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A Vertical Layering Scheme and Its Application in Forecasting Over

Complex Terrain Areas

CHEN Wanyi"® XU Guogiang"? YU Fei'’

1 State Key Laboratory of Severe Weather, Chinese Academy of the Meteorological Sciences,
Beijing 100081, China

2 CMA Earth System Modeling and Prediction Centre, Beijing, 100081, China
Abstract: To enhance the forecasting capabilities of CMA-MESO in high-resolution and complex terrain
areas, a layering scheme suitable for height based terrain-following coordinates was developed based on
continuous functions. This scheme allows for easy adjustment of vertical layers and model top height, and
includes a parameter b to adjust the bottom layer thickness. The scheme is stable and maintains continuous
and smooth layer thickness, with denser layers near the surface. Tested in CMA-MESO V6.0, the new xu_71
scheme (71 layers) showed similar characteristics to the existing meso_71 scheme but with better continuity.
Batch forecast comparisons evaluated RMSE of isobaric surface elements, 2-meter temperature forecasts, and
TS for accumulated precipitation. Results indicated that xu_71 performed slightly better than meso_71. The
influence of parameter b on 2 m temperature forecast was analyzed with surface layer parameterization,
revealing that uncertainty in stable similarity functions can increase diagnostic errors, especially with thicker
bottom layers and in complex terrain. Numerical experiments for dense layering in heavy rainfall forecasts
showed that the xu_91 scheme (91 layers) had better performance, with forecasts closer to actual observations
for areas exceeding 100 mm. Compared to the xu_51 scheme (51 layers), xu_91 predicted deeper updraft
zones, more distinct vertical circulation, better water distribution, higher boundary layer heights, and stronger
sensible heat fluxes. Overall, the designed vertical layering scheme is effective, easy to apply, and has the

potential for enhanced application with physical parameterization studies.

Keywords: regional model, vertical layering, vertical resolution, heavy rainfall, surface layer, similarity

functions, complex terrain
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AR, [ AU PR PO st (W ECMWEF. NCEP. CMA-GFS) Tl REM J LK%
SRR ARIEAAE, TR FRHE, B RS B S B B et . X SRR S
ToRERAREE, KR R B 5 S U He R AR B NI . AR, MY
SRS BEAUK T, WAFEEIE B PR m A B B R . REHFFEN, #H
o3 JE AR kA S B AR B R M i R R TR S R, AR 2, AR DB R 2, T
PARE I AR . ST RENE, RFERNEE TS8R, ERNEIER, B850 8k
PAIAHIF IR . H AN SRR A R A N % R AES 5100 )2 070k, &R oy BT 328 T KRR
EIRS, BB T2

IR AR K R AR, A BRI R TR RMBR GEE E LS. R, 5
ZHARL, HEE PR MR EAR ST, B R EURBCE SO, DR ER S PR R 1 R R A
K& o) 5, NG A3 75 F5i3H 1% 25 18 K (Lindzen, Fox-Rabinovitz, 1989; Pecnick, Keyser, 1989). Bf# X4 AR
P, PR BUE B IR B Ay PR N IR B B BRI AR AR A 1R % i i (Bauer et al, 2013;
McTaggart-Cowan et al, 2019), $& FH& X 12 B2 e v] DLEEAR 22 77 T4 B X I M B8 o 491 2 72 i 2
T FRE B P B P ORI, AU PR LA % TR VA A I I ORI, 189 I B 40 % % W] DA I
L)@, {5140 Philip et al (2016) iR AERE (B 2N, HTB0A) S0 Sl 2 THX ) AR 48 B 4 1 )
H, 55 RIS B .

SN2 L4y PR A P RS AR R R BN AT AT S ) R, e B SR AR AL SR AR A ] 1
Kimball, Dougherty (2006); Zhang, Wang, (2003)F]H MM5 #5 R HR =i )10 06 38 BH 3¢ e A 2 B 40
Pre ] o LS H BRI A SO M BB L A5, XREERE, JHFERK (2012)i@id xS & R “ETE” R R IR
I B4 FE R 5 /KP4 e A DU A QT 14 B 55 (4 - Zhang et al (2016)7E HWRF i3 7% B B 45 15 BT
JEEI G TN S B AR TR IR . R ZL55(2021) X GRAPES_TYM SEI6R W, ik |
SRR VNI TR U 2, B TR IS A 0 . Xu et al (2022)7E TRAMS B 44 36 B 4 2
M 65 I ZE 125 |2, S5 RRIGINE 125 2508 i I 4R 2 & X PUE G R 1) 72

FEBH R BT 5, BARRERERRER - EE, BXAREESENRE, MiaE
Wi 2 R ER S WK B, 2 B RS M s I th 200 & ) v SO S e . AERGAR R T, ik
M J= B A WA A B W B T LK A TR I, o L 2 S BT A R A EIE R . R
B AP S TR, R R R BRI O . 40 Maetal. (2014) FEHEE S JE X
TG A BB B AN G5 R AT 3 R, R R s B T v 2 5 B0 R I8 R E IR
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WO T HER T SRR Z B . @R, BRI RARE R A AUCE 7R )Z L (Aligo et al,
2009). Bribz b, #EF s a2 S, 1 2m iR, 10m XEES S EREBERALR,
(Jiang, Hu, 2023)iR 5NN, U EARE & BT T8N R 2 m 5, 2 m B R Z W E .

CMA-MESO i (J& GRAPES-MESO) &3k [E [H 3 & B A 80U Tk RS0 X g sUhicA . 2004
- CMA-MESO 2.0 A AT RIS, /K73 #5260y 0.3°%0.3°. 2016 4, GRAPES-MESO
THEE] 4.0 lRARCGENNE 25, 2017), KFo3iN~10km, HEHZHM 31 2T E 50 2, EHHZN
25 B O TR BI R RT3 4%, 2018). CMA-MESO 5.1 fRAs, 7K 23 #8% N~3km(3 NN A
s 2022). 2024 4E 10 A A5 REFH B CMA-MESO 6.0 JiAS /K73 #2 Al 74 1km,

N T CMA-MESO HITRAE ), JTREETRMERIBE TR AR A L EH), Rl R Er X g 8 % X
S M T LR TR AR, DA SR A K S T R R IR U R AT T, WA R RE G (1 3 By R BOR s
AR TAF . ASCEETIEL R BORIE T — NG N T R R IB B AR 72 R TT %6 B s SR i fe
SR, W SRR R, R EEAAGES:, BRI, By R AR A, ER T U
RIGWE, HTHATEMER: TEREUEE TS, T AR RIRZNERE, J7EH#T
TR HEEEAL .

BRI E RN ZTT BEARFE R, 5 CMA-MESO [F2875 RFFATXS L #E N Hils
i R AR e R s - AR IR EVPAE BT RS CMA-MESO [R5 RITERE; #E—F, i
TR BRI R R W, JERESEIL i ES Bt ESECE N BB X 2m i
FETHRAIER; Beda, TRRE TN o0 J2 0 o B /K PR R i iR 7 o

2 EEHARARETENH

Q1BHTEHTRNA

M H 5 Z77 25T CMA-MESO A IHARRE M7 1, CMA-MESO /& GRAPSE #5: : (R4 #%,
TREEI, 2006) 1 X IR RA, R AT EIEF I, RAERACERS B HE RS 7%, R
Fi Arakawa-C flIZE# Charney-Philips BksS i B . A 7 — AN R EEZE, R, Bt
JE TR, I S I B AR BRI 4 R R, R IE U (1.1)(2.2)

0 k=1

Z(k)=AhU(k—1)+(k”‘a"_b)AhUsin[km”_zzknj l<k<kn (1)
T max

Z,, K=K

ANy =Z, /(K —1) (1.2)
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Hr, Koo NEREL 2, ARBIEEE, AR SRR R, b R 24, ATeL
WA RAIE = .
SRS AT DL i e B R Z |, R Z(2), R&AAAEID , 5 A an(1.3)
1-Z
L ezeym e
P kmax
SiIN| ————7x
(kmax -1 ]
(4 BB Z () 040 VBN 4 B, A L F R ORHE, RS S50 (k) o
X (1.4)

(1.3)

kmax -1 max -1 -1

max

z _ _
Z'(k)=——2* {1{”‘“ bcos[kmﬁx 2+k7zﬂ (1.4)

56, b >1, 2/ (K) AT 0, Z (K) (5 el B AR (L 3) 2 T U S350 Z (2) W A2 (L5)
KA, Z (K)

1k
Z(2)<Z(2)min _Ztop [m'i‘ﬂn[kmax _17Z'j/7l'j| (15)
AT 2 () 7T AR R A R B Z () B B 1 R TR Z(2) T 2 (k) 3.

HUERT S, M RESZ (K) TEWE(5)R, ML Z(2) <Z(2)y. WLMARFZ (K) H, MIAD R %
BEIEM AR, 1 Z(2) BB AR T 1 RS ML, 02 8L Z (K) 76 /N PR A S
RTTHRAR R, Z(2) RS L 2.5m, e R BS54 B 2 o TR
AT LI TE LRSI T, 7T BMEHIE Z (K) Bkt

HE— T 2" (K) HIPERR STE K > D IR T, 27 (K) T2 [ Ko | (RS, I 53 22
ATLURIE 80 T3 . 8 (LR, aTAER AL Z(2) <AR, . 4 Z(2)=Ah, i, Z (k)M
SHE I 1 RKEEL . MR Z(2) 12 (K) TEE . 2, 2'(k) SHmsEE L, 1 Z(2)
Mk 7' (K) BARBS TN, 2 Z(2) BT 51 5 R RS Any i, 2" (K) BB 15140 2 B K — 0
B BB, (ORI Z,, MR K, (R, 4 Z(2 Bh, HERBAEE RN, Bamh
RICRMHEMET S, MHEROEELERE: Rz, 422K, BIBXREN/ G,
i U 3, (L 2 B A B
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2Ahy

Uniform vertical grid
Z(2) = Z(2)min
e 7(2)=0.1Ahy
s Z(2)=0.30hy
m— 7(2)=0.5Ahy
m— 7(2)=0.70hy
m— 7(2)=0.9Ahy

Ahy A

Z'(k)

0 T

1 k’”a’é +1 kmax

1 ERBR— S8 m B, K, HE, B, 0. 260 LaLaiE 229 Z(2)mn, 0.1, 0.3, 0.5,
0.7. 0.9 {55143 2 IEE I —B G40 K ERE L N5 2 B — B S 40

Figure 1 The first derivatives of the vertical layering function. The grey, blue, orange, green, red, and purple lines
indicate Z(2) at values of Z(2)min, and 0.1, 0.3, 0.5, 0.7, and 0.9 times of the first derivatives of the uniform layering
thickness. The light grey dashed line represents the first derivative of the uniform layering function.

IR, TR E] 2/ (K) 2K =LAk =K AL, 15 K = (Ko, +1)/2 BT (R
0, RIS RAE SRR A TR, MR U 1) BRI, T o R AT 402 v 2 1
fBek, TitE CMA-MESO Misteft, 1T 5 EJ7 i bRy . T 4 M40 2 IS AT, 2%
SRS RERREET PR RE DR AR SRR 0 5 7 2 A FEAT 02 T BB — WA

RSB A7 R SRS Xu 9750 o BRSO, Z(K) 75 Z(2)n <Z(2) < Al
SR T MR Z (K) B30 LA R R SR 45 LB F

2.2 53 RS LR Lt

£ CMA-MESO 6.0 [RACH Z M ETT R, WAL REAFHZ meso_71 T75%, &0 =77 R EN
71 )2 (MfEFRA meso_71). Chen et al. (2023) it BiR%, —410 Bk HitH 58 meso 71 2
FJEHIBUE R A, BCE R ECT DAV % R FE B B A AR = B . meso_71 7SR, fEHEREERA
JEI LR T L A A R, AR MR AR S 4 )=
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Figure 2 Vertical layering comparison between meso_71 (black) and xu_71 (green). (a) Vertical distribution of the entire

model layer, with grey shading representing the bell-shaped terrain; (b) Thickness-height diagram below 500m.

K ETT ERR—RE, N TETHE, et 74 71 BRI ER . RIERTC1)5,
I ZHbh=3, WARHSERHZ(K) (@ xu_71. HTESFRZETE meso_71 HATXE.

BARAE, xu_71 A meso_71 A2 o0 JE BT E IRFIE. M 28 KB AN TT S 03 SR A R S UEAR UL
(1, (EAEART LKA AN . meso_71 fISE—ZMEE ZRIERGEMFEM, 5B =/E U5 EEIZETINA,
A B . xu_71 BT meso_71 [ KHF s 2 HAIE I R B0 B IE LR 8, DRI SR I AR S0

JUZEEAEAEAHE (E 2b). fEIFE b=3 %M T, xu_71 3R 1) ) U2 5 R A AR =X T
KIJLEREREE/NT meso 71, 12 E B meso 71 &5 .

3 BEARELEHE

BIEASHWE

BRI 233858 0.03° X 0.03° , ARIDLTE Ay o6 T i g (X 0k, 46 P 9 -
ZEFETOME: 20 °N-38 °No HLI R 5\ WUAHE, HemEr R P EAS SR B FHF RIS HY)
BT % LIUMA 77 Z(XEHR %%, 2003; Ma et al, 2022), K 4RSS0 RRTM 77 % (Mlawer et al, 1997), fH
WS 77 %849 Dudhia 77 %€ (Dudhia, 1989), iTiti)z=75 % sfelay 7758, B A2 Akt Noah 772,

90 °E-117 °E,



161
162
163

164

165
166
167
168

169
170
171
172

173

174

175

176

177
178
179

180
181

182

183
184
185
186

1R 2 S H4EJ7 %€ 8 EDMF(Han et al, 2016)#1 NMRF(Han, Pan, 2011; Liu et al, 2015) 5 &454, A
T Hh 4 B %8 (Beljaars et al, 2004), K i XRS50 5 % WIGRR ZIINRIF 2 3 B R S8 (L4
&, 2017) 5 ANV =8 B3 . Ja X Bk F DL BRI E

3.2 FHE i

W4k 3 R 38 F 5% A R FH 26 F IR B ik B 0 NCEP (National Centers for Environmental
Prediction) ()4 FRTiIR 245 GFS (Global Forecast System) 0.5°x0.5S 2Kk 32 JZ K Fiik %538 .
B = o0 i i SR R 2G T A (1) SR AR5 5 52 i (black-body temperature, TBB) /¢ & 25 & (cloud
total amount , CTA), LK 4= [ RV E 18 4H I B 18 IS 28 A1

A ST FH R ey TR A B A D b B DX RS B UK 23 BT R 48 CMPAS (CMA- Multi-source
Precipitation Analysis System) Rl & SOl A=, 7KF2r#E3 0.05°X0.05< 2m i FE A e Hdis 4
Sk [ S % SR T B 140 2 48 CLDAS (CMA Land Data Assimilation System) [ifi 1 il & Sz it 20 7
f, K43 RS 0.05°%0.05 UMiHA %5, 2019).

RS2 B R TRAR S0 £ A NCEP-GFS 7 Hrdz it , /K-P/r#i% 0.5° X0.5° , EHZEIX 32
=8

4 REEERNH

NT T ARSI TR B0 J2 77 RIEORRF SAPERE, T T Il

H—HNE IHRARGE, 505w ML S ST EAMF, SRRYRA 712, WA R
(xu_71) 5 CMA-MES0 6.0 [FI2E7% (meso_71) FIARZCR, M4 & b S 0% B X ik 45 R
me A Y, ARl 2 b T 5 29 X el J22 2 R T P sl

5 AT BN S R ARG, R T SR ERRR SO AT I 4y R e, AN 4 S
EEHCY STl R

4.1 BRI b 23 A

AR, %S B A R R BRI R T s, A E B RO DU ] . 5 2 T R
CMA-MESO 6.0 M55 7 277 % (meso_71) A TR (xu_71), & xu_71 0% E 1 o] TR
b 2%, AR b SN AR RKZEEE (B 2(2). fbERKGER 2023 4£ 8 H 20 H-26 H, #K
00 B} (UTC) jgdi, FARES 2 36 /N, X536 H 5 sk 1.



187

188

189
190
191
192
193
194

195

196
197
198

199
200
201

202
203

204
205

R 15— Huls gk 515 B

Table 1 Information of Members in the First Experimental Group

G 4 R ETTR o EE B AR E = Z(2)

Xu_71_b20 Xu 7%, W(11) 71 20m

xu_71 b30 il 71 30 m

Xu_71_b40 A b 71 40 m

Xu_71 b50 il 71 50 m
meso_71 W55 71 B E & 71 22m

H— AR R R VA, EEAFRE R & EE . R XGE TR RMSE, RER#EK TS $#4)
AL 2 KR TR RMSE. HE B PPAG SRR, xu_71 251505575 % meso_71 f5% K i %
R PR S AR . KGR TR ) RMSE, &R0 Z A K (B 3a, b)o A3 & B2 Tiidik i) RMSE
WA 225, Xu_T1 51 TR SR & 45T meso_71.xu_71 77 R b ZH06t & FE I Tl — & 82, RMSE
BB AXRAZ SR S &S (B 3c). KR, xu_71 &5 meso_71 SAEREF,
AR 0.1 mm. 25 mm. 50 mm, xu_71_b40. xu_71_b50 % meso_71 B&H (& 3d).

100 (a) wind RMSE (b) T RMSE (c) Z RMSE (d) TS
—e— xu_71_b20 0.7 4 m meso_71
xu_71_b30 7L
150 o=+ xu_71_b40 i = xu:;t‘;ig
xu_71_b50 0.6 = xu_71_b40
= 200 ——mesa 71 Xu_71_b50
0.5 A
= 250 A
v 300 o 0.4 4
=]
2 400
1] 0.3
% 500 o 02 4
600 '
700 1 ‘ 0.1 II
1§gg 4 T T T T T T T T T T 0.0 - T T T T -Il_
2 3 4 0.75 1.00 1.25 1.50 6 7 8 0.1 10.0 25.0 50.0 100.0
RMSE [m/s] RMSE [K] RMSE [gpm] Threshold [mm]

3 FikEe (Zfh: xu_71_b20; ¥fh: xu 71 b30; #Efh: xu_71_b40; ZRh: xu 71 _b50; ZKf: meso_71) 2023

8 H 20 H-26 H 00 i Efik itk 36 N5 KT () Kd; (b)) @A (o) M#AEES RMSE & (d) 24
/N B FEK TS P53

Figure 3 Various experiments (red: xu_71_b20; yellow: xu_71_b30; blue: xu_71_b40; green: xu_71_b50; gray: meso_71)

temporal and isobaric averaged RMSE at 36-hour of (a) wind speed, (b) temperature, (c) geopotential height fields, and
(d) 24-hour accumulated precipitation TS.

BT R BEK b 28, AT RRARRZ &, Waisoimd, b AR &K 22 k5
el HARMLERELE MREZNSE, ARESDNZEETHMERZIA L. B 4 408
% 2m R TR A RMSE. ATLUE 2, 2m i 2 i A 3205 AR 1R 22 B AR R AIRUZ v BN s/, 31X
ot UAE BT B B A2 7247 ) ZE AR LN
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w
g
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w
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& 42023 4 8 F 20 H-26 H iR (a) 12 /M. (b) 24 /NEF. (o) 36 /N 2m 6 EE 3575 MR 2 (t2m RMSE ).
., . WL O 508 xu_71_b50, xu_71_b40, xu_71 b30, xu_71_b20.

Figure 4 2m temperature root mean square error (t2m RMSE) for the valid time of (a) 12 hours, (b) 24 hours, and (c) 36

hours. Red, green, orange, and blue lines represent xu_71_b50, xu_71 b40, xu_71 b30, and xu_71 b20, respectively.

BT s TR BBONFIE, HUERE MESO 6.0 145 77 S A il s i . 8 77 2 55— MRS 2
A DU T b SHERTFHE I TR SR VAl 2 At T 21, 45 T = FE 3R, xu_71_b50 AH EL meso_71
AR, M xu_71_b20 5 meso_71 FEAFEF; 1] 2m 6 Wik R B FrANE, /& xu_71_b20 Et meso_71
BURTELF, T xu_71_b50 AUl meso_71. ZIMGEFHF LT, LLARJGEMEARSGHE, LIRS LT
IR R -

42 EMER RS 2 RIRFE TR

E TP EURERY], 2m BETHRGR E SRR S EAHEVIR R IPIGRIURFE, #Ht
sl BRYWARUUEN, HAEERE. @A, MPERXEIZRIENE. T
G 2 ZHACHAT VLI 7T, DN S 5 MR St R 2% . CMA-MESO L= 2 Hik
Ji% (SFCLAY) JE ARSI, VRIS H AN A,

N LL 2023 4E 08 H 26 H 00 F (UTC) 1) 36 /N Tk fl, 45&inith /=S84 2m 5 E 2 W
() EAR AT M o
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225  F|, HiZWAR NGB

226 Oy =0, +(6,-6,)

(3.1)

2
227 v, (Ejzln( +2X J (3.2)

YA
In| —
228 w (EJ:—SRi (—Z‘Jj (3.3)
"L ®1.1-5Ri, '
229 Hrp 0, ydtRALR, 0, WEAERACEE SR, 2, MBS, w, ARERIR AL,

230 L Obukhov K, z MBABHE R, x=[1-16(z/L)[" . MEEmESSTEd, v, it
231 HERAHIEEARERY, KN KIL, Riy =0 NERA, HIBEEON 0; Ri, <O N RRSER, M)
232 EHTHEREHH: 0<Ri, <0.2—MHEfask, MR HOH @3RI TR, (LA
233 MBI 0.2 I, HIDLER HLHI KO I G110 7 i B K, AR, 25 S B S R
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Figure 5 Error distribution of 2m potential temperature under different bulk Richardson numbers from various
experiments (red: xu_71_b20; yellow: xu_71_b30; blue: xu_71_b40; green: xu_71_b50) for (a) Rib >0.2 and (b) Rib < 0.
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Figure 6 Scatter plots of the 2m integrated similarity function versus bulk Richardson number for different stability
conditions (a) Rib < 0.2, (b) 0 < Rib < 0.2, and (c) Rib < 0 from various experiments (red: xu_71_b20; yellow:
Xu_71 b30; blue: xu_71_b40; green: xu_71_b50) .
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Table 2 RMSE of 2m potential temperature forecasts for various experiments under different roughness length

Xu_71 b20 xu_71 b30 xu_71 b40 xu_71 b50

Z70>0.4 3.119898 3.28579 3.375192 3.44065
Z0<0.08 2.320165 2.413612  2.440071  2.462352

4.3 4 2 -5 K i
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Table 3 Information of Members in the Second Experimental Group
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Figure 7 Vertical layering of the second experimental group members (black: meso_71; blue: xu_51; red: xu_61; green:

Xu_71; gray: xu_81; orange: xu_91) showing (a) number of layers versus height, (b) thickness versus height, and (c)

thickness versus height below 200 meters.
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311 Figure 8 (a) TS and (b) Bias of 24-hour accumulated precipitation at various levels for the 36-hour valid time from

312 different experiments (black: meso_71; blue: xu_51; red: xu_61; green: xu_71; gray: xu_81; orange: xu_91).
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Figure 10 Evolution of average hourly precipitation in the gray boxed area of Figure 9 from 01:00 UTC on August 25,
2023, to 12:00 UTC on August 26, 2023, as observed (black) and forecasted by experiments xu_51 (blue) and xu_91
(orange).
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Figure 11 Time-pressure diagrams of average vertical velocity in the gray boxed area of Figure 9 forecasted by
experiments (a) xu_51 and (b) xu_91. The x-axis represents time, with the first two digits indicating the date and the last

two digits indicating the hour (UTC). The y-axis represents pressure levels in hPa.
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Figure 12 Vertical cross-sections along the red line in Figure 9 at 03:00 UTC on August 26, 2023, forecasted by
experiments (a) xu_51 and (b) xu_91. Arrows indicate wind, and the color shading represents vertical velocity.
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Figure 14 The vertical cross-section along the black solid line in Figure 9h, forecasted by (a) xu_51, and (b) xu_91 at

00:00 UTC on August 26, 2023. The shading represents the horizontal wind speed along the direction of the black solid
line.
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Figure 15 Differences in boundary layer height (units: m) between xu_91 and xu_51 forecasts for the Sichuan Basin
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