© 00 N o o B~ w N [l

R I N T T i < e =
O © O N o o A W N P O

21

22

23
24
25
26

B RE X332 73 AL 5] AR R BELR KT I

TR L2 ZB@AL2 12
1 EZxRA%H 0, Jbat 100081
2 PEAZRRBEBERF L, JEET 100081

OB N BEREVORFE RS 2L B AN TR B35 U 8 T b /N R4 AT, o AR AE R R
SYHTRE AR R ) . A7 AE GRAPES (Global/Regional Assimilation and Prediction
System) X3 3km =448 43[R H ARz o IR RUELR, 23R RGN R EE BT
ANBIrRESE 2, WAL A R R TR ) e . — A H I BUE RS 45 R, JIA
KRRBELJ AT DL 25 e R R BETE 3337 (1) 73 S AT, 4 Bk I v 43, oekzb> 2m il B2 AN
10m R iR R 22 . 301, 8 B R K BURPE RIS 25 AR, R BEIR B2 3 AR R
PO T OB KPP o+ oy B o X P, IR SE L O T8 B K 2 R DL B e i BT I
TP TS VFr B2, MRS LI T o B N 20 TS BT EE . b, 1E¥
FINKREARRZFMA T, RHTBEIER (—AHHETGR ) 77 R TR 755
R CREHWE) A4 AT R g R X GRAPES XA BRE RS H 52 21558
TE, H— R, B THEIEFESE TR G IR

KW WRIE =483 RREZAR

XEHS 2020176B

doi:10.3878/j.issn.1006-9895.2009.20176

Impact Studies of Introducing the Large-Scale Constraint into

Km-Scale Regional Variational Data Assimilation

Abstract Since the framework design and observation selection are mainly for meso- and
small-scale analysis, kilometer-scale data assimilation (DA) systems often suffer from insufficient
large-scale analysis capabilities. This work adds an extra large-scale constraint to the cost-function

of the GRAPES (Global/Regional Assimilation and Prediction System) regional 3km variational
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DA framework, to study the impacts of introducing the large-scale information of the global
system on the kilometer-scale DA and forecast. The results of numerical experiments in one month
show that, the introduction of large-scale constraint can significantly improve the analysis and
forecast capabilities of the synoptic situation field, increase the precipitation forecast scores, and
reduce analysis and forecast error of 2m temperature and 10m wind. Furthermore, results of the
quantitative precipitation sensitivity tests show that the large-scale constraint of the temperature
and humidity field is a very important factor for improving the precipitation scores. The results
also indicate that the humidity field constraint is important for reducing precipitation false alarm
and improving the TS scores for short-term precipitation forecast, while the temperature field
constraint is important for improving the TS scores for longer forecast ranges. In addition, under
the condition of introducing the large-scale constraint, the analysis and prediction results of the
experiment with the full cycling scheme (no cold start during one month cycling) are equivalent to
that of the experiment with partial cycle (daily cold start). This laid a good foundation for the
GRAPES kilometer-scale system to adopt the full cycling scheme to further simplify the cycle
process and reduce the calculation consumption.

Keywords Data assimilation, 3DVar, Large-scale constraint

1 55

BEE R ERETT EALI AR R, AP0 HERAE 1-4km 1A BURUEE IX BB T R 4
(Numerical Weather Prediction system, f&i#% NWP) 143K & f& i (Gustafsson et al., 2018).
BTN RS s ROl . nI TR 22, R R A B ) A BURUBE B RHRIML
%4 (kilometer-scale Data Assimilation system, LR f&i#% km-DA) i 58 Brisi 2 Fid R a1
4y B (Sun et al., 2014; Yano et al., 2018).
7E km-DA K JERT T, KRG M BE 1A 2 e ) 20 H U 78 70 R A% ) B A
—(Guidard and Fischer, 2008; Gustafsson et al., 2018). 5 R EE W T LA R JLAJ71H: 1)
2T Bl PR ) DA R M3 R A6 SR A 255 2) km-DA FIHEZEBEHRTEE R} R 58 fin ] 5 /s R
FZ; 3) km-DA K JEI 8] i, MESE R AN TR SOkl F 25 7 T 5 T 43R [F 1k & 4t (Guidard
and Fischer, 2008). AT, K zshAH 22 RIERFEERER, KRERRDHrEe A
AR ZATAF EAL THRAE A R R ZE A R AR, S R e
FHECT X33 NWP, Bk NWP 250 h KR AR GBI AT, KRR
MR RE N E IR 2 . i, P2 XA GE KA PTE R EERA (Partial Cycling) 1124777
2, WD R TR G 0 I 78 rh A g — Bt 18] 5] N BRI B RBEW B R R (1R 05 5%, 2013;
Benjamin et al., 2016; Milbrandt et al., 2016). X {77 20 B AR AL H B KR I BRI
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IR BRI 2, EIRIIN 2R T B /N RS B (Schraff et al., 2016). Ayit, b
55 SR ERAEIA v HE S ON— B[R] R TR, O EIAEPR IR RAR SR (L 55 7 b 22 BT, 1k SeiEad Lk
R TIARIEIR spin-up H & PR AN R EZ (S B (Benjamin et al., 2016), X ZAR KA N T i1+5
TH#E.

N T REHE AR NWP 75 R RPN 7 T AR 555 DX 3 NWP 78 /s RUEEFR RS AL, 7
RIS &, TR ENITR T 2MREETT 5. RERE T R KRB L AME: 5
RN G BRAEAL T IR R R, FERME T 2 JG (BRZ AT # X (8 5 2 BRI A R
A (LU RPN IS fil& 77 22 7) (Hsiao et al., 2015; Yue et al., 2018; - [#2¢4%, 2018; Yang et al.,
2019; Feng et al., 2020). 5 —RAEAE XIHAZ 7 [RIMHEZS R 5] N B ERO R RUE IS 2, KT
N MRS A RS B ISR AL B g CBUR AR “ Bt &7 %7 . SIS
T7 A, Rt G T RS R E R RIS &, b T RS T RINAER T, FEF
NI [F) A B P IC R 3 — S, T DA 7 I A% ) RV 23 (AR A 0 R b ) B ) b2 FH
(Guidard and Fischer, 2008; Dahlgren and Gustafsson, 2012; Dahlgren et al., 2016; Vendrasco et
al., 2016). Guidard and Fischer (2008)44i7: [F 4= ER £ Fildik RSt (1 0 i fE N LI HAE B 51 N E
ALADIN (Aire Limité Adaptation Dynamique développement International) [FALHEZEH,
Dahlgren and Gustafsson (2012); Dahlgren et al. (2016)7E ik 7= md F i 7 k25 fifk, If
W L HT 2 T WO i 2 HE A T IUH A, DU S R o A i R R R R IR B AR
Vendrasco et al. (2016)7£ WRFDA (Data Assimilation system of the Weather Research and
Forecast model) 15| A\ NCEP (National Centers for Environmental Prediction) GFS (Global
Forecast System) 73-#1d%, o8 7R REERGL T, dfEdE 1 i ia TR AL A .

AW RAERIE H =0 A GRAPES (Global/Regional Assimilation and Prediction System)
XA BURE = 4E 25 LRG0 (GRAPES km-3DVar) A 5] N JETF-45 5 il £ 1) K R 29 3
T7 5 WRFHA o~ BRE R TR 52, JEAa A BIZTT it — 0 5 R G EAR R4 Tidi
PERE . 5 RSB FT IR [ N S 7T 2 0 B T AR Bl SR a7 R IR IT, Rt — B rnIA
KRRELHR G2 et B R4 S 5E 20638 (Full Cycling, B[ B 46 FAR 6 A F2 HH AN F%
M ARG FATR )R TR BER A 78 B 75 50z 1T,  w T DAFE 4O B A/ RBEAS B Y
(7] B 9k D> LA ) - SR A, DRI AR S 58 RT3 BT 17 DRRUBE 29 SRO6 JR) SR A A A 58 IR B
BATHISE . 538k, ARV 7 TERRIZL AN T FEA TR 50, 2y hAs
) A 5 A T B0 R/ g ANBR B . ik, ASBIF SRR 23 FERUEE NWP 23 7T Y 7 B F /K T
i, BE—BR T T RRE LR AR B HAE RN

MRS B 1N E B 2 W R AR R G U7 S 5N RREE 2R B 4
SRISERETT 5 5 3 IR U I8 7 b KRB LI T00 2 R R A 5208, JFX b g
IRITE RGN IBAT S5 R 2 5 58 4 il I U RS 7 A 1 RREZ L R AN [R) 3 B o
B K TR ISR B Jo 88 5 1 4n S0/ .
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2 KREZHRHEIA

2.1 GRAPES AR RERGENHA

AW LT3R E E EWF AR GRAPE XI5 3km ARG R, 1% A4 25T X1k 10km R4
(FNNPESE, 2017) K JET K. fEiZRGH, ARE I KPR UKo #8380y 3km, FEEHE
N 50 2 (BT 10hPa), Fifi i F2R A Noah #8) . FiR s & RS0 T B0
RRTM (Rapid Radiative Transfer Model) i 4a 5 77 % (Mlawer et al., 1997). Dudhia 248
%75 % (Dudhia, 1989). WSM6 (WRF Single-moment 6-class Microphysics) {43 J7 % (Hong,
2006). k) MRF (Medium-Range Forecast) i1 %42 77 %€ (Hong and Pan, 1996; Lock et al.,
2000). Monin-Obukhov T 1T JZ 77 %55 (Pielke, 2013).

N R RS 7 2R Fl GRAPES 3km 3DVar, ‘& 2%+ GRAPES A BRIX I —fk
WA R R GE (KR, 2004, 5245, 2005; BE40354%, 2008) K JE T K. 3 TiZ— 1Ak &
45, SFRKF Y4485y [F) 4k 4ADVar #£35(Zhang et al., 2019), [X 3% 3DVar %15 (5 Ak %,
2009). TE¥— AR RGN FH B BRFESF HEAE I, FRATDR HAil 7 — RAUEE R &, A8
LR . S8 Gert . LA 0 B W SRk i B & o AR S 24 AR R REZR 5] N K
FRIZLRIIBE R AR, eIk 5 5cas .

KM Bk GRAPES A BLRE RS, ASCicE M EE 1 pox, KPFALER
20N-40.1N, 100E-127E, ZRPY7J7 A% 80 901, maAbTT IS miACN 671,

40°N —
35°N —
30°N —f---.

25°N —

20°N — 20N

127E

| (100E \ © T
15N - ‘ ‘

T | — T Y T T
100°E  105°E 110°E 115°E 120°E 125°E 130°E

1 AW B B ATE R R B CGREHELL: 20N-40.1N, 100E-127E)
Fig. 1 The model domain (within the black box: 20N-40.1N, 100E-127E) in this research.

22 KREARTRES

& Guidard and Fischer (2008) ) 7t, A BREUE Tk R Sede ki K R IR v] AR
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A BRI SRR R G P AN 5 kT . B2 4 AL eh G (0 575 S x, RO y, 1
BRI Z =[x,,Y,] LS5 A Z =[x, Yo, x | » X x RAERR A
15 KL Z 0 LR 2 b 2 AR
E(zr) E(ae) E(as )
W =|E(ze ) E(az) E(se)|. 1)

E (estT ) E (8,_8; ) E(sLa‘[ )

Relts g+ g v o BRI TG WM. KREHMG R LR, 5T E() &
1,

B, A4 FRIZ BT LA O X =[x, H, (x),H (x) | S5 Z 2 miiEs,
BB AT iR 2 0y 2R W, Byt T

J(x):%(X—Z)TW‘l(X—Z) @)

A, H, (o) KT BRI 2B B NS, H () ¥ Iia 0% 210 R IR
Y AE S [ BT

Mtk (2), BRI EXETRTD KIRE & SR E g, B8 & AR BV
HARAT, PR (L) H R 25 A8 P AE 9% R % (Lorenc, 1986; Daley, 1991; Kalnay, 2003). i
— B, AR IR T R AR LI, (H A 3R 73 B A0 XAl 7 A P FH UL 22 e BRI
B B BRI R A KRS RE B, R4 g 5 g, Z AR 258 M AH R AT LA
1B 1% % (Guidard and Fischer, 2008; Dahlgren and Gustafsson, 2012; Vendrasco et al., 2016). 1fij
St ¥ g, 5 g, Z AR ZERE XM, Guidard and Fischer (2008)1 Dahlgren and Gustafsson
(2012)i83d TR IR ZREARRITH AR IR, B 5 e « g AT MIRZE B IHITZHEAR N, 7T
L. i Bl iR, @) W FBEMERAERN TR A K, £
qu%Q)R:@A»Lz@@U,ﬁ%ﬁ%%%\mM%\u&ﬁﬁﬁﬁﬁ%%ﬁiﬁ

W7 Z5E R, Q)M HARZ B AT LRI N E 5375 Jy « A ) BRI EEL R I,

=Tz il

J(x)=J,+3,+J,

) B ) A M- R 00-x) @
+%(HL(X)—XL)T L (H(X)-x.)

S s AARRBUALE, @) 7 RRBEELIRI Ju, DA B2 BURE X KA fk
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HE S B U FA) 38 K RUEE R AL o

2.3 KRB B HIZREL

Himz @), KREAE R x KIEN S XA TR RS, SR NL 5 %0
MR EREME TR . GRAPES 3km X =Un] LUK FH AN R] (1 4 BRI A il 78R3, A
WA 5 24 Ak 553217 R 40— 501 NCEP GFS (UL R RR GFS) 1 A& UKo iR
0.5 J&, EHJZIK 26 Z). AT, x TEEHEENAKTRG (u,v). #ES T FIAEX
B wo

N T EAS x| EUFRMOCR R G R, T AR R B e . T
BRI, ATACL R HE. B, BN T7 %, KF B EFEEWLH
LR, BUEA SR B B N HKFA% BRI 5 1 7 f%(Skamarock, 2004; 47k
R4, 2008). AT GFS ) UHELEAK 3 #i% Ny 13 AW, e R P KRy
65km~91km. .7k, 4 KAfE 2 (Boggess and Narcowich, 2009), #F5¢% ¥ 0.5 £ GFS

e P B KN 1.0 B (2 & HE) . LALLM A, X GFS 4Bk &3 (MR dE ik ik

(A TR K REAS /N T 1.0 B2

FECL B HEA b, B FOE IS I TN R A T %, BEE: T106 (“T7 FoR
= AL, 106 TR Bk E, FED. T85 Ml T63 &5, i M AR K27 A 1.125 F
1.39 BRI 1.875 2. ML E RIS RKN], KA T106 &M HIREIE B R 5df. K

2 T ARFEEWEEIEE T, SRERTEIREENZES RG] WEHR LA H, T106

T — IR T E i s, 5 —Jr T ARMR T85 A T63 IRk AR It Tz B 5 A %
B LRA UL EFIE, AT T106 fE B IER BN, R x H R BB KT
1.125 JE k5. X B E 5 Vendrasco et al. (2016)3% F 1) 1.0 2 (% kit DL A2 Dahlgren et al.
(2016)15 FH 1] 115km FrI&R T T 20 21

—— original

N (b)

100F 105K 110 1158 120F 125K 100E 105K 110 115K 120E 125K
Longitude Longitude
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T T T T T 0 T T T y T
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Longitude Longitude

K122019 4F 6 H 10 H 12 Bf (UTC) 700hPa |, f7T 28N fJ GFS 3% (a) u . (b) v K.
(c) WREET BLK (d) AHRREE p A2 [FI8UT BOICB IEE A 5 IR LR, BN IR,
21650y T106 #klbr, FRIE N T85 #ill, Wik )y T63 #ilkr
Fig. 2 Difference before and after low-pass filtering of GFS fields at 700hPa for (a) u wind, (b) v

wind, (c) temperature T, and relative (d) humidity x at 28N, valid for 12UTC 10 June 2019, black
for the original field, red for the T106 truncation, dark blue for the T85 truncation, and light blue

for the T63 truncation

2.4 KREHHEBHIRES E

ERQ@) BRIz, B do T 7 i e R BERUE B RRZE T 7 2R L. AL
4, X B 5 Vendrasco et al. (2016)F1 Yang et al. (2019)258F 5t — %, W5 Hfaitk Joxd Mk,
BB AN pE iR 72 1) 23 AT AH 0% LA SN [RIAR 3R 22 2 T A8 SCHIME DG . 0 THERE L X f 2k B
WREL T EAM, AWFFEH NMC (the National Meteorological Center) 77374811, Bk
(7, SR FH TR 0 5] — I 220, TSR 25025 510 24h F1 48h 1f] GFS 3 ZE (A i 2= I e A
AR TR B 2018 4F 7 H, i/ HAR K et 5 s, R H AR BRI IR A

(00UTC. 06UTC. 12UTC. 18UTC, iXH UTC FRAEHFES, FFED, it 124 MEEA.

B 345 T Geit R 31 T R EEFAE B b I /NS iR 22 85 U 28 1 3 ELER AR - A7 R ZE 1)
B RABZ2 3mis, 47T 200hPa PR 76 R R R IX . B 371 2 /R824 T 0.5-1.0K 2
6], WA KA T7ELT Hh TR 925hPa LA Xt a2 o R FBE 16 22 de KA - it J2 o
FZE, BUEAE 20% 0. XSGR B )R E B 4589 5 Kleist and Ide (2015b, 2015a) %}
T NCEP GFS 73 Hr ATl 2 22 B2 W 45 SR AR
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191 Fig. 3 Vertical profiles of root mean square error for large scale information, (a) u (b) v, (c) T and
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193 3 RRELRIEM

194 3.1 A&t
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196 MR A POE [FAL TR G A 55 8 177 202 47 (Gustafsson et al., 2018) . AT 7T 3 56t % H
197 5% —30 3n ML TTHRIEH, TR RAELIE 4 Fros. 725, GRAPES 3km 3DVar [
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199 TR K. KEILFEIE. HizE GPS (Global Positioning System) K A f&/K & . GNSSRO
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Fig. 4 Scheme of the analysis and forecast cycle for numerical experiments

SIE TR, N T 3R km-DA XK RERF e IR, W 55iad7 7 & R
JREBIEIAIEAT I3 30, L RIAERE — B 18] R FH A BRI T 3% 1 R4 T B 5 R 4t B 5 (a)
YT SR AR R VA 3 UK 5 GRAPES 3km U, B HE Bk E TR I K AL I I (3h
REWE THH T 2 WA KR (2008)) . AT LLE B, FERAILAERZI T RERe = B R Ek, &
FERE 9 A/INET I spin up A BEA B A KT . BT RSIEIETE T, RS 2 — B
Moo T BL, R T U N P, S T — RT3, AMBCE AN E Y
W5 Tl . KRR, SRR 2 5 75 AR P2 R TIRAEFR (— AT T,
—HSIE17). EE 1h [FRE PRGN H R4 RAP (Rapid Reflash) #3511 6h Ti#ki
& (Benjamin et al., 2016), XK AIEIN 7 iFEIEFE. B 5 (b) 45H T GRAPES 3km R41Ef+
REEA S G 4 WRACTIRIER (FMLEBE 3n) JERE BB BT, YIthn %) i+
NRERNELFZ . I, Gt 5] AR R LD FFIEA A R, HL2 S5
AR IBAT MR A S T E 2 —



223
224

225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

Wavelength (km Wavelength (km
100g ( ) 10 ‘IOOg ( ) 10
T T

1000 1 1000 1
10°F™ (a) 1 10°F™ (b)
| k_;b\'\ k_;
~ 10°F 1 ~10°F 3
A A ]
E E
= 10°F  —an 1 = 10°%F —oun E
o 9h 1w 9h ]
— 6h “« —— 6h & 8
102 — 3h K : 102F — 3h kT .
F — on : F —oh ]
100 1 L aal 100 1 L aal
107 1072 107* 107 1072 1078 1072 10 107% 1072
Wavenumber (radians m™) Wavenumber (radians m™)
K5 (a) BRIZAES (b & 4 RFEMLEEETEIZ T GRAPES 3km A5 U2 e i il Fiidi i K
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Fig. 5 Simulated Kkinetic energy spectra for different forecast lengths derived from the GRAPES

3km model with (a) downscaling cold start and (b) warm start after four assimilation cycles

ASHIE T 50 HIAE SR BB EA AN 58 A IR E I T, KL T KRR L dont 2 BRI 3F [Fl1L
TR, FEREERTXILE 6 R, JREIEREIE T, R4i7E®H 00UTC H GFS 6h
TR b RIS S 8 Ak, 34T 3h RLTRIEIS, 24 H 12UTC R4 i E i
24h Fit4le, Pctl Al Pbld 43 BN ZIE I FRILELRAE L FRE . EEMEHAEE T, RGN
2019 £ 06 H 10 H 00UTC Ji#h 1 GFS Tithkdz 4 R JE 5l), #E47 3h [FIAL TRk 5 3A B 2 2019
£ 07 H 10 H 12UTC, FHHU4H 12UTC 43 #rizfi 24h Fidlk, Fetl f1 Fold 435 81% % 7 T
TeLI RN LI . 3 HL 2 Fif DL RS EE 12UTC R 24h FitdR,  H 15— EL BT %
B R, BN 78 4y B FE AN 23 BT KORUBE 29 AR T 2 BURUBE R R 2 . T Petl T &
—J71H, JEE M 00UTC FFaa i Fx FAGRIPT vk 3h FTif fidl, C&RE7S spin up HIECH A
B NREER (LB 2081 5—J51i, Sit—2IE3A 3] 15UTC, 18UTC S5 R 115
XL, 12UTC 2 KRR 7 BN GXATEU T 3C Petl A1 Fetl 13645 Foxf e
HREEFD.

U ZH X 50 i FH O 54— 30, W 28 A TR 1 X TR 203 Pbld Al Fbld 56,
1X B 5 Guidard and Fischer (2008); Vendrasco et al. (2016)#ff 5t —%(, 7£ 0OUTC. 06UTC.
12UTC Al 18UTC KA BRI v R REELIH,  TMiE 03UTC. 09UTC. 15UTC F1 21UTC
XA A ER M RIS ZIR F GFS 3h TiliRa 1 N K R EEZ) R .
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Fig. 6 The scheme of the partial cycle (top) and the full cycle (bottom)

>

R 1 RKRELFRERREE B E

Table 1 Large-scale constraint experiment descriptions

L rE2R S 2477530 RETEARREL R
Pctl JRIFRAEIA &
Pbld JRHBAEIA =
Fetl AR &
Fbld A &

3.2 HIGHRK

N T EREGINKRREZLA RS KR ERH ik fsem, B 7 g 7l Bw
12UTC AL 53 (E—I %100 H) 3h 7RIz FhIX . U537 AR FE 3% 5 1R 25 A B
CE SN s dEZ AR ZE S B BT RPN E——u KA v U T 2
WA, B RGH T u g R . IR 7, M TR, JIIAKRREY
SRR PR LS ()T 53 bR 254 B R/, X AE Pbld 1 Petl FIRTEL, BLA Fbld F1 Fetl 1)
AR XN T RIS, SRR R0 53 0 TR B A B
WimiE, SEEXRES FERIE N E . Guidard and Fischer (2008)7E HAfF 7t Fh il 15
TRUUMEE R TSNS EER R ZERE 51N KR EELTHR G R T X7 Bl 22 50 L)
TR FE S E R ZE 55 WA BB S w1 AR IR FEAE X2 o e 2 5 I AH LG 2501
o WPEREFRY], X EmZERARN, —ITH RS KRELARGINN GFS A & fn 2 FHE
SE U7 AR SR AW AR B (3R ZE R 5. N, AR EAE(2015) 0 FidE th R E L i
BRI SR AE ] AW T IR
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2019 for u (left), T (middle) and x (right), the experiment setting are shown in Table 1
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Fig. 8 Horizontal averaged RMSE for analysis and forecast results of different experiments
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the experiment setting are shown in Table 1
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are shown in Table 1
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Fig. 11 TS (left) and BIAS (right), calculated against rain gauges of surface stations for 6h

cumulated rainfall, from top to bottom for 0-6h, 6-12h, 12-18h, 18-24h forecast, the experiment

setting are shown in Table 2
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Fig. 12 (a) Observed and (b-f) different experiments forecast accumulated rainfall (units: mm)
from 12 UTC 16 June 2019 to 12 UTC 17 June 2019, the experiment setting are shown in Table 1
and Table 2
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Fig. 13 (a) ERAS reanalysis specific humidity (shaded, units: g/kg) and horizontal wind (vector,
units: m/s) at 700hPa at 122UTC 16 June 2019, and (b-f) the difference (units: g/kg) between

analysis specific humidity from experiments and ERAS5 result, the experiment setting are shown in

Table 1 and Table 2
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