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A1 A A7 53
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Ztt] @& (radiosonde), 9= Z2Z3A# (wind profiler), F°] (buoy), A4 (ship), #|*
(land) #= 5 AEZH< F# #F=A5 (conventional observation)+ W T = A Y

of WEHC] Qi BF Ade] A A8 & BEAme] ol AHY

A% 994  (polar-orbiting satellite)oll ®Al¥  A<e] (infrared) J2 wlo]lma =3}
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H 2 & =ule A7

ot
uth

A1 A =2 A7

nl = 717473 (National Centers for Environmental Prediction; NCEP) A= & ¢ of Ko
A A= AT 7] =¥, GFS (Global Forecast System)et A& % 3}A A, GDAS-GSI
(Global Data Assimilation System-Gridpoint Statistical Interpolation) W 3%} Wi 2553}
WS o] &3te], COSMIC (Constellation Observing System for Meteorology, Ionosphere,
and Climate) 912258 H 53¢ GPS RO #5259 53 35 4% 537153 27
o] W= (refractivity, bending angle) 7}, =4 & WHWEFES A8 Suvtipds e
gErol M, 2%, 5%, 2 Ak o FAo] FH=

Derber, 2008; 29 1).
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NH 200 mb T ( wave 1—20 AC )
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d=r 714* (United Kingdom Met Office;, UKMO) A= A F dBHoA ALE3= A

7] 23 (Unified Model; UM)¥} 421 W& ArEst ¥HS ol&ste], GPS RO #52%
o] F3lol o] #Featel Falo] ALEEHE #HEWUE TPl HEF A7E FAY. ZHE
(refractivity) % 92t (bending angle)oll W3 ¥l A S Fall, GPS RO A7-E3tE 91T
TE AYAS A Gy SR AN doiH e 3 MdEATE vehge

3+l (Rennie, 2010; 19 2).
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9 2. COSMIC GPS RO #& s #3h3 A3 e3pshA] &2 AF Abeld], Al gt eake] Aol

oz (a) BFAE, (b) 249 283 45 (Rennie, 2010).
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B (European Centre for Medium-range Weather Forecasts; ECMWF)el

A 4310 BE A553 WS o] 43 GPS RO #3452 w37} ERA Interim A} #2]#}
Fo] FAo mMAE= JFgFS B3 GPS RO #5259 535 53, UFdAAdE 2 453
ol Ao &9 &% HAA (cold bias)7t E01E51, A% A oA 379 duky 2 Ax
Ao e AF nkgt 2x7F Fol= S #dE (Poli et al., 2010, 23 3).



(a) Temperature difference NH land RS minus ERA-Int (K), Pressure layer 175-60hPa
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(b) Temperature difference NH land RS minus ERA-Int (K), Pressure layer 275-175hPa
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(c) Temperature difference NH land RS minus ERA-Int (K), Pressure layer 450-275hPa
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(e) Temperature difference NH land RS minus ERA-Int (K), Pressure layer 1100-775hPa
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a9 3. 579 AAZFAA L, BT FAE A A ALkg greEd #5 ERA Interim A2 A¢

5o 2% W Aol A (243 GPS RO ARE F3tetA ¥ A4d (H4)e A3 (Poli et
al., 2010).

==

=d 717434 (Deutscher Wetterdienst; DWD)ol| A= #5379 324 WHE AxE
HE o]g3te] GPS RO #3559 w3 a74& 4% GPS RO #35A5 w3, W
Sl A (GPS RO A& ¢ A4 Adte] v) 2%
Zdol A (BZAR ] o] AuHor o) Fub 9o Hrol BubyzhA] oiFd AR
A 3% (Upper Troposphere and Lower Stratosphere; UTLS)e] EA1%43 o B A4S
A7l 237 IS EY (Anlauf et al., 2011, 29 4).
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Temperature at 50 hPa, NH
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a9 4. A BEAGS Fo 2 AASE 50-hPa 2% Wao] W3k A FH T2t
o] drRAYPA T wE W ddAFZFIAE (FFA)I GPS RO #SAREE
F712 F33 A¥ (w3A) v al (Anlauf et al., 2011).
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A=) 2l MM5 (The fifth-generation PSU/NCAR Mesoscale Model) =33} 4211

HE 2553 PSS ol&3ste] GPS RO #=AR 539 = A9 EX dF5o9 o
AFHoz #A43%. GPS RO #F5A59] w3t diid AFek 45 359 &% ®¥e
!
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Zoofl 7]odsb) o] 3t F = 5U7MA] FRE Aoz FlE (Wee et al, 2008 18 5).

40 — (a)

20

Z (500 hPa, gpm)
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29 5. 2HARY 4HA AR F3 Aol Fo] tigh o B Qo] A7t wE
3} (a) 500-hPa A ¢ 3%, (b) 500-hPa 2%, (¢) 850-hPa H]%&. GPS #=x}
B2 F3l3 Ay Ay FakeA @e Ay (dAl)e] nlm (Wee et al,

2008).
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Spire®] FEAFSEZRYH F53 GNSS RO #F5AE9 w3 axs

Spire FFE 91442l GNSS RO #5458 §317F 545 A4S o
6).

NH_W50 anl
NH_W100 anl
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NH_W850 anl
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TR_W850 anl
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TR_T500 anl
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SH_W850 anl
SH_W10m anl

SH_T50 anl
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SH_T850 ; anl
SH.T 2m [~ | Ikl amiw il anl

SHZ50 | A AAAAA & a4 4| anl

SH Z100| A A A AA & aiaiajs siafanl

SH_Z250 ;.AEA;A:A;AlﬂriAriraﬁgA}A‘r ial anl

SH Z500| 4 aia aia a aiaia a aisalanl

SH_Z850 E’ATVAEAEAEAEA:A:AEAE&IAEA anl

N T O OONT OO
r 339 inEgoEas
FREEEFFERE S 3 & 4

N

a9 6. dEAAAZG A /Mgl mE) qf
A9 vugs e o R exte] W3l Spire
GNSS RO #FHA5E F7I=2 F3kst 239
A3} (Bowler, 2020).
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o 7] A= CHAMP (Challenging Minisatellite Payload) ¢4 o= H-E 353
GPS RO #=xt79] &3kA], #=5H4 9] F7F (bending angle¥} refractivity)”7} ol Zol v X &=
A BAsle], FHE (refractivity) FEIZ F3}sl= Aol A4S ¢ Eole AL w3
vl 91 (Cucurull et al.,, 2007; =¥ 7).

1.00
0.95_ G it 9 F e TR Y SRS TR ER Y e PN T G e e
0-90- ST A, et et MRS sk s A | s S So e iy ), Sk S
|
__g 0854 e g
o
TE 0‘80_ SR e R A R « e e b et LR o S T Y B e e e e e
T s
o 0_70_ ...................................
=
E 0.65- ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
R T S
c
< 0.551 S
+—t
OSO'HREF """""""""""""""
ST 18 § RS (PSR S ———————
0 1 2 6 s
Forecast day
oy 7. @Rkt Aol s A4S 200-hPa 2% W So] tigk o
2 AHAFe] EAPA ] W2 WSt FEAE (CTL), =45 53}
A9 (REF), 1812 #4947 &32¢ (BND)e Hlal (Cucurull et al.,
2007).

v gy 7] std Aol A= AR (Atmospheric River) Abdlol] s 3x9 Wi 25
T3l WS o]&3ste] GPS RO #5859 w3 AH3S Fd3tal, refractivity FEIZ GPS
RO #=A5E F3}st= 4F, local observation operator (ZSAAFA)H = nonlocal
observation operatorg Al&3dt= Aol dFAAS =mole d 7|9dFdS Y (Ma et al, 2011, =1

2 8). Nonlocal excess phase observation operatori= local observation operatorel] #H|&l, <=

dr7h & dseM aaAd s,

-
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55N 55N ™~
(a) P (b) %
55 55
50 50
45 45
40 40
37N 35 37N 3
30 30
25 25
20 20
15 15
e 10 .o \ 10
19N D . . | 19N L, . , ’ |
162W  154W  146W  138W  130W  122W  114W  106W 162W  154W  146W  138W  130W  122W  114W  108W
55N ™ 55N 7~
(c) g (d) ©
55 55
50 50
45 45
40 40
37N 35 37N g 35
30 30
25 25
20 20
15 15
Py 10 o 10
19N D . . | 19N b, . . |
162W  154W  146W  138W  130W  122W  114W  106W 162W  154W  146W  138W  130W  122W  114W  106W

a9 8 SSMI IWV (A4 Aist 5719 #5394 Fxd5 439 vl (a) SSMI #5, (b) CTRL
(=4 4d), (c) LOC (local operator A& 23) (d) NLOC (nonlocal operator AF-& &)l Hla (Ma
et al.,, 2011).

A2 A S d+EY

T E 714H dgdre] GPS RO #5x5 37t £3H o] oy, #d A7}

glejoll HlEiA = EdstAl HPEI JA= Fe dRFFAgERE )

Institute of Atmospheric Prediction System; KIAPS)ol A& bl 7jutet A ofr] =

KIM (Koreaa Integrated ModeD)# 3xb¢l ¥ A5 53t WHES o]&3 GPS RO

shAl, #ASAE e A4 AT dig NAE AES FYsta AFARL] MFET =SS
)

dr Azol &FgH= AL &g (Ha et al, 2018, 19 9).
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(a) Temperature P500 in NH

(b) Temperature P200 in NH

0.20 0.20
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0 1 2 3 4 5 0 1 2 3 4 5
Forecast Day Forecast Day
(c) Temperature P500 in SH (d) Temperature P200 in SH
0.20 0.20
0.10 0.10
/“’f —§= e T S |
Q00 Frmm e mmmcm e o - ————-——————— 0.00
-0.10 -0.10
-0.20 -0.20 + * -
0 1 2 3 4 5 0 1 2 3 4 5
Forecast Day Forecast Day
aY 9 ARAAALY FEE vebd, 2AFFTFOA FY (B %Y A AR (@) BuF
500-hPa &%, (b) &4 200-hPa &%, (c¢) H¥H 500-hPa =%, 7123l (d) Hy¥k5+ 200-hPa &%
EXP174+= #3525 944 dId=7F 247 2 km, 1 km, 500 m, 28|31 200 m?] 28 (Ha et al., 2018).
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A1 A | 2g3 WE AR5 PHS o]]3 GPS RO FHAE
A

AR U7|EF o 2= WRF (Weather Research and
Forecasting; Skamarock et al., 2008) %3 g3t WREF 232 #1l5 NCAReIA 71
F AFUE Egor, AT 4 o= Y drole Z8¥e= HAY TR Edolt 7]
T=%¥ KPOPS-Weather A|~8l%= WRF &S 7|dtoz & 9o KPOPS-Weather A2~
oAl &&S Aol Fa HA #Hdo] ofd (KPOPS-Weatherot #22) 3.7.1 A& A+
2 AGEA Bl AAskith WRE 29 35 93 5= 2% 109 2.

mlo
rx

WRF Modeling System Flow Chart

External WRF Post-
Data Source Pre-Processing WRF Model Processing &
System / . Visualization
Alternative Ideal Dat ——
Obs Data €al Lata "
2D: Hill, Grav, » VAPOR
Squall Line & Seabreeze - ;
Corvieritional 3D: Supercell ; LES
& Baroclinic Waves
Obs Data l * Global: heldsuarez — NEL
ARWDpost
WRFDA
—| (GrADS/
OBSGRID Caee
WRF
Terrestrial —>] RIP4
Data ARW MODEL
(includes Chem
\ 4 & Fire modules) WPP
—>1 (GrADS /
—
WPS »| REAL Sl
—
. MET
Gridded Data:

NAM, GFS,

a9 10. WRF 28 3 5% (WRF Tutorial Presentation®l 4] 23]).

WRF EdE& F8s17] fsliAe, €59 dAxg BA-HAd WPS (WRF Preprocessing
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System) A& A Ao dt=dl WPSE geogrid (28 F3S 93 modds AA) ungrib

(B4 29 ATRE B4 oBgS t)zygstE 34), metgrid (geogrid THAICNA A A
sk mojddo® ungrib TACA HRYsE AFRY oS Uit #A4)e 3WAE T

¥t WREF 58 $3& 938 2oL 27 km FHAAEE 2, 5385 T4z 3
W e7kA] 23t dgew 1§ 113 2o By FAS 9 27 ((FREst 44 A9 ¢
ZUAAZACRE (AN 428 dFdd Fa1) v NCEPAA &95¢ GFS #4133 9
RS Abgetdt WPS 3 & WRF 28-S F38t7] A, realolehs A& S8 A4 W
g Uas 2&sta, WRF 23 F3d& 98 Eggdgdo=mes Addy 2d3E Fxshd,
Kain-Fritsch # %24 3%<¢F (Kain, 2004), Morrison "] A E 2 %< (Morrison et al,, 2009),

MY]J th7]1dAZ"et (Janjic, 1994), RRTMG 3t @ ws} BALE W<l (Jacono et al,
2008), 12]31 Noah AR (Tewari et al.,, 2004)= A}
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WRF 283 Abgs 2553l ~d 087 WRFDA (WRF Data Assimilation; Barker et
al., 2012) A]|2~€S MEste] AFA A2 A2 3819t WRFDA Al ~€1 oy 71A] 2}
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Dimensional Variational method; 3D-Var)= A €3ttt WRF 239 7|21 7|AE17]
$ s WRFDA Al2®l9] &8 A== 79 129 AAHo| At}

WRFDA in the WRF Modeling System

Background xlbc
Preprocessing
(WPS, real)
Warm-start
Background
Cold-Start Update Low B( & f
Background (UPDATE_BC)
Observation I S . t
Preprocessing WRFDA pdate Latera N orecas
(OBSPROC) (UPDATE_BC) (WRF)

The following data are not processed by OBSPROC:
» Radar, Precipitation data in ASCII format
(require separate pre-processing)
» Conventional obs in PREPBUFR format
» Radiance, GPSRO in BUFR format

WRFDA is a Data Assimilation system

LAl built within the WRF software framework

Error

(gen_be)

19 12. WRFDA Al2~¥l9] 2A % (WRFDA Tutorial Presentationo] A/ 2-3)).

v 7 © 2} 34k (background error covariance)S WRFDA A1 2® U] gen_be FE#EHZ
Fol, NMC " (Parrish and Derber, 1992) 0.2 AAFsA ), 748 02 24A17F o 1.9}
12A17F o Be] ZpolE A xbel 7pgetar, gk @ o] 7|ZF (WstE wiAlet] flshd,
00 UTC®} 12 UTCell Al &tshi= o 1)oll diste] w7 2 x}2] 7193141 (climatological) & A %
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o2 A7t (bending angle)olt} &4 E (refractivity) FEIZ F3lo] &Y. A&7}
TANRE vt o® By Hfr|9 Fol7l 4] ¥ AR B =4E ¥

slel= Aol HHsttn dAdsg. T3 =FHE B T34, #FALAZEE local
observation operator?} nonlocal observation operatorE A}&E = d=d], £ ko] A=

7} AR gvta 7RSS (AE7F Ao AL 1melsle]) local observation operatorE Al E1aF

HEA5 537t oS v A e TS dolRE WHoRE A
U= A= Al2~" A3 (Observation System Experiment; OSE) Wilolal, th& &hiups= 249
7}

BH=17 % (Forecast Sensitivity to Observation; FSO) 23 ®Wrw o]t} OSE A3

=AY vagc) HUA ol s 20199 S5 P8l 7]zF (20199 8¥€ 5 T 20194 9¥
18d)el iall, 6212 HAoZ AR FIE Fsal, 244 7kettt 00 UTCol &= 109 oBE
gtk F 4719 A3 (CTL, NoGPS, GEOOPT, SPIRE)S F3lstl=dl, CTL A g =
d BAE @3 aela GPS RO #3532 F3ts3ith NoGPS 2 g0l A= GPS
gt T A5 A HARE #SWE 3833, GEOOPT (SPIRE) 4 ¥
M+ CTL e‘;oﬂﬁ 3k B35 9o GeoOptics (Spire) 7]7d3ALe] FHLAoA F 537
F7t2 5389tk (Spire #2994 GPS RO #3A5+&E 20199 8¢€ 1993
i’}

WE B3 GPS RO BEARY B3t B Ao Oy oﬂ&oﬂ RERS OMO, SE)3 CTL 4
%3} GEOOPT (% SPIRE) 4#e wlas s (A4 Asi7delA 857 o) 298
FEAHNA A5 GPS RO #EARS F7b a7k BT A9 94 3o nAE 9L

shepat % girt.

=S T e A5Fe w3 ave @l
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ol &% HEAE AL 19 159148 o], ARFst 3 13, HAHAER

=Rk M Ea ﬂﬁf} TRy 9 139 HAH S
A ASUHE ALS fdl, A7 AL AAE v oR o E
st 714k (reference or truth), WH-8-3F< (response
function) d2l& 93 WEY (metric or norm), 183 A A& ATt drZdol=
A 74 (linear assumption)¥ AAFAI7FS 18] 3le] 6A|7FO =2, 7]%%%% g & sl-o B ALl
o A EAFoR WEHS Ax F oYX (dry total energy)=, 18]l A== 3xF
Aol Mg o w AT

ﬂd
o
Lo
i -
Ho

Z o] (forecast length),

l

. Analysis Forecast
Observation —, (x) -
¥y WRF-VAR - WRF-ARW f) | Define
Background Data Forecast Forecast
(x,) Assimilation Model Accuracy
Observation Impact Forecast
<y-H(xb)> (OF/ oy) Accuracy
Observation T (F)
Sensitivity X
oF/ o . .
; " Adjoint of Adjoint of Derive
Background WRF-VAR Analysis WRF-ARW _ Forecast
Sensitivity — <—o~ Sensitivity Gradient| Accuracy
l l ( a) (OF/ 6xr)
Obs Error Bias Correction Fi darted i ite idne
Sensitivity Sensitivity gure adapted Jrom Liang Xu (NRL)
WRE, (OF/ agob) (OF/ aBk) Thomas Auligne
a9 16 Ry 7h #ASHGE Aye] Ha HA 2AE (WRFDA Tutorial Presentation®] A

A 3 A OPS RO HEHAIES I B3 A @ o Fof nAE 3

= =]
A

Ame BZF Bt AZ 2R F7h FL gaol o= AE B A F I}
A gge Fa 9 5 A e B3 Ax9 A9 OSE)E Fastel, Faugel s 54
B5E < WAL gl FEARS nass gelth B st BEugE 49 FSO)E =
Bahol, Fohol A4 BE BZF A Jo]F Gt Helth oW AM: B
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Geographical distribution of GeoOptics GPS RO data Geographical location of Spire GPS RO data

08/20/2019 08/20/2019

90w

13 16. GeoOptics FE$94 GPS RO #A=9 $9x1¥ 17. Spire FE4 GPS RO A8 99X
(20199 8¢ 204). (20194 8€ 20¢).

H2Ame] 37t Ao FHAHJAEAE Feletr] ste], AH 717to] fiato]
O-B (observation minus background), O-A (observation minus analysis)& Z#AAtste] 19
18, 19, 2001 AAlstdth. CTL A9 4%, Be ARE3 AtelZd da], =45 O-B& H|
wate]l FHdE O-A7F A4ad AS geld = A olE 3 #S5A8Y s/t & o] Folxd
AeE & F Aok s3] AREE GPS RO #SAR 9 v Alo|Feol| wep xko]7p AR
1000001 A1 1600071 AFele] Fks ZE=th GeoOptics GPS RO #SA85E F71=2 5313
GEOOPT A @AM &, O-Bell ®la] O-A7} Haste] ARFs Ao or 39 s &<
& 4 9lal, F3tol] AlEE #AZAE O FE 1800071014 270007] Atel®, CTL A& H
7kt AL g F k. w9 e R Spire GPS RO #FA57H4] 53¢t SPIRE 4§ ol
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Number of Observations

A% 0-Bsh O-Ad HaE Ba, AnFat A4al FU8 AL FAF & on Fai
AHgE BEAF = HY 4500070744 FhERE BES Hlt
CTL Refractivity
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Forecast Verification using ERAS (Var:T)
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Forecast Verification using ERAS (Var:Q)
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Forecast Verification using ERA5 (Var:Z) Forecast Verification using ERAS (Var:U)
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Forecast Verification using ERAS (Var:V)
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W7k B Ao R 27 vehdtl = Spire FHYAORZEE HE3 GPS
F7E Fslete A5, &% B oS Aol Holu, WRF R3] (H37
dso]l A Fol AxFstY EvF dud WwFge =R FIsHA o
L2h=

A
aly
2
N
0
=2
iu)
rot
b
Lo

i
=
N
&2
rr
pord
o
it
o
o,

Forecast Verification using ERAS (Var:T)
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Forecast Verification using ERA5 (Var:Q)
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Forecast Verification using ERA5 (Var:V)
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Forecast Verification using ERAS
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Forecast Verification using ERAS
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Forecast Verification using FNL (Var:T)
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Forecast Verification using FNL (Var:Z)
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Forecast Verification using FNL (Var:V)
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Forecast Verification using own analysis (Var:T)
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Forecast Verification using own analysis (Var:Q)
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Forecast Verification using own analysis (Var:Z)
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Forecast Verification using own analysis (Var:V)
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Forecast Verification using Radiosonde from Araon
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Forecast Verification using Radiosonde from Araon
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Forecast Verification using Ship from Araon Forecast Verfication using Ship from Araon
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Forecast Verification using Ship from Araon Forecast Verification using Ship from Araon
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Forecast Verification using Ship from Araon
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Forecast Bias against ERA5 (500-hPa T) Forecast Bias against ERA5 (500-hPa Z)
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Horizontal distribution of 5-d forecast error (500-hPa 2Z)
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Observation Impact by Variable Observation Impact by Type
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Normalized Observation Impact by Variable

Normalized Observation Impact by Type
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