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Abstract The accurate analysis of water vapor in initial of numerical weather prediction
(NWP) model is required as one of the necessary conditions for the improvement of heavy
rainfall prediction and reduction of spin-up time on a very-short-range forecast. To study this
effect, the impact of a ground-based Global Positioning System (GPS)-Precipitable Water
Vapor (PWV) on very-short-range forecast are examined. Data assimilation experiments of
GPS-PWYV data from 19 sites over the Korean Peninsula were conducted with Advanced
Storm-scale Analysis and Prediction System (ASAPS) based on the Korea Meteorological
Administration’s Korea Local Analysis and Prediction System (KLAPS) included “Hot Start”
as very-short-range forecast system. The GPS total water vapor was used as constraint for inte-
grated water vapor in a variational humidity analysis in KLAPS. Two simulations of heavy
rainfall events show that the precipitation forecast have improved in terms of ETS score com-
pared to the simulation without GPS-PWYV data. In the first case, the ETS for 0.5 mm of rain-
fall accumulated during 3 hrs over the Seoul-Gyeonggi area shows an improvement of 0.059
for initial forecast time. In other cases, the ETS improved 0.082 for late forecast time. Accord-
ing to a qualitative analysis, the assimilation of GPS-PWYV improved on the intensity of precip-
itation in the strong rain band, and reduced overestimated small amounts of precipitation on the
out of rain band. In the case of heavy rainfall during the rainy season in Gyeonggi province, 8
mm accompanied by the typhoon in the case was shown to increase to 15 mm of precipitation
in the southern metropolitan area. The GPS-PWYV assimilation was extremely beneficial to
improving the initial moisture analysis and heavy rainfall forecast within 3 hrs. The GPS-PWV
data on variational data assimilation have provided more useful information to improve the
predictability of precipitation for very short range forecasts.
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A7k ZF-o]™(Kain et al., 2010; Sun et al., 2014), ©]
A We] Ag FAareE A s ATl
Zats] 218 5o YrhH(Kasahara et al., 1992; Kim et
al., 2004).

73 20 AE A e HOE Sun
et al. 2012y F=7F 2HE Y 2713 A
3} ke B8 E3 warm start % (Benjamin et al.,
2004y A|A8HATE T3, Clark et al. (2007)S 24
Z71%0 55T HESE FU18= “hot start” BQF
< ste] ml=sl <l 715 (National Oceanic and
Atmospheric Administration)®l| 4] 72 LAPS (Local
Analysis and Prediction System)ol| 2-8-3}%]Th(Jian et
al., 2003).

LAPS®] hot start WWH-2 dlolH, ¢4, =23}
del 5 AIFZF AEEE #5 ARE o83 33
T5 AT o)E o] &3 v 2715} HH o
2 FAEHAlbers et al., 1996; Schultz and Albers,
2001). HIgtE =71sk= 59 78 2 7 &
AFEE ZEIo] 5 9 A5 EE 95

AT

et al. (004 919 FHL Tl WEH 451
FE ol® 75 2 A 29 27 AEI HR A
Zholl wet mdl ol whEA H-gste] A A4
A dEete S BT

G749l hot start YHLS F357], 75 #H HE
ol tig aajd=e] #E A5E 279tk RUC
(Rapid Update Cycle)> NCEP (National Centers for
Environmental Prediction)lA 1417} A 553} o=
< Fshks B4 3 (cycle)2A 371, 914,
drzzsde], 2479 GPS (Global Positioning
System) & &> F719] #5 AA5E ©|-&-3h(Benjamin
et al., 2004). Sun et al. (2014) =22 golf o]¢]
of A%F719k GPS, 914 #el/7H AR, #3371 A8
7F SR RUCC] 83 A2 Bl

FARRA X7 INE GPS AsE 7] #H
BRE AT o U AlFT 5 o] ol
oj&ste] rd ] o Z Fes FPATHE AFEC]
A AAA ez gds] Ay Stk w2 RUC
GPS 7174 (Precipitable Water Vapor: PWV)S &
st 57 ARE AN R E8E g, e

744818 th 7] A|254 43 (2015)

I= ARE ARSENE W B @] F5 oS0
A om E3], 850 hPas}l 700 hPa 2] 6A17F,
12A17F ol & AolA T8AA EHE KA THSmith
et al., 2007). = 71’3 4= NAE (North Atlantic
and European) 290l X]’d GPSe] AAFA| A= (Zenith
Total Delay, ZTD) AEE 717} 32+ HE 553}
o} 4219 W A5 F sl 835t A3, 2d o S
A AdulsEet 23] Z7he 43S 2 tH(Bennitt
and Jupp, 2012). 4 7|4 AF+AEE Y MSM
(Mesoscale Model) =9l GPSZH-E A&H 71
FS JTEF Akl tiE 43k WE A 5Fske
e Je34E dove FEAH A d39] 9
x Q27F MAAEE R THShoji et al., 2009). F=
o] A= MM5 (Fifth-Generation NCAR/Penn State
Mesoscale Model)9] 4319 Wi 25%53} AJ|2=go
GPS 7Pir3dS €83l At (Meiyw) A4S w2t
FTHE dFAVE &5H o2 BT JF35¢ AHE
qEH oz olgh vl JtH(Zhang et al., 2007).
FWoM e 25 #= A8 & 7Y 279 Bl
£ B3l A7I9F GPS 7PTEe] A8 E ASst
= A77F F3=EATHHa et al,, 2007; Park et al.,
2009; Kwon et al,, 2010). X 2dof] &85 A=
= SWIE GPS #SWOoRYEH g5H VITES
WRF (Weather Research and Forecasting) 33X HH &
A5 F3to) Agste] et Ao fXE @
23 fARHA 2elgh vl Ith(Kwon and Lim, 2008).
T3k g o] GPS HEA A0 sl MMSE ARE-
st #AZA| 28] AlEY o)A A (Observation System
Simulation Experiment)& 3 3t] 29| 7Pt &
= AEE 43 HE A5FsE S W A4 5&
F 72 2ol FAHAA a3E BRI (Kwon et al.,

£ ApoE A1 GPS 7V AR FE}
W) dEmde] AL G348 2ASA. o
8 WA ol A BESHE A7) GPS
ABZRE NYFFS VEsel 1371985 2 A
A4S vwste] 3w B4 Fastat.

2HME GPS B35 AE 9 PHE LYAHE A
NS, 38 FARD ARF Pl tef 7]
S35k 4o AT B AAE A&dt s
Aol AFNES 2ok59

o pu

ol RS AzAAl Ik hFT AZAAF
= W7 T 7i5, clolzE B Il Bl
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th. GPS 7|uke] 7P AtEe FAAIKE 7
2 ARl 7S FA A% (Zenith Total Delay:
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o] T AXAAFE AA dFS AzA

90%E A8k GPS #HZA e A 719E <18

3| A% 7}53}ck(Saastamoinen, 1972). ZTDE ik
2~3m W9 WellA 2x3 A4 7ol 24 0.3
hPa t|gte. 2 ®Agsitid ZHDS Fe< 1mm ©Ju
Z Ak d 4 AdtkBevis et al., 1992).
(2.2779 £ 0.0024)P,
ZHD = 2

1 -0.00266c0s2¢ — 0.00028 h

2 2)lM P A
25 he BS540 BRI 2 (ellipsoid height, m)©]

o1 7]l A4

Axet7] o 7] wEel
3 &-31cH(Hopfield, 1969). 23 28t
71E8 GPS AFA2 AZE ]Sl GIPSY-OASIS
(GNSS-Inferred Positioning System and Orbit Analysis
Simulation Software)Z At&¥ AZFX| AN A ¢
o) AP R AN AZAATE 1D HaA

P

AL A 5 U, o) AL olgale e
o= gake & ok
PV = ZkWD x10° 3)
3 '
pRV(—-—— +k )
T, "

o714 pe B9 YEEA 998.00896 (kgm)°]L,
RE 7] 7IASE 4.165 x 10* JK 'kg ")oIth. ks
9} k= 714 ZAAGEA] Davis et al. (1985)014 A
AIE 17+10 (KhPa )2}k (3.766 +0.004) x 10° (K*hPa™")
< 77 AT T, FdLEK)E 3=y o
o252 (Ha and Park, 2008)S AR&-3}t}.
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Fig. 1. The location of GPS observation sites.

Aol Ax]E AWS A5E 83U HKim et al., 2011;
Kim et al., 2012).

Figure 12 =1/ 7]7¢38tlol A t7]
=& 5% AP AAE FHoRE 95
719ke] GPS F417] A& yER Ao, Z
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o2 wjAZF A ¥}l IGS (International GNSS
Service)oll A #|Fsh= GPS A=Y A=A 24
47 =2 (ultra rapid orbits)S ©]-&-3HH ZA| 7k o
3 ¢F 24]7F 3099% A A Tl o] AbEET.
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Table 1. The list of GPS observational sites.

& GPS #F55819)

Station name Latitude Longitude
Boseong (BOSN) 34.7640934 127.2126392
Changwon (CHNW) 35.1705529 128.5724748
Cheorwon (CLWN) 38.1480021 127.3045737
Dongducheon (DODC) 37.9021147 127.0611616
Ganghwa (GANH) 37.707321969 126.446352682
Gyeoglyeolbiyeoldo (GRYB) 36.625351314 125.559526687
Icheon (ICHE) 37.2641806 127.4841819
Suwon (SWON) 37.2725 126.9854
Yangpyeong (YNPY) 37.486200748 127.507040616
Incheon airport (KAMA) 37.4796143 126.4485945
Incheon (KEOP) 37.4775 126.6244
Songwongdong (SDSM) 37.5715306 126.9660119
Daegwallyeong(DAGR) 37.677385 128.7187418
Chuncheon(CHCH) 37.90277706 127.736102002
Deokjeokdo(DJKD) 37.226424208 126.146641852
Hongcheon(HGCN) 37.6838 127.8803
Paju(MNSN) 37.8862 126.7658
Cheonan(CNAN) 36.7800 127.1189
Cheongju(CGJU) 36.9705 127.9526

e A= 5704 GPSe} Fr] U E BA

(KMA, 2010)%] 3~4 mme] Z}o]& Hel A3} H
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Fig. 2. Scatterplot of the 6 hourly PWVs estimate
from Radiosonde at Osan and GPS at Suwon using
ultra rapid orbit from June to August 2013.

3, 43#A 2 Biaset RMSES AXFsIA thFig. 2).
grjeEdel GPSERY AHEd Ve A3
o 80mm W] oA Fhol RSt dom o]H
21-*(Shoji, 2009; Ha et al, 2010)¢} AR A3E
Bl AAASE 0957 AW GPS7} 2] Q.E )
Bt} 55mm 9 PSS AAEste 540 AL,
RMSEE 7mmZ YERTh ©] $X= 2003~2009%
Bt Sl AEe HEH JTEE o Akl

744818 th 7] A|254 43 (2015)

A 3mm Z% Atk KMA (2010)914E GPS AA| &
SaoA AEE P ES gresd ASAH
TVErgo R Siksbr] flal gAR R H S 486t
of v, A7 Al sl vt 248 3t
A7] Wl 77 AR F3F AEolRE 9
27} AA @ Aoz A

g ey #= A5 9o 2d BAFe) 7k
P HwE St 2 eEd et GPSE A
24 @ojA 7] W&ol GPS X X 7 77k
- 24 A5 5 FE5t] vwsiith vl AR
2d 25+ KLAPS (Korea Local Analysis and
Prediction System) A|#-4 AEZ FHEZ 5km 3%
T 127 7+4 A Zo|th(Ha et al., 2010). FY A
Aol grezu ot g X5 e] KLAPS A4 A&
Apole] 2 22wl H| w3k A (Ahn et al, 2015)
ANA A% 9km ©]3tllA 1K W9 Biass HIL,
GPS¢} v F &= g s Mgt A7) o
ol KLAPS A4 A58 ¥l sk3itt. Figure 3
KLAPS Al#A3 GPS AHE 7Piete] Al
¢} Bias, RMSEE YER Zlolt}. AaAlTe H=9
GPS F ti#= 3 BA FolA 094 olate] e H
ol 1 9] AHAME 094 ooz Yl o]

% GPSe} 7Y o ruAe s AHAFE
H]$=3) 7hol™, Vey et al. (2010)2] AA|F+
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Fig. 3. Distribution of (a) correlation coefficients between the 1 hr PWV from reanalysis of KLAPS and

GPS, (b) Bias and (c) RMSE from June to August 2013.

GPS<} NCEP/DOE (National Centers for Environmental
Prediction/Department of Energy) A& A 5& "%
g AAE fFARRE HOS Boli vk Mgt A
71 slitrtelld = mddl nlsl GPS7F 7P
o AFEsh W HolA H4 AEstke 5A4S Bth
ALFH 22 ARG mdd Hla] GPS #5oll
A 7P Fr AHEskATh AR Bias7t 2 Al
HolM= RMSEE Smm HEE FA EX3IA,
WA AGo M= Smm olste] eaks YERN ST

3. X2l H XS5t LY

3.1 X2

GPSEHH &8 7Pr#s &83at7] 918 AR
St XYL KLAPSE 7|Hte 2 AAld =34 &
3}of] ZA] 28l (Advanced Storm-scale Analysis and
Prediction System: ©]3} ASAPS)°]t}. KLAPSE= 3hit
55 d9o=m KT HHo R BN A5E A5
A7, ASAPSE FEHUS IO = 308 (AR
At A 5S T35k 5] AUTh ASAPSE M
< AAkske AAIS 24 9 AS4S Adtele Al
AZ Urold F3E™ 1 km o5 F3H7] sl
A 5km-1kmZ FAARAAZE Dot 2d
9 G992 Fig. 49k o] w742 Skm (DOD), &
A% 9 542 1km (D02)E 21 FYolth. T+
H SsldSA "o w7 d Skm 2] tisf v
AZE e Elo] gt Aot A ZE, FEH A
Aol el 6A17F S-S FastH 30% (HAeE 4
5 At} 1 km 24174 AL flEiAl= vl
737 AREFEH 24 A%
HHE AA ok A5 A8
Y 3IcH(Ha et al., 2011). 1
of st Skm dA&3FE AALSZ 813, 1 km 4
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Fig. 4. Model grid for domain 1 (5km) and domain 2
(1 km).

AAE 27102 sto] wf 30%vit} 30 THHo=
6X1 7k A 5o] o] FoAEE A SIATHNIMR, 2012).

d &L 9%k T 292 WRF V3.4.1 (Skamarock
et al., 2008)°]th. FHIIANE 5km G0 el TA

A2 23570, EE AAF 28370013, 1km P9 54
AR 26670, HE AR} 266700tk AFEe XS

Ll L
wEe Alek Mo 4030w = gtk 50 hPa
otk EXelg% AEE 30% 4% MODIS
(MODerate resolution Imaging Spectroradiometer) AF&.
o] AR FE o] &3t 3 S(clustering) 71HS 4
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Table 2. The configuration of WRF model.

F AT

Model WRF V34.1
Domains Domain 1 Domain 2
Horizontal resolution 5km (235 x 283) 1 km (266 x 266)

Vertical resolution

40 eta levels (top: 50 hPa)

Forecast time

9 hr (5 km, 30 min. intervals)

6 hr (1 km, 30 min. intervals)

6 hr (30 min. intervals)

Time step 20s 4s

Landuse 30 s MODIS+KLC

Initial condition 5 km analysis 1 km analysis
Boundary condition 15 km forecast 5 km forecast
Microphysics WDM 6 class

Cumulus parameterization None

Radiation

SW: Dudhia, LW: RRTM

Surface scheme

Noah land

surface model

Planetary Boundary Layer

YSU PBL

&% 5 @_Xo]— *= s %Ei HAES HA e

7 KLC (Kongju national
umver51ty Land Cover) X}ET‘% 0|85} tH(Kang et al.,
2010). AHEZ]HH2 Noah-LSM (Land Surface
Model)& 28319t 5 vAlEE] 253+ WDM6
71 (Lim and Hong, 2010), Fo-EA} g2 537}
A5 28-51= RRTM 715 (Mlawer et al., 1997), o
EAF HFE A 7l Ak 5718 §rE @
<=31A| &%k AAHSE Dudhia 719 (Dudhia, 19892
A&tk AAT 2132 YSU ¥ (Hong et
al,, 2006), 2% 253} 37g-2 o] 8-3FA] 43kt Table
= /‘x]/\]tﬂ A-]Z-]oﬂ ]:Hﬁ]— gcz‘ko]q_

32 NESS WY

GPS 71745 ARE Skm W74 JHEE
qge Ak Y 3 SERAH) Boalgl
WA 7} AR S ARE Bames 71HE ol
sfel 24 Adz waAd o] AFAM GPS 71
Sk KLAPSS] 341 4712 wake u) wdo] %)
YLE} GPS FA17] IE7H] Aol Hha) e

e

%= B (Kwon et al., 2010)~ TSR] @ A
o A3t} o] % Aol HAE v E

Avata 2 WAAE o a}w%m, RS2
WP oD SRS
A7)a HESE Goe FHels
&3 A CHFig. 5). GPS A&

A P Sl %, A, A, 715 7180]

744818 th 7] A|254 43 (2015)

object analysis
(Barnes)

v

background

weighting function

sonde, satellite

— ] —

variational assimilation

0.6 < cloud fraction < 1.0

saturation for cloud

check supersaturation

!

analyzed
humidity

Fig. 5. The analysis process of GPS precipitable water vapor.
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Fig. 6. (a) Surface weather chart, (b) 850 hPa moisture flux, (c) radar rain rate (mm hr™") and (d) COMS
enhanced infrared image from KMA at 0900 LST 22 July 2013.

AL, cim ZF S@)IM 2 vF(g)dl HEEHe
Agreln, o]59] HFE oz mdo| s} o] ALt
Ak 0% GPSERE MEE TS B4 4
Az ABEHI TP E AR, Egse 85 AR
of et 2%, Lepse #5 AR Wd 712] 1|
% 32 yeldti(Birkenheuer, 2006). W24 ol
A GPS AHo2RE Azl wE T R &
S atg kel wet A el e 9T
At ARE #5 AR 9Tl 50%E ol

A

X

. F50 #5 FPAL BSAH Azl He
WA oA EEAY EEE BEeE Ao Wrelt
(Hollingsworth and Lonnberg, 1986). #3293}
MBE B5 Az Fgol 2 AEoEs
0.0 AA AT

o

4 o
rlo e

4.1 ZopEMof| SHHE HESS Al

2013 7¢ 229 FF A oA Hupdade] FA
HHA FJFs57t gAY JFss 717 5%
HY] 6AZF FEAGTHE 7= AFA] tlalHe] 299
mm, Z7|= FA] THANE 110.5 mm7} 1A 5
e 712 H U

Figure 6= Ald] 7]7be) sllFsle AL =

d

P (moisture flux), #oIEI9} SIGAFE LERd
olt. A/ EE W ShibE FE-o| HAlo]
Aeh Sk o] RE|Rdaler, Ao

A7t X8 e Ao GAZRe fYel &
3 7]k W'le ®Holx Ut} 850 hPa <& u}

o Sl 719 o7 ekl WEE 55
A ANE AR AW RoE olBEN Fat
7} APl f9E ek dolesh 9

e
% 2 8 0 3 4o
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Fig. 7. The precipitable water vapor (mm) of observed by GPS (a) analyzed without GPS
assimilation (b, CTL), with GPS assimilation (c, EXP) and (d) difference between EXP and

CTL at 0800 LST 22 July 2013.
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