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2013 £ SR_2015 [a]fk GPS-PW'V £ 5 Hif ) , 9] 4 it
ZI 0 ARG T 2 ik T B S R 2 KT 3 A
TR BRI 18 e A AE RN i B O X s (11 4)
R DX IR R e T R A i A FNSE FE . GPS-PWV
7] 16 J5 1 i e R i) B X 3 & A= 7E (105°E, 29°N)

3N DT_cr_2013
A
32°N e ¥ - - ).
~ g .-
30N B (4
. Wind <,
28°N \ . 1
\
an . v R (a)
S6°E  SBE  100°E  102°E 104 106°E  108°  110°E

-1 09 -08 0.7  -06

05 04 (Bfi:°C)

(a) CR_2013 Y

-1 -09 08 -07 -06 -0.5 -04 03 -02 (Hf:°C)

(b) SR_2015 iiJEY

(K 6(g)) LA K (105°E,30°N) (& 6(h) ) [z, H %
AR DX IR B 1 i, B P AT B 1 K PRy
ATAETE A R 7K A it a2 AT e 230k 55
IR BERBAL 1B 3 () T (d) #R 3 B IK & A= 7
T R R TR IR B KA O XK PR B D o SR
TR REAR(E 6(a) (6(b))

DU_cr_2013

100°E 102°E 104°E  106°E  108°E  110°E

_ NN [ ]

-0.015 -0.01 -0.005 0 0.005 0.01 0015 (Efi: m=s?)

(¢) CR_2013 UK

DU_sr 2015 ..,

32°N
30°N
28°N

26°N

100°E  102°E  104°E  106°E  108°E  110°E 96°E 98°E

-0.016  -0.008 0 0.008  0.016 (Hf]:m-st)

(d) SR_2015 U X

100°E  102°E  104°E  106°E  108°E  110°E

0015 -0.01 0005 0 0005 001 0015 (&ff:mst)

(e) CR_2013 VX%

|DV_cr_2013

DV_sr_2015

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 (&{iL:m-s?)

() SR_2015 V X%

96°E 98°E

100°E.

102°E 104°E  106°E  108°E

<035 -03 -025 -02 -0.15 -0.1 -0.05 (ﬁﬁ gkgl)

(g) CR_2013 1217

10°E

106°E

024 02 016 -012 -008 -0.04 (Zfy:gkgl)

(h) SR_2015 Y15

6 CR_2013 F1SR_2015 ™[Rl b5 5 R AL T AS IR0 i 3 14 3 2 K122 57

A EE I 1 a2 rpus , K YRR Ll 5 SE B R K
HUC BT . R4, DR R B 9 K- 43 A
B, S A B A OCEE o R IR 7K iR R
DUJ B db 5 R 555 A7 A O T8 2 4400 3 D) 380 5 1
BN, SHIE R A E . WIS E , [Fk
GPS-PWV ZJ& , B AKAZ L DX A P b XU A 35, T

8 23 I 4G B 2 X 7K YR R Y ST A e N T DA
CR_2013 I SR_2015 X} Fb &, CR_2013 X i 14 [ 7K
PRI 85 TR 7K R T (L2 IR g i
ZERIAR K, M, CR_2013 X i M FE K Al RLEE FuK
TR G SRRk i (K 2(a) ) BT 423, Xt
o B4



—t

RS S482022,40(13)

www .kjdb.org 103

4 GPS-PWV [R £ 3% B oK #% 49l 2k it
MR ¥ L 53 H

41 REMLHEIE BREEK ST LE

¥ GSIFEML 5 (% 3 K RIE T % NCEP P43
Mriveb o e 8 WRE B 101 iR 7 10047 24 W3l
B, 8745 T CR_2013 Fl SR_2015 A~ [R] J7 2
T 24 h BREEK IO B, W LR
CTL_CR_2013 I CTL_SR_2015 (& 7 (¢) F1(d) ) iy
R K B AN A3 A SR 5 50 (&1 7 (a) Al (b) ) AR #K
AL, SR R S DX 4 i 3% . CTL_CR_2013
5i [ 7K RO AR B T CTL_SR_2015, {H )5 & 4K
LAY K BB RR A 23 A (520 mm) WVEEAR TR . 78

BEIEAn B, 2 BIAEA 100 4 B 2 [ 4L GPS-PW VA5
PR R KR — A I 3% (B 7(e) FI(E) ) o AN
CR_2013 /™3l R4k 1T J Bk 6T e R AR ) st i
A 858 142 DU 1 | 2t 3 1 2 W o (B 7 () L ()
(e) BN ) o SEBLREIK RAR X 5 p b 200K 20 A1
CTL_CR_2013 &L 14 56 B2 7K i il B S Al R LA &
TRt , 53OAFE M2 . 0 PWV_CR_2013 #4811
58 o 7 O Y 4 CTL_CR_2013 W Sy /)y , 55
B K3, AT WLIR) AL GPS-PWV ¥Rl X g 7K A 41
(IR AE FH B SR . MR R B K 3G i (187
(), PRPE XA E A B 2 R s i, pg R
I (R R K IE 3 B, X EE GPS /KR /0 A (Bl 4(a) )
Ko [RIA T JE 1 1 i (B 6 (g) ), B/ R 2 d B 3

(854 mom)

N -
O . 1024
- g1
o s, “
e
256
.

51
. &

s S
o, ok .
30°N > y (7 ) 5

0
, 3
2N ot
e X b
Y
P {30 : (e) 04

96°E 98°E 100°E 102°E 104°E 106°E 108°E 10°E

(¢) CR_2013 [A{LHTIEK

1024

(f) SR_2015 [k )5 kK

(224: mm)

N

(@

:

P L d_
96°E 98°E  100F  102°E 104 106'E  10B°E  110°F  96°E 98 100°F  102°E  104°E  106°E  108°E  110°F

(g) CR_2013 [Afb)5 SFELRTFEKRE  (h) SR_2015 [FfL)5 5 RME AT K

#l7  CR_2013 FISR_2015 KL Be it 24 h BFFEK
DL IR G 55 R AR AT A e 7 3 i



—t

104 www.kjdb.org

RS S482022,40(13)

(1) X ST AR GPS 3l s 8 AR X, AN GPS /KR4
A KAE DX, T AR TE GPS ZK IR 40 A7 R I (R 6 B At I
I H S Bk K O WIE L &4 Fitk. M SR_2015
AL HT G FEK % bR, SO Rk e 285 M fE
DY 1| 2% b A 4558, CTL_SR_2015 F1 PWV_SR_2015
A7 X I A R R 7K s B AE A A Rl CTL_SR_
2015 AL R K B S Al i (1 7 () SRR ), e &
LT 200 mm Db AR g R AR R K PG o TRl 4R
GPS-PWV Z J7 ,PWV_SR_2015 W] i 0 55 T e {5
AR R B R, DRIk i B Ak s e 7 (]
7(h)), BB A B R R K 8 5K IR
(E 6(h))—%, I H AN T GPS KA 1 (1A
4(bh)),
4.2 FEMLETE R BEKRT LS4

F T 2553 W7 R AR 5 B K R 3 1 T AR R AR
& 8 45 1 T CR_2013 F1SR_2015 3% 2 M [l AL T
S DX 38 - Y B i R K 6 HE . AT LU B, SR_2015
(132 /NI R RS K B2 T CR_2013, X 51 e 1k
K& 7K Jw Bl B K45 & . CTL_CR_2013 1 CTL_SR_
2015 328 s} g 7K 8 A8 4R AIF Fe AR — B, [ K I (BT 1
BLAE 0900 UTC, 2 J& B K 32 0/, 31 78 1600

UTC 24 P IR ¥ TF- 2% . Al 4k GPS-PWV %4 2
J& . PWV_CR_2013 Hl PWV_SR_2015 it % i} % 7K
AR FRIE I AT WD AR, (E R AREDL ) R 7K 3 AR sk
55,08/ T BRI AL, B 8(e) %A T CR_2013
FISR_2015 [A] AL e 5 /K 3 1 i 4 B AR 7R
H 24 /N B TR spin—up 7275 , 5 3% R4k 5
KRR BE A /N 2 )5 24 /NE, CR_2013 R4k i
Je Bk 22 5 B3k — AN A, BE TS A P 1% L 31 1700
UTC B} LAJG TP U 2 i R o i SR_2015 [5) AL i
Jo B K A T A7 3N, 4379 7E 0600 UTC . 1500
UTC i1 1900 UTC, %% & I~ i % i B 2255 T CR_
2013, FE 514 2000 UTC LA , SR_2015 /K 14 -5 1
SN, B[R] A GPS—PWV X 2l 35 % 2k R 7K 14
JINES R A B R

i 3o BRI L IE 2 I, X A K A B
Hr[F]{k GPS-PWV , E il 25 05 22 1 rh O B 4DL A%
T iR P A KA 19 ) S 2 S T R AL A 2
Do K IR i fk 2 1) X a5 Sl K Ho D — 3K
HAE GPS /K IRBEEEHF o 3BTRS FE 1A, TRk
GPS-PWV REFRZE % Hb 52 Wi A48 1) AR K, [ B
T L P AR A R R M v T AR e MR K

e 0-80 0.000
—RkE BE ——SR_2015
08 B — -0.010 —cr_2013
0.60
-0.020
£ o6 E :
£ s £
@ g os0 g 0.030
& 04 2 g
-0.040
0.20
o2 -0.050
0.0 0.00 -0.060
0 4 8 12 16 20 24 [} 4 8 12 16 20 24 o 4 8 12 16 20 24
ARFUET fE)/h HEIULES fE)/h RS 1E)/h
(a) CR_2013 (b) SR_2015 (¢) AL S IRLHTE N SR K

¥8 CR_2013 HISR_2015 BT BE 4 [RI4L Aif I DX 31 3 i
/NI R K I R K 3 1 Xt H

5 Zig

B DU )1 HL X 2013 47 H 4—6 H — R ik
KK A6 F1 2015 4F 8 H 16—18 H — R 5 PERE K
AN, 2R FH ST AL R G2 i WRF H RO, X 9]
16 37 A [ K HE AT GPS-PWV [ 4k 2% S % 1L 43
Br A5 LUF F 8L,

1) CR_2013 X i P B K A 91 2 A 5 E AR £
B PRAHT 12 TR 5 IAH ¢ , SR_2015 £ 5 1k e K AN
A AE KR R S R R E R R IR st R o A
GPSIKIRAS R /3 A A9 38, Bk & A= T U )1 A b 2
B HRRE KRS R Z2 0670, 2 1B K A i)
A BB AR R 43 L T F ORI AE AN Y GPS 7K ¥R AR
B b



—t

R S48 2022,40(13)

www .kjdb.org 105

2) [Alfk GPS-PWV J& , K ¥ 11k S5 B B 34 % A
FE GPS HEIN 5 BT DX 3, 9] 4 X 3 B e T4 15 A
Ay AR FNEE T L [ GPS-PWV X T 8 % 5 [ 7K X
VR ORI e, LRI RE R R IR B KX
i AR IR R PR R IR B s T Y. RAR)E
X It J2 VI Z P B 7K 935 I S el 55 38 D) e R
ARIZ RG2S , KU AR O 1 1 A ) 3

3) 2 ZH 4 il S5 Y R K RN A B R S 5
DL R AR, AR AEAE R B s A S 10 . )4k
GPS-PWV BT B /K A48 1) et VR B 55 : CR_
2013 [RIb JE AR HUL Ay 5t B K Hp o 3 BBl 5 S0 00 5 Dk 4%
I T SR_2015 DU BA S yak 55 1 R AR KA K s B i R
FFE R o B K 8 3 e b 2 1) DX 3l 5 S R K e
— 3, #AE GPS/AKIAME B | [k GPS-PWV fig
FREL R WAL SRR K, [ s e 0 2 AR 7 8 5 g
JEE T RE R K

% %37k (References)

(1] BB, X W, 07, % . AFRKTIRGEI T R
AR GPS AT B K B AR AR XS LE[I]. TR, 2018,
36(3): 475-482.

[2] Bevis M, Businger S, Herring T A, et al. GPS meteorolo-
gy: Remote sensing of atmospheric water vapor using the
global positioning system[J]. Journal of Geophysical Re-
search, 1992, 97(D14): 15787-15801.

[3] Rocken C, Ware R, Van Hove T, et al. Sensing atmo-
spheric water vapor with the global positioning system][]].
Geophysical Research Letters, 1993, 20(23): 2631-2634.

[4] Emardson T R, Elgered G, Johansson J M. Three months
of continuous monitoring of atmospheric water vapor with
a network of GPS receivers[J]. Journal of Geophysical Re-
search, 1998, 103(D2): 1807-1820.

[5] Baker H C, Dodson A H, Penna N T, et al. Ground-
based GPS water vapour estimation: Potential for meteoro-
logical forecasting|J]|. Journal of Atmospheric and Solar—
Terrestrial Physics, 2001, 63(12): 1305-1314.

[6] Gradinarsky L P, Johansson J M, Bouma H R, et al. Cli-
mate monitoring using GPS[J]. Physics and Chemistry of
the Earth, 2002, 27(4): 335-340.

(7] ZEH T, FRIEAE, SRR, 2. Mk GPS KIRBORHEIL
547107 Z WA BRI TR R A [T]. 4, 2007, 33(12):
16-22.

(8] R, -, EEE, 5. ARz RFEKSET GPS
] KK B 1 R IE——He L b X A A3 BT (D). 125 S

4, 2008, 27(5): 1066-1073.

(9] SR, ZEEPE, BECHE, 45 . AR R i FE b GPS i)
Wi K Ak B 2R AiE 23 BT D], KB} 27 HE JE L 2009, 20(6): 763~
768.

[10] Chen J N, Li G P. Diurnal variations of ground-based
GPS-PWYV under different solar radiation intensity in
the Chengdu Plain|[J]. Journal of Geodynamics, 2013,
72: 81-85.

[11] Choy S, Wang C, Zhang K, et al. GPS sensing of precipi-
table water vapour during the March 2010 Melbourne
storm[J]. Advances in Space Research, 2013, 52(9):

1688-1699.

(2] /e, BT, FHE, 5. K& X GPS RS
AR AR RFIE) . =R, 2014, 33(6): 1648
1653.

[13] JAHE, (5T, XBIRE. — U1 RE R 28 R K 35 K
A B KRR BRI BT = G, 2015, 34(6): 1636~
1647.

[14] SRR, GG, 05, 55 . JLT GPS BB Hr ve b
AR ZE AT K H AR RRAED)]. 4L, 2016, 35
(2): 318-328.

(15] B =B, Jras 3, ZRr, 4. AU GPS Ml [ ¥Rk
TG 5% 4 X /N RUBE K BT 9], e JRLAU4E, 2003,
24(1): 91-96.

[16] ERMH, FAEZR, s, 45 . FIAHLEE GPS-PWV 51 Al
FAXS I BE RH P 81 BF 58 22 TG R (D], 2227, 2007,
32(3): 142-198.

(17] BRIGFE, 28 [P, 330,55 . AR PURKIT R UL 2+ GPS
T SR K R R R AR (D] BG4 4 2009, 20
(6): 753-760.

(18] T e, 275 4, KB435, &5 . AL A GPS L K 5y
BT 52 7 2% T I KRR AR LT]. R 44k, 2012, 23
(1): 47-58.

[19] Sk4R AR, 3RS, T . H GPS KR M DU B A 43 B — IRk
XK ART]. G RE, 2013, 33(5): 492-499.

[20] ABAOE, JE RERE, e, 45 . 90 it K M ) 41 T80
BORBERE[N]. BLH TG A1, 2015, 26(6): 641-657.

[21] Smith T L, Benjamin S G, Shwartz B E, et al. Using
GPS-PWYV in a 4-D data assimilation system[J]. Earth
Plants Space, 2000, 52: 921-926.

[22] De Pondeca M, Zou X. A case study of the variational
assimilation of GPS zenith delay observations into a me-
soscale model[J]. Journal of Applied Meteorology, 2001,
40: 1559-1576.

[23] Barker D M, Huang W, Guo Y, et al. A three—dimen-
sional variational data assimilation system for MMS5: Im-
plementation and initial results|J]. Monthly Weather Re-
view, 2004, 132: 897-914.

[24] T3 #%, FRIE DG . HbKE GPS 76 2% W T4 b i) 1o P Jre[J].
KGRI, 2008, 28(6): 697-702.



—t

106 www .kjdb.org

RS S482022,40(13)

[25] B, Y KB, Rt e, 45 . 4 ekod 0 R GERY Al K &
BERHE AL 50 H DRI SR A R 2R 2 b 9 TR A iR ).
RG24, 2010, 68(4): 450-463.

[26] {4, ZRERFR, TR . GPS T oK & 5 B 4t it %
BB ) A X 2 AU RS20 [T, Rl R B SE
2013, 33(2): 24-29.

[27] 5K dh, ik 1L AR, 45 . LAPS [Afk GPS/PWV BE kL #E
% N TR R BFSE)]. 4, 2014, 40(1): 76-85.

(28] 2= R4, THRER, BEALHE, 5. )7/ GPS/PWV BERHAY
J5 2 4 o B X i TR 8 K S 5 0 1) 400 26 BT 5 ).
AL, 2014, 30(3): 455-462.

[29] D14z, 207, I8, % . GPS/PWV e bk e At Y 4 5 1
A i TR A U )] R B 2E, 2016, 36(2): 149-
157.

[30] fof 08T, V4%, KI5, % . [Al4k GPS RI Bk it 9 Rl 4
TRlCHl DX R B U T A R, R S 3R B, 2017,
33(2): 18-27.

[31] Bevis M, Busingor S, Chiswell S, et al. GPS Meteorolo-
gy: Mapping zenith wet delays onto precipitable water[J].
Journal of Applied Meteorology, 1994, 33(3): 379-386.

[32] Li M, Li W W, Shi C, et al. Assessment of precipitable

water vapor derived from ground-based BeiDou observa-

tions with Precise Point Positioning approach[J]. Advanc-
es in Space Research, 2015, 55(1): 150-162.

[33] Snoun H, Kanfoudi H, Bellakhal G, et al. Validation and
sensitivity analysis of the WRF mesoscale model PBL
schemes over Tunisia using dynamical downscaling ap-
proach[J]. Euro—Mediterranean Journal for Environmen-
tal Integration, 2019, 4(1): 1-10.

[34] Onwukwe C, Jackson P L. Meteorological downscaling
with wrf model, version 4.0, and comparative evaluation
of planetary boundary layer schemes over a complex
coastal airshed[J]. Journal of Applied Meteorology and
Climatology, 2020, 59(8): 1295-1319.

[35] He J, Loboda T V. Modeling cloud—to—ground lightning
probability in Alaskan tundra through the integration of
Weather Research and Forecast (WRF) model and ma-
chine learning method[]J]. Environmental Research Let-
ters, 2020, 15(11): 115009.

[36] Shenoy M, Raju P V S, Prasad J. Optimization of physi-
cal schemes in WRF model on cyclone simulations over
Bay of Bengal using one-way ANOVA and Tukey's test
[J]. Scientific Reports, 2021, 11(1): 1-9.

The impact of assimilation of GPS precipitable water vapor in GSI on
the simulation of different precipitation types in Sichuan Basin

WANG Chengxin', YANG Xiaodan®, SHI Yicheng®’, MAO Jiahua', ZHAO Luqiang’

1. Beijing Presky Technology Company Limited, Beijing 100195, China

2. Public Weather Service Center, China Meteorological Administration, Beijing 100081, China

3. China Three Gorges Construction Engineering Corporation, Chengdu 610041, China

4. Zhejiang University of Water Resources and Electric Power, Hangzhou 310002, China

Abstract

In order to evaluate the impacts of assimilation of GPS (global position system)-PWYV (precipitable water vapor) on

the initial field and simulation of different precipitation types in Sichuan Basin, several control tests and assimilation experiments
were performed using GSI (gridpoint statistical interpolation) and WRF (weather research and forecasting) model. Two cases,
namely CR_2013 and SR_2015, representing the processes of convective precipitation and stable precipitation, respectively were
analyzed. The results showed that a great amount of water vapor had accumulated in Sichuan Basin before the occurrence of rain,
with the amount in the east being more than that in the west. The rainstorm centers of the two cases were located at the southern
and northern gradient zones of GPS water vapor, respectively. The assimilation of GPS=PWYV not only improved the humidity field
but also ameliorated temperature and wind field to some extent. Although the locations and intensities of simulated precipitation
in the control tests were generally similar to the observed precipitation, there was stronger simulated precipitation in small areas.
The assimilation of GPS-PWYV significantly improved the simulation of precipitation. The range of simulated rainstorm centers of
CR_2013 was closer to the observation, while the simulation of SR_2015 significantly weakened the intensity and range of the
fake rainstorm centers. The most significant adjustment was located at the gradient zones of GPS water vapor, which was
consistent with the observed rainstorm center. The assimilation of GPS-PWYV continuously influenced the simulated accumulated
precipitation, and the adjustment range of convective precipitation was higher than that of stable precipitation.
Keywords GSI; GPS-PWV; WRF; 3DVAR; moisture gradient




