vapor conditions and
precipitation forecasts in Qinghai-Tibet Plateau. Based on PWV retrival of GPS, the detection accuracy at UTCO is more exqui-
site than that at UTCO0,and more exquisite in winter than in summer. It is found that PWV detected by GPS is susceptible to the
change of surface temperature and PWV. Hence, the errors caused by the variation should be considered on the application of
GPS detection data in Qinghai-Tibet Plateau.

Key words: precipitable water vapor; ground-based global positioning system; sounding data; surface temperature; detection accuracy
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