—O—%=A BAR BHEWL

Flitit & GPS ZTD B A& F 1% Hii B £
2 X EFEAKTAR

ZHHE S
PRE SR

(hEERE—EEHHAAKE  PERE—-O—E= = +—aEH)

w OE
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AR R R EN it GPS RIAMIERE (zenith total delay » ZTD ) Bl ENEM EEFF%
B e BFKTHR A2 - IFFEASREDS - [FY LR GPS ZTD wIBHEG s 1735 - BE 228
FERLT 400 A HEE KR - R I LISGEZ MR RS E T 57K R b A LR RE RS -

FEREA TR TH > FEM{EiE GPS ZTD WS A B il K 5 Bk iz S K TR e 1Y
BG - e BREKTRSARITH - FE{bitiEz GPS ZTD 1% - 0~ 12 /NFFHERZ ETS (S50 £2{E K
AR IESGE - RS AR MU S B K TREREETT -

AT © A GPS ~ RIAXIERE - & ER/K T

[l

—‘ﬁllj-

GPS (Global Positioning System ) 22 H
HIERE R St I e PR 1% - 8 T AR Ry e fir B
B - TRER R HAEEEE ORI
EAVEIH R GPS BUNIAY - AREDHER H 2= 80
k- Ak GPS BUHIREHTE B R AR RSl =

TS M R BY MR A - AAMHERR RIEHY
FELHHENEN S AEfETHE - fEEE GPS
BEREHE T - R EE TERIZETRRETIE
GPS SHSRAEZFBOSRERT » R ASRITTEEELE
HZER > NELAE B e B e i g b S SR A
o T RTHDT [F) Y C B2 A B B Ry R TR AR A i3

( zenith total delay - ZTD ) - ZTD FIh ] 2= 581
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HTERVAE 2 REREAR - I EE TR R
BRAEFTAEET > SRIGATERAYRTREF JJIEEE (zenith
hydrostatic delay > ZHD ) » ZTD {1 ZHD fJ7 {5
B RIERIEE (zenith wet delay » ZWD) » ZWD
Rl T ZEHUR T AR R RS DRt ) b 22 B
BRI KRR & 7KE (integrated water vapor ) « i3t EL
GPS RGBSR EI 2 400 H GPS Bk
RERRHIEEHEEKE -
& HH BB O R B AT DU SR SR AT K &

( Precipitable Water Vapor » PWV ) » HE 3 EH
HE AR KRS ELER AKX - fla
Saastamoinen (1972) ~ Davis et al. (1985) ~ Bevis et
al. (1992, 1994)F1 Duan et al. (1996)% - Rocken et
al. (1993, 1995) ~ Emardson et al. (1998) ~ Tregoning
et al. (1998) ~ ZF1#5(1999) ~ Liou et al. (2001)
Hasse et al. (2003) - Van Baelen et al. (2005) - Yang
etal. (1999)59F5H1 - HAEk GPS [Us 2 KA
7K & A AR 2= BUWOR RS A TH F AR A RS e
J& - BI0 Hasse et al. (2003)73H7 IR EDRHE
th > GPS BIRZ= R ERHEE . ZTD Ky PR
A9F 7 mm > fEAEZE B 12 mm o Van Baelen (2005)
FIFRCK RS B GPS RUEAY AT /K &1 TIR
BRIBUR - W& 22 RAREHYH®EE - £8
KV RARy 2 mm > g EATR 0.5 mm > {Hi5(E
{RZ2{5HHE |\ = Liou et al. (2001)l$t 3 Z2/E 5=
Hy GPS BURIHETTEEE > S8R HAIOR Bt R 22
FEAE 1~2 mm Z[H] > PLEZ 5S8R E 2 1]
WK EHERERAATHE -

FPFI AR GPS Bk S 2 PWV BAMH
o AEMENE - R RRERT T HE R (B - B
ERMEITZE (Foster et al. 2000) BLKR M543
HEEAA T E R AR AT (Gutman
1999 ~ Gutman et al. 2003 ) - # L GPS BRI

A

g Fo+HE 5%

55—l 2 S e A A2 R E 2 U R R TR =
o FELISE BUE R YA KR &R H A 2
Z g - HiEs GPS BUIAEF S 28T LIEE o i
i R [E LRV SRR B S8 2 T [ 7K & (Kuo et
al 1993, 1996 ~ Zou and Kuo 1996 - Deblonde et al.
2005 ~ Smith et al. 2001 ) 1 ZTD ( Cucurull et al.
2004 ~ De Pondeca and Zou 2001a, b ~ Vedel and
Huang 2004 ) = » Smith et al. (2000)£1 Gutman and
Benjamin (2001) 55t s GPS [205 2 Al /K & ik
TTESEMEMIE - WS EAE A TR T Y22 -

it GPS Fm Al /K EFRZE A GPS Mk
ZHHRSREM] - R AT 2 GPS B EE R
R/ D o AN - TR IEAR TP A S MG,
R SIHDRE - R FTREE A B R A HEE R
SRR AEHI AR - [ AL ZTD RIS FR it AR,
BUIERIDUETTOEE TR - (BEBUIER &
FETESEE GPS s LAV E S 8BRS
I\ ZTD HYIAEFEHIE - S8 7 & N R =t
e [ BRI S Y 72 R S B RS - Rl
EMIUEERTT - B AR NR /N O e B Y it 7
(Cucurull et al. 2004 )~ [/t 5 £ ( Cucurull et al.
2004 ~ De Pondeca and Zou 2001a, b) » [E4{k ZTD
HIEEEEEEL PWV ERHS RS AFAVEERE - R
TEBRIE L 24P E1L ZTD & GPS BUHIZEkHE
FHHY S, -

FHAHNES GPS BUHIE M E /K REN > I
EMbiEE GPS BRI AR [FIHF [ LA Bh
BUHT > AITAT DSBS EFHIRER < 5140 > De Pondeca
and Zou (2001a, b) F5H ZTD fid& wind profiler
B OHI Y JE 355 A radio acoustic sounding system

(RASS) BN /R T DA B S 4 HY T ©
Cucurull et al. (200H)HIFEH » [FEFFE R ZTD Edh,
[EDHIE 2 00 - HARTEER ¥ (update cycle) T
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A DS A - Pt Ess - R A
5= GPS k(eI s B3 RIS - 22 B AT B
FUEL T B S K PR AR o] DS B AR

EEME RS - [ Z P& 8
Z o AMERKAGZBNAEE= - HRTE
BEEXPRAEREACRGHI - Z0mRE
DRI 2 X AR R I R R /K THERHIASH - PR
L HAMEEE S D EIL e BAA GPS B
HIAE > JEHInERE 2 80 vk » BAT 30 Fhi—
HYBIEFBUIIE R » iE S BR AT SR AR Z KSR &
A E BRI RSB TR B 2 E A - WE(ER
RIEWMME - EAERESE SUHEEER - F
RRRFHHEHAIE ¥ Z @B E R FEE RS R
WRF/WRF VAR - f}/® WRF VAR A& R[IH][E{E
IR R INBLIER B & A DR {Eith 2 GPS 8
HER} - AWt Fest B R EREZETEREL
W5E > SEAEEL ML GPS BUHIEHECE B K
TRV R - B =B ASRERRTER
FWTFETT% > HRREEREDT - BAREASR -

= BR/EN

R R A GPS BUNAY nTHE ALEIES
< GPS BUHIERL » (RBUHIEE R zE 80 v - BA
30 Fhg— SRV RINFEUAIE KL BUHIFTG 2 KTH
FEYEAERE & F] DLRR (it S A s R U AT R A /K
RENUETERIE b2 H - A 34 30 [
SR I B RSB ES MET3A - f2(0R -
B IAAEENRE Z B AT A RE R EE
SR FrBUN 2 m FERIBR TR - 4
BUENHEEIE GPS BUHINE & R W] SRS 2 A
K EER - fRtEEERREN A - A3
Fr{st FH 2 355 GPS BHIUE AR 40 1 Fos -

ol 31

Ground Base GPS Staion

* <500

e 500 ~ 1000

*1500 ~ 2000 * > 2000m

O with Met 3A

1 RS e A GPS BUHINL A - BN
i - B R 2R MET3A @480
#2527 GPS LA -

= HigEsE
(—) BEREG

AHFE R WRF {5 Weather Research and
Forecasting model > Michalakes et al., 2001 ) > it &
WRF 3DVAR (Barker er al., 2004 ) 7EfE—52521HY
EREME &40 FCEHEEM e GPS ZTD &
FHEEAE EROKTRERAVZE - BUKPR=E
SN - GRIEIRE Y B Ry 45/15/5 NE > 48K
SIAAANIE 2 - EEEER 45 8 0 BEATERR 30

hpa » FHEAYHSEEERE NOAH HIEH -
Goddard (VB2 80% ~ YSU BB H0E -
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Fwt+HE—%

Domain of CWB WRF

GE 7T0E B0E 90E

100E

110E 120E

150E 160E 170E

30N

-------
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LT S

20N

10N

80E YE

110E

.....
.......
.......
i Rl LY TR
...................

130E 140E

40N

120E

20N

10N

130E 140E 150E 160E

2 AbtgE AR -

Kain-Fritsch f&2E - RRTM &} §E5)F1 Goddard 49
WIERNSRUES > S280A 2 MeHF R WRF {#
FF-f ( Skamarock et al., 2008 ) o

FE > I8 LR A NCEP 22 ER 15158 0.5°% 0.5°
B AT EL T - A WIESAIZH WRF R
WRF 3DVAR FTEt > ERHEME R4 4 «
Y 3 (EAgEET I ETERIENL - BRATE G 1EER
§¥r (partial cycle) ZRHELANS - b2 —
{EREERIEE59 & 12 /NS R NCEP GFS #y
I3t 2R E) (cold start) » X% 6 /NIFAETT—
X WREF 3DVAR E#53# » H XAy wiaa55 0
B E WRE 1Y 6 /N gk 2 R 5 full
cycle) 5= - IS H A 248 fEET=( &kt
[Ef EERH  BHE ST R 12 /N AT 2RS4
SRR » FELLRE G R R B R e M TR
Rz T 12 /NERHYIEER BT o] AR B RHE LA AR

rh R IE IS By T RS &R - IR
FA R h R KR ARSI THERAE /T - AT
RH WRF 3DVAR Wi 25 SRR 7 72 i
(CV3 #I1) » /R Fy NCEP 48R &aT T
( Gridpoint Statistical Interpolation » GSI) {5~
B St re AT 72 AR - F 22 A NCEP Bk
24 F1 48 /NIFFEE RS - [ NMC J57% (Parish
and Derber 1992 ) HEfLARTE: -

AWt s R4 (CTL) MIE R IR
(2TD) 2 {HERE{L &SR - 1£ CTL 4 - [FME
PR B~ M SR ~ wrE R ~ S
BN~ PEEUIEUH ~ SAnEH SR uEEN
TRASEH ~ B2 BRZ= 00 - 1E# =5% GPSRO #
A - 75 ZTD GHrPRIBR T HZEfIsH AT [FLAVBNE
KR BEIMII A E S GPS ZTD &f} - Eresmaa et
al. (2005)f5 A GPS ZTD ZBUAIE 2= &l
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FREIME AP EERR 11.06 mm » £R T
7.2 mm > FESFHE B 9.7 mm > ARFFRIE = 4SS
S 2 ZTD HYEHER AR E R 10

mm e°

(D) EZER

FaEEMEE GPS ZTD EoRHE i
EE TGN E R K TS - AR
HY 2009 ££ 2 2011 4E483E 22 (EE T ERIENE
BE > (BZEHBEEE SRR RS AR 2 e R
ST 2RI > MR 6 FZE 9 Fg 2 K4
BHF RS 2 B - 8 LB
{ERIRER M » BRI R R RS TR
FEHEA TR DRI LS ZTD B
P B K TR T AT -

AT (B ZRHIIE A 9T 4RHF S By 0000 UTC - 2
1T 48 /NEFTHER - FrEMETRERIFRIN AT DL S 2
REE PRV > 05l B B — P&
B RS - B A BB HIEHRE R 06~12
NEF 5 BELTHERE By 30~36 /N2 B HFER - it
Rt A RIAIF ] 2 12 56 R 8% A R BRI
B > A BFEREL B RS R B B HAEE] 14 BF =
20 iy o fE FBEHRFRIAIR— -

(2) BEREHERERTT A

AIAFEE AR R SRE 467 {8 E BFk 2 b
BEEIRT BN CHINEARANE 3) - FLASHSEEME
HESL GPS ZTD &R HEEIE T2 ¥ E 2
P/ KRR - AR TR AP 2
FEEPREME - W B R GRS S S B P
AN IETEIRES 2> (Equitable Threat Score »
ETS » Schaefer 1990) K {RrEkf5#; (Bias) #EITE
BROKTHERSR - ETS 2AEET A e AR E i 2R

e Si2es

HF 33

T— AWIFRENZEFFRERER

X ERHEEE 5 Wi
(0000 UTC)
6 6 6
2009 £ . . .
18H | 26H | 27H
68 |68 |68 | 7H | 78
20H | 27H | 28H | 12H | 13 H
2010 4£
7H | 7H | 8A | 8A | 9H
g |17 | 148 | 178 | 4H
68 | 6 | 65 | 68 | 6 A
REH|BE|148 | 158|178
2011 4
68 |68 | 78 | 7H
1I8H|19H | 18 | 2H

Auto. Rainfall Staion

3 LRSS E R LA -
{8 > Br T CEHEOH B fm K B 2 ss ey

T BIEEFHIRKHIR - ETS 380
e R Pl PO B R » FUERAT ¢
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H-R

ETS=———
F+O-H-R

E5CHy H R TR BTN S A T2 R A RLEL -
F RystHFr e ERI1E - Gt TN AYRLEL -
O FyBUNIZEPHIRLE > R = FO/N FRslat a] I-hETH
P /KHTREE - N Ry THERE B LR MR R A -
TR (A%L Bias = F/O » BIRE TR /KRG S5 i
S /K BE8 > B > 8 Bias (AR 1 (REH S
P ZKREE - /N7 1 IR ARG KBS > &7
& ETS B2 Bias 135y H&E R > AT HEhla K FH#ERAYIE
e -

M~ #EREAS

Fo THEfER B3 ESN GPS ZTD BB MR
ATHERFTASRHIREE > TRy R EE T - 5351
R 2 BB SR O 0GR 5 2 B R Lo B
Sf[EME ZTD $o3ir EL AR 2 -

(—) ZRENEER

FTERAY 2 BB BRI M B SRl > BAEREl 1)
WIS H NCEP GFS #3475 - =Ry 3 (&
SN IETT =4y oA > HAEEGECE R
FEEERSGETATL o SREERRETHIHEY
T R EER HORT AL P A TR = B ATy
A T A BRATEHE =4 o T EME GPS
ZTD BUAERIHTAE - (2 EEHUR 2010 £ 9 H
12 H 0000 UTC £ 2011 ££ 6 A 13 H 0000 UTC
A {2 -

Fyiit] WRF 3DVAR [Fl{b ZTD & RLZ
RER - FEMEERFTARVBDAER, - BESE P E
Ey e e LT [ 4 [EIRS R OO 11 47.8 mm
HY ZTD MG & - [E 4 K 3DVAR $H%fIE—BikS
ZTD BHFT SRR S KR g & - H—

0]

A

Sy

g Fo+HE 5%

SIS SRENRE 3DVAR E-5 a2 1 5 22 AE e
SIMTHISEE - (B 4 BUR - FEREUAY B A &
AP T 2R AR I E AR 1R - TR
AL HTRLILE 200~300 2N E A I By =4
B RBEREHEATREE SRRV TSR -
IEE5h » WRF 3DVAR {55 5] A PR s+
LB SR TR B T MRy F
PLortr B R R L E i (R RSB AIHE
HIRR{% » AT LA 4 BURHI A 248 EHIELLE) -

56y Lt {E 2 R KRR AT
ST > LR TS FIRIE A NSNS - L
WA B BRIVAS R B - FE RS GPS ZTD &
T 5K R T &0 - 36 B R E =
HEsE oy Sy A% BT DA R RIAT B B 300 % 400
ONE 2R FERE - 4008 4 B 0 [F{EEE— ZTD
> HE TR BERAT 200~300 AH - HEF
REFELLERIEERE & FE LR E SR ZTD B
% > BHEEE— ZTD BUHE AT EAa G > Hag
By i BN R ARLIEL L B - SURbIE
& Ry 2 [R5 - d0fE 5~ 6 Bk o 1 CTL
4HEEEE - /£ 2011 52 6 A 13 H 0000 UTC {EZEH
([& 5B) EE= » 2% ZTD U2 » FEfrESE
PEFE S RS S R KR S i & - TiE %
2010 4£9 H 12 H 0000 UTC ([& 6B) » HIfF 228
P R S LR R B TS B R S AT & -

7 HIGE 8 531 By b R {8 28 = = P
0 2 12 /N B e /K A S ey e M e
7K e £ 2011 £ 6 H 13 H 0000 UTC {fZ& » Eh
B ZTD 4HE7 CTL 4H383 - FELiti A= GPS ZTD
BfHE FT IR R TRERRR K - CHAEER ~ 46
AP Pt 2 PR K i R BB (181 7D) - gt
FfE 5B o ZTD 4HAE_EallEIsA s K R iy
B2 BB (8 7C) AHtE - ZTD (S E]
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4 BELZTD BN (CHEREUAIS - WERFTR - BN R K 47.8 mm) FrGEIRKRUESEED T E (g/Ke) ©
ARBEAE 1@ - BREIE CRESE DRETHE-
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120 E

20 N

5 FIAARHRET R 2011 42 6 H 13 H 0000 UTC Z R R @ KRR STE g & - A & CTL > B /5 ZTD -

120 E

6 [FIE 5 > {E4EIERT B 2010 45 9 H 12 H 0000 UTC -



—O—%=A Ay HFL 37

A B
Sea Level Pressure (hPa) Sea Level Pressure (hPa)
Accumulated Rainfall (mm) Accumulated Rainfall (mm)

T I T T T T T T T T T T T
118°E 119°E 120°E 121°E 122°E 123°E 124°E 118°E 119°E 120°E 121°E 122°E 123°E 124°E

Accumulated Rainfall (mm)

HEEN "EEER- ___ BE

1 2 6 10 15 20 30 40 50 60 70 80 90 110 130 150

C D

Accumulated rainfall 12 hour Accumulated rainfall ZTD - CTL
from 2011061300 to 2011061312 oA m
| G0

25N

2450

24N

23.5N é>

22,50

21 i
119,06 118,46 119,76 1206 12038 12068 120.9F 121.2€ 121,56 121,66 12216 122 4F

7 {HZ£2011 4£ 6 H 13 H 0000 UTC 178 0 £ 12 /\NEEFE[R%E/K » A B CTL » B & ZTD » C Al 12
/NI R FEREK D By ZTD 408 CTL 4H 0 2 12 /NEF B K =2 -
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A

Sea Level Pressure (hPa)
Accumulated Rainfall (mm)

B

Sea Level Pressure (hPa)
Accumulated Rainfall (mm)

28°N

26°N —

22°N —

T T T T
118°E 119°E 120°E

Accumulated rainfall

A 82

24.5N

23581

225N

121°E 122°E 123°E 124°E 118°E 119°E 120°E 121°E 122°E 123°E 124°E
Accumulated Rainfall (mm)
1 2 6 10 15 20 30 40 50 60 70 80 90 110 130 150
C D
12 hour Accumulated rainfall ZTD- CTL
from 2010091200 to 2010091212 ”‘4' ]
N e o 11
XS L
- D 1
, o
») "’ I

21

TGAE 119,46 119,76 120 12038 120.6F 120.9€ 12126 12156 12166 122.1E 122.4€

8 [FfE 7 {25 2010 5= 9 H 12 H 0000 UTC &2 0 % 12 /NFF 2 AT R AEEOK -

50.

45.

40.

35.

30.

25.

20.
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BT HITRERIE K - FEIBEAE 2010 429 FH 12 [ 0000
UTC fiz& - FE{birEE GPS ZTD Ef& i
FI BN ([ 8C) BAHIT Z WK » THER
EpaEiiiE (A0fE 8D FroR) o BEAh - FEEEH R
B e _EIVE HERVRIR IR EA: - ERIALIMR
=& ([E 9) 7 2010 £ 9 H 12 H 0200 UTC EHI
F 2 EE A E I NEHIRE K 282 - IR
TKFRER Z EEIE 5B o ZTD 4H8: CTL 4HAE 28
Po R BN R B RO K SR T E AR - il
TEAEHH =4 o TUE T E A BIRE KR AT
& » BB UEE TIEUE DRSSV T -

(O) BREREHER

HS BB EZRE T RHT - LM
GPS ZTD ZkHEHE R YK 5 A B 1
S S LUE T P R TR - AT
25 B 1 I R R A (T A PR
B> GESHEILIEN SRS TR EHEE GPS ZTD %
R R R R -

BUF 2597 5 R AHISE TR AT 22 (7P (4
G G S - B 10 2 S1EEBRE 22 18
(% T ST TR R - S E TR R

P

HF 39

Aztd—Actl » A B MTES  TRE ol AZed4E 0 ztd
Ry B R4 - BT DR CTL 4HEE ZTD 4H{R(
KREE » Rl R G Bl PR

Wi4H B~ KR A2 R B 5 2 KR
IR - R EIEITATLY 400 B o B

BRG S LH AY FRER A (REZHBEEY - G5 AT REA

Precipitable Water vapor (Aztd-Actl) .
T

ef |1,

Case=22

10 22 {E{EZE > ZTD 440 CTL 4H57 745 PWV (197
B -

9 {EZE 201049 H 12 H 0200 UTC ~ 0600 UTC ~ 1000 UTC 2 414N E ] -
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B BUERRE - [FlE > SGtimB N EER
IR (ZEHELY 31 uh) » MHE I8 LR
[ BRAERE AR AR - REBNEEAEZA
MR- REEAE CTL ik B e B E R b
HY R Z T NS IREZH TR 2 - A
(s F 2 S GPS JHInES H 2 80 1if » H ZTD
BN R R AR KRR > NIEEFE bR e
BRI KR T iE 2 FENE ZTD B gAY
W TS 2 KR ERIIRIA -

PR AL O (8RR SR SR (Rl b it = GPS
ZTD ERH - &1E 2 REVIEER AT IR 2, 2 4R
AL I HF ARG T5 A5 A (R > DR 3 =
GPS ZTD BRI DTSRI Alfork 2 405
Sz g EEYEE - HetTE Uk (A—Fg)
ztd— (A—Fg) ctl * A Ryo3#fri5 ~ Fg Rytlaaisill
55 0 THE ol RyZefildH > ztd Ry BB iRal - (A—
Fg)ctl {{3% CTL dhAraBUAE IRy g &

(A—Fg)ztd Jll f5 CTL 2HFfjp At £=( GPS ZTD
BUARE Ry i & > 27 > LR ZTD BUM
BORMENEER 0T [F bR M TSR e -
11 5 2 sHEBRHY R KB B 2E > 7TE
tHEN RS GPS ZTD &t e iRgag i s iE it
W e E R K E  EH A ERLIE ~ B
A AR R A A A AT R /K EAH AR (E - [ 11
INEURENE ZTD 1% 3t Al K RS I EF
FEEREHI R IL AR - (8 12 Redhie GPS s b
22 {EEZ-Faey PWV EHI » BEUR > A2
PWV HYRg L AT e 3 SRR PEEl R
&R PWV HRg A LRI - S ETEE TR
e H /KRR £ 2R 2 R T R
—HH - BEREILAMAES EEH PWYV A
JEIEREIAAE - Hh— 3R S R PE R 2 e B
Bf% - MENREHIE AR - @ 11 Z AR

2 Fwt+EE—3%

Precipitable Water Vapor (A-Fg)ztd-(A-Fg)ctl
B

total file number = 22
11 22 {@{fZ &R ZTD 45/ CTL 45 Aris & 09
=E -

Precipitable Water Vapor

E | ‘ | ‘ . )
I 1 &
N 2
s

R2:5 23 23.5:24 24.5 25 255
: Latitude

totalday =22
12 ks GPS il | 22 {EfEZE 2 S PWV EDH
1B = 7c L AattiRE A RfEEE 0.5 W H s
A 500 AR 7 & -
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B IR R A KCRRTTR
WA EA REZHIEES - T B AT P
HEEEKRFE - Wit - EFEZTD %% - 4~
(B0 T EEMESTE KRG E - FRHIK
Wi ZTD B e re 2R S E KR AT
Wy & HEMEZUKRI Y & LRIy
SR -

13 5 2 dHESR Dy BIERETHER 00 2 12
/NEFEL 24 ZE 36 /NIE 12 /NEE EAERERR o Hp
00 % 12 /N AT EL & 34 (1 A BFEZ - 1 24 % 36 /)N
FFAIE EH(E B BFEL - BT BUR A3 CTL 4H5¢
ZTD 4 » FE W R B 2 i = P R /K AT
EHllE 14 P EAEIER B B R R K o Ah
—3 > FEAEEILESEFE I IEARARK
BRIE - £F 00 2 12 /NRFIFES - ZTD 4HHIIE(TH#E
FlaE ([E 13B) HIBIARY CTL 40 ([&E 13A) - 3
HEEFEZEENE (E 14A) HELREH 2
Eatr @A THERM & S A B SRR S - Rl 1E
JEERLE S R5EAEE > ) CTL 4HAE PG F R Y
THHPR BRI 2 - AHI T ZTD 4H RIS PR
ERRMEAT - fE4h CTL 48U Z & EHE LY 150
NHEAPRZ G - FAE— R TSR EE DHY
B o HEER S A R R U R KB AR AR R 0 ¢
] - EAXYHESE R AKRE - RAHEKEEF
& - BINEK ~ FRAK ~ K - BRERESE - HXH
TR B AR — BRI TR R A E 2 18 A REEE AR DA
LEZOKME > ETEEEEK - Bt A R
7KAY spin-up [#H (Kasahara et al. 1992 ) - ZTD 2H
TE[ENE ZTD EkHE - GO HTEaI KR #
IfiJek/V spin-up FTERHIREERS[H - [# 13C ~ D Al A
24 F 36 /NRF 2 A BREREOK - BURH 2 sHEES
A EmAE > AR B E U BERAR L - BLEFRREKAH
ELEs R ALE & A THEM BB SRR S - XA

ol 41

Fo 5 N HASHIE B KRBT 24 2
48 /NRFIRF - B 2 B R AR AR K
SR > FrURERHY GPS BUHIE #)4a5H)
P E - R RFHEERE - CEABREA
G R A THERA & -

15 B A~ B WHFELAEA [P I (E
ETS £ Bias - [ Bias 88~ > 1F A BFES ZTD 4H
RyIEfR7E > CTL 4HR Ry& e - BRI CTL 412 %
AHAHEFRMEVEL - T ZTD 4HAlS b
& BfE 12 17 00 & 12 /NIFRFEY PR CTL 452
TP A R AVIE I —2 - 4008 11 Frak - By
THHA REZHTE#ES > TIA ZTD BUHIERHE » o7iy
N5 2 KRE - WA BT E ERK TR
RBE © M—mEZHYEIEA T RERIIE Y spin-up A&
R - HANME E LSt U R e DUE IERE
A F2RZ=ARE - 75 B R ERAIBUR I 4H B B
B RGP E - H Bias ZFRAK  HRTPETH
& GPS UM 30U » AT RIS TR R B
2K - [ 15 TREDR 2 sHE BRI Ez 2 ETS 15
7 B e Pl PR (B DO A2k - I B A BRpER
Z ETS 1357 8* B I5E% - ZTD dHAHE " CTL 45
ME » %A I E & SRS ETS
357 H ETS 1§77 2 455541 - [E{b GPS ZTD
BRI AT R it E B R
KRR K TR RE

F - iEEE

KIFZE L E R ITE LA GPS ZTD &
RHETA B & B R 1% B 2 T & K TEEHY
2 EFREHE A TISH KR &N - 12
FHE K TR AE

T4 BB E G - [F B A GPS ZTD &t
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A B

ate rainfall

e

Case =22

1322 (EFREDREZE B 12 /NRp RBAIERT A 71 B 3508 CTL K1 ZTD 2 00~ 12 /]Nikg B AR - 117 C B
D A5y 5l Ry CTL 81 ZTD 7 24~36 /[Nikg R -



~O—%=A

(A) Obs accumulated rainfall

e Si2es

400.0

3500

3000

2500

2000

150.0

100.0

ol

(B) Obs ilated rainfall
7
P

[ 2000
1500

— 1000

mm

500.0

4500

4000

350.0

3000

2500

43

14 22 {E PR SR (E R Z BN RN © A By 2 (E{EZE 50 00~ 12 /N TR Be AT FERY 2K - B J
Fo 24~36 /NIFFTETER) RAETEK - AR BE R FHEIATR Rk -

(&)

forecast time
0.4 H H

= 06~12 hour

(B)

forecast time = 06~12 hour

©)

0.24

-f—CTL tah - . . . -i—,CTL,
' N\ : : —%TD
N R I [ S R
11 N T T (R .
1
0.9
0.8 N
\ B B B B B B B B
: : e e S :
0.5 T d
: . ; ; g ; ; 0.4 - ; ; . , ; . ;
0.1 1 2 5 10 20 30 40 50 5 0.1 1 2 & 10 20 30 40 50 ki)
rainfall {mm} rainfall {mm}
(D)
forecast time = 30~36 hour forecast time = 30~36 hour

02 Ty

- —ZTD A\
: : 12
0B - T N
AR ‘ : ‘ : ‘ Ly
BAA e I e 1 :
0184 : : 091
Bl NN O8] b
BB e N N : : : : P~
' ' ! ’ 0o T
QBB oo : : : : : : : : : :
b0z D5 oo e B e
0 . ; ; . ; : : ; 0.4 . : ; . . . . -
0.1 1 2 5 10 20 30 40 50 75 0.1 1 2 5 10 20 30 40 50 78

rainfall {mm}

rainfall (mm)

15 2 (B AR Z ETS Fl Bias fZBREER - A 81 B 535l RBdd 25— KRB BeZ ETS Al Bias

&SR &SRR B2 Z ETS 8 Bias Al By C f1 D - &k t0 Rof2efilal > AL R B IR

155Y > fE45 B Bias B -

HE4

ZANA

c BRI ETS



44 AR

& > FTHARESE N A5 T EE A B ~E4Y 400 2
HEE KRENR - WE A=
BRI K TR » IR R AT
(REZAYREES - 15 ] RERIE /K HY spin-up A LA
KRS BUEAR - EEEA LA
BIHBEAR (4931 55)  HE R 8%
[ e AR AR+ R BUAIATE 2 AR -
WIEEFE CTL #Hr A B B ERHE bR B A
EEIE A TR -

AWrFestH 22 R ERE R E T 1E
IR ORES by o $5RBUR - FEMEHESL GPS
ZTD &ERAMEGHEN s 2 EEE
AffE/KE - [FRF ZTD BHE R s Bt
FEERENIF AR - BB RSP PR
&Y PWV R A ILIRE - SIS E
KA LR ZEP R R R BARE - A
FesE IR FME ZTD %A s T =i ihE
ISR ER - FRH B PR R =
BN KRR 2 -

FERAAGE B KTHER T » R ZTD 455047
552 PWV B CTL 45 > #EMEE ZTD 4HAE 00
Z 12 /NEFTEH R RS Y CTL 4H » s B s
PPl & - Sl H ARG B A ELY 150 A HEK
g2 spin-up B - TIAEREE 24 2 36 /NFFTH
Heep o R S A BEAHHERIRKTHE - E2HE
ZEEFURIF AR KSR E > FrlUEE
iy GPS BB WSR2 SOBEL R T
% > EEARUR L5 2 R TR
2 ARMBRNEELLL - & B K TR R R AR
ZTD HAE X (E MNP E & S =AY ETS 1%
73 - YERGI S © FEMEHE: GPS ZTD &t > AILIA
REIEEE AT S E KR ERR I BT
T E SR KTHERE

2 Fwt+EE—3%

AW E I EEH NCAR Dr. J. Braun {8/l
HHEL GPS &kl DUK Dr. Y. R. Guo f£{# ] WRF
3DVAR #17 ZTD ERHE{LZ AHRAFES - A5
P RREFERGERFOIREE 2 RS R
EIRFErETE NSC 99-2625-M-052 -006 -MY3 7%
TR -

ZENR

BER2E ~ #5540 1999  GPS {HEA[fFE/KE: WVR
WL AR 27 2 131-140 ©

Barker, D. M., W. Huang, Y. R. Guo, and Q. N.
Xiao., 2004: A Three-Dimensional (3DVAR)
Data Assimilation System For Use With MM35:
Implementation and Initial Results. Mon. Wea.

Rev., 132, 897-914.

Bevis, M., S. Businger, T.A. Herring, C. Rocken,
R.A. Anthes, and R.H. Ware, 1992: GPS
meteorology: remote sensing of atmospheric
water vapor using the Global Positioning

System. J. Geophys. Res., 97, 15787-15801.

—————— , M., T.A. Herring, R.A. Anthes, C. Rocken,
and R.H. Ware, 1994: GPS meteorology:
Mapping zenith wet delays onto precipitable
water, J. Appl. Meteor., 33, 379-386.

Cucurull, L., et al, 2004: Three-dimensional
variational data assimilation of groundbased
GPS ZTD and meteorological observations
during the 14 December 2001 storm event over
the western Mediterranean Sea. Mon. Wea. Rev.,

132, 749-763.



—O—%=A ey e

Davis, J. L., et al, 1985: Geodesy by radio
interferometry: Effects of atmospheric modeling
errors on estimates of baseline length. Radio

Sci., 20, 1593-1607.

Deblonde G., S. Macpherson, Y. Mireault, P. Héroux,
2005: Evaluation of GPS. Precipitable Water
over Canada and the IGS Network. J. Appl.
Meteor., 44, 153-166.

De Pondeca, M.S.F.V. and X. Zou, 2001a: A case
study of the variational assimilation of GPS
zenith total delay observations into a mesoscale

model. J. Appl. Meteor. 40, 1559-1576.

------ , M.SFEV. and X. Zou, 2001b: Moisture

retrievals from simulated zenith delay
“observations” and their impact on short-range

precipitation forecasts. 7ellus, 53 A., 192-214.

Duan, J., M. Bevis, P. Fang, Y. Bock, S. Chiswell, S.
Businger, C. Rocken, F. Solheim, T. VanHove,
R. Ware, S. Mc Clusky, T.A. Herring, and R.W.
King, 1996: GPS meteorology: direct
estimation of the absolute value of precipitable

water. J. Appl. Meteor., 35, 830-838.

Emardson, T. R., G. Elgered, and J. Johansson, 1998:
Three months of continuous monitoring of
atmospheric water vapor with a network of
GPS receivers. J. Geophys. Res., 103, 1807-
1820.

Eresmaa, R, E JARVINEN, 2005: Estimation of
spatial global positioning system zenith delay

observation error covariance. Tellus, 57A, 194-

203.

ol 45

Foster, J., M. Bevis, T. Schroeder, M. Merrifield, S.
Businger, and S. Dorn, “El Nino, water vapor,
and the Global Positioning System”, Geophys.
Res. Lett., 27. 2697- 2700.

Gutman S. 1., and K. L. Holub, 1999: Ground-based
GPS Meteorology at the NOAA Forecast
Systems

Laboratory”, 4th Symposium on

Integrated Observing Systems.

------ , S.I., and S.G. Benjamin, 2001: The Role of
Ground-Based GPS Meteorological Observations
in Numerical Weather Prediction. GPS Solutions,

4,16-24.

—————— , S.I., K.L. Holub, S.R. Sahm, J.Q. Stewart, T.L.
Smith, S.G. Benjamin, and B.E. Schwartz,
2003: Rapid Retrieval and Assimilation of
Ground Based GPs-met Observations at the
NOAA Forecast Systems Laboratory : Impact
on Weather Forecasts, Proceedings of the
International Workshop on GPS Meteorology:
Ground-Based and Space-Borne Applications.

Haase, J., Ge, M., Vedel, H., and Calais, E., 2003:
Accuracy and Variabitility of GPS Tropospheric
Delay Measurements of Water Vapour in
theWestern Mediterranean, J. Appl. Meteor., 42,
1547.

Kasahara, Akira, Arthur P. Mizzi, Leo J. Donner,
1992: Impact Of Cumulus Initialization on the
Spinup of Precipitation Forecasts in the

Tropics. Mon. Wea. Rev., 120, 1360-1380.

Kuo, Y.-H, Y.-R. Guo, and E. R. Westwater, 1993:

Assimilation of precipitable water into Mesoscale



46 RAFZ

numerical model. Mon. Wea. Rev. 121, 1215-
1238.

------ , Y-H, X. Zou, and Y.-R. Guo, 1996:
Variational assimilation of precipitable water
using nonhydrostatic mesoscale adjoint model.

Mon. Wea. Rev. 124, 122-147.

Liou, Y.-A., Y.-T. Teng, T. Van Hove, and J.
Liljegren, 2001: Comparison of precipitable
water observations in the near tropics by GPS,
microwave radiometer, and radiosondes. J.

Appl. Meteor, 40, 5-15.

Michalakes, J., S. Chen, J. Dudhia, L. Hart, J.

Klemp, J. Middlecoff, and W. Skamarock 2001:

Development of a Next Generation Regional
Weather Research and Forecast Model. Ninth
ECMWF Workshop on the Use of High
Performance

Computing in  Meteorology,

Singapore. pp. 269-27

Parrish, D. F., and J. C. Derber, 1992 : The National

Meteorological Center’s spectralstatistical-
interpolation analysis system. Mon. Wea. Rev.,

120, 1747-1763.

Rocken, C., R. Ware, T. Van Hove, F. Solheim, C.
Alber, J. Johnson, M. Bevis, and S. Businger,
1993: Sensing atmospheric water vapor with
the Global Positioning System. Geophys. Res.
Lett., 20, 2631-2634.

------ C., T. Van Hove, J. Johnson, F. Solheim, R.
Ware, M. Bevis, S. Chiswell, and S. Businger,
1995: GPS/STORM-GPS sensing of atmospheric
water vapor for meteorology. J. Atmos.

Oceanic. Technol., 12, 468-478.

Fvw+HE— 5%

Saastamoinen, J., 1972: Atmospheric correction for
the troposphere and stratosphere in radio
ranging of satellites, in The Use of Artificial
Satellites for Geodesy, Geophys. Monogr. Ser.,
15, edited by S. W. Henriksen et al., pp. 247-
251, AGU, Washington, D. C.

Schaefer, J. T., 1990 : The critical success index as

an indicator of warning skill. Wea. Forecasting.

5, 570-575.

Skamarock, W. C., Coauthors 2008: A description of
the Advanced Research WRF version 3. NCAR
Tech. Note NCAR/TN-475+STR, 113 pp.

Smith, T.L., S.G. Benjamin, B.E. Schwartz, B.E.,
and S.I. Gutman, 2000: Using GPS-IPW in a
4-D data assimilation system. Earth Planets

Space, 52, 921-926.

Tregoning, P., R. Boers, D. O’Brien, and M. Hendy,
1998: Accuracy of absolute precipitable water

vapor estimates from GPS observations. J.

Geophys. Res., 103,28 701-28 710.

Vedel, H. and X.-Y. Huang, 2004: Impact of ground
based GPS data. on numerical weather

prediction. J. Meteorol. Soc. Jpn., 82, 459-472.

Van Baelen, J. S., Aubagnac, J.-P., and Dabas, A.,
2005: Comparison of Near-Real Time Estimates
of Integrated Water Vapor Derived with GPS,
Radiosondes, and Microwave Radiometer J.

Atmos. Ocean. Technol. 22, 201-210.

Yang, X. H., B. H. Sass, G. Elgered, J. M. Johansson,
and T. R. Emardson, 1999: A comparison of

precipitable water vapor estimates by an NWP



—O—%=A BRI HER WL 47
simulation and GPS observations, J. Appl. boundary conditions in a limited-area mesoscale
Meteor., 38, 941-956. model. Mon. Wea. Rev. 124, 2859-2882.

Zou, X. and Y.-H. Kuo, 1996: Rainfall assimilation

through an optimal control of initial and



48 RAFHZ %W‘I‘gﬁgﬁ"‘?ﬁ

Assimilation of Zenith Total Delay on Improving the
Model Quantitative Precipitation Forecast

for Afternoon Thunderstorms

Ya-Ting Tsai and Jing-Shan Hong

Central Weather Bureau, Taipei, Taiwan

(manuscript received 19 December 2011 ; in final form 31 March 2012)

ABSTRACT

To improve the model quantitative precipitation forecast (QPF), the better model moisture analysis in the
model initial condition is the most important. Taiwan, an island with complicate terrain, always exist a great
challenge on the model QPF due to the limit atmospheric moisture observation. The ground base global
positioning system (GPS) observation is able to provide useful moisture information on nowcasting and data
assimilation purpose with the high density both in time and space. This paper is to study the impact of GPS

zenith total delay (ZTD) observations on the data assimilation and model QPF performance.

A total of 22 afternoon thunderstorm cases were selected to assess the impact of the GPS ZTD data
assimilation the model QPF performance. The results show that the moisture filed in the initial condition is
increased around the Taiwan area with radius about 400-km as assimilating the GPS ZTD. In particular, the
assimilation of the GPS ZTD results in the increase of the moisture more in southern Taiwan. Due to the
moisture was supplied by the southwest monsoon during summertime, therefore, the assimilation of the GPS
ZTD does not only increase the amount but also the distribution of the moisture filed in the initial condition in

a more reasonable way.

The impact of the GPS ZTD data assimilation shows the improvement of the model QPF does not only
over island but also the ocean area in the cases study. The statistics over the 22 afternoon thunderstorm cases
show that, assimilating the ZTD GPS can reduce the model spin-up problem significantly. The verification
results indicate model QPF performance is also improved as revealed by the equitable threat score in both
06-12 and 30-36 forecasts. This study demonstrates that the GPS ZTD data assimilation is able to provide

useful moisture information for the numerical weather prediction application.

Key Words: Quantitative precipitation forecast, Zenith total delay, Data assimilation



