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Abstracts: Downscaling of Numerical Weather Prediction (NWP) is a critical method to obtain
surface wind speed forecasts at 100-meter-scale resolution. There are two main types of
downscaling: dynamical, which can capture fine scale dynamics of surface wind speeds, and
statistical, which compute efficiently with much lower computational cost. But in a bay with
complex terrain, neither of them can satisfy the requirements for operational implementation,
because of the expensive and inefficient computation of dynamical downscaling, and a lack of
100-meter-scale-resolution data on which to base statistical downscaling. A 100-meter-scale
hybrid dynamical-statistical downscaling technology, which combines the benefits of dynamical
and statistical downscaling, is proposed in this study to address the issue. First, a dynamical
downscaling dataset of surface wind speed simulations with a horizontal resolution of 100-meter
scale is obtained from a Large-Eddy Simulation (LES) at the same horizontal resolution nesting
with a coarse resolution WRF model (known as WRF-LES). Subsequently, by using a machine
learning method, a statistical downscaling model is developed relating an operational NWP input
and the dynamically downscaled output. In this paper, the hybrid dynamical-statistical
downscaling method is applied to the surface wind speed simulations of the CMA-GD model with
a horizontal resolution of 0.03° in some strong wind cases during winters from 2019 to 2023 over
the Meizhou Bay of Fujian Province. In the application, the domain of LES with 111-meter
resolution is divided by 0.03°, and a Random Forest algorithm (RF) is used to build the statistical
downscaling model for every subarea, based on the training data from 2019 to 2022. Evaluations
with respect to the surface wind speed observations from the Automated Weather Stations (AWS)
over the Meizhou Bay show that the WRF-LES dynamically downscaled data with 111-metre
resolution can capture the spatiotemporal intermittency in surface wind speed pulsation better and
have less root-mean-square errors (RMSEs) than the CMA-GD simulations. It also shows that as
for the dynamical-statistical downscaled surface wind speeds of the CMA-GD simulations over
testing set of 2023, the spatial distribution is consistent with the WRF-LES data, and the temporal
variation is consistent with the AWS observations as well. In addition, their RMSEs are
significantly less than that of bilinear interpolation downscaling from the CMA-GD simulations,
with RMSEs in most areas smaller than 2.5 m s'. In conclusion, the proposed dynamical-
statistical framework integrating LES and machine learning can effectively downscale kilometer-
scale wind speeds to 100-meter scale resolution in complex bays, which may improve the refined
weather forecasts in intricate coastal areas.

Key words: LES; 100-meter scale; Machine learning; Dynamical downscaling; Statistical

downscaling
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AT Z G0 0E 80 )-8 RO AL R iR R A 56
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Fig. 1. (a) Simulation domains and elevation (unit: m) of the WRF-LES; (b) Topography (unit: m)
of the fifth-level nested grid (D05) and distribution of automatic weather stations (AWS, indicated
by red dots).

1 WRF-LES B & HE R E MK S H s E .
Table 1 Parameter Settings for Nested Grids in the WRF-LES Model.

REZ PR K R (km) MoKy  FEEZEE (500hPa LA

e
D01 82 x 82 9 36 55
D02 82 x 82 3 12 55
D03 121 x 121 1 4 55
D04 181 x 181 1/3 4/3 55
D05 361 x 361 1/9 4/9 55

# 2 WRF-LES #5575 E i 8 MIRCR ) B R S H T %
Table 2 Physical Parameterisation Scheme for Nested Grids in the WRF-LES Model.

Y RE S
. DO1 D02 D03 D04 D05
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KW AR RRTM RRTM RRTM RRTM RRTM
SR &N Dudhia Dudhia Dudhia Dudhia Dudhia
S| Noah Noah Noah Noah Noah
KAZHEATT  RESHTT
o YSU &% YSU 72%;5& YSU &% %=, RH %, RH
) W5 % LCE S W5 % SMAG NBA SMAG _NBA
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BEALER, {5 B Helmholtz J7 FEREA7 Ba s R il . B 72 2 2055 RRTMG K58 I 4% i
TE. FHHARN WSM6 = L J7 58 REEE R NSAS MW S5 7 & (g 4%,
20160 . fAiALIY SMS BT Z 8t 7 & (BRTFIE%%, 2016) K oU# i) NMRF 4 72 7 &
(Zhang et al., 2022) . BRACFHPEFE N 0.03° X0.03° , FEHZERN65Z, WEFYD
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DA TR 2 05 T BN AS T 82 AL (Lin et al., 2015; X544 2018; (FME%%, 20205 155
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CMA-GD Fil WRF-LES FIBIACR J2 CMA-GD B i R EAT 58 B de P, A5t
R

N
1
MEZWZ (Ysim,i_Yi) (1)
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A, NRABIEREARKE, You N i MRIESEREE, YANS Yo R S5
1H.

¥5:36: CMA-GD A1 WRF-LES A 300 B, ;5% I v b X DX 48 8 373 5 vl 3T b T
10m R IZ /NI ol sS4 A 1b) 5 AL R RN ERCR S, Y A WRE-LES #40LfikE
HuTi 10m K. ME. MAE F1 RMSE #/]N, il ol pa R 25 Sk it

3. CMA-GD A1 WRF-LES RgE R EAd

N CMA-GD A1 WRE-LES #53,, % 2019~2023 4F 8 /A 4 Sk X PR b AT A gL, 488
PR Bk 3 fror, spin-up B8]0 6 /NEF, B [RR A ) (UTC) i . | CMA-GD
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K WRF-LES B4 f#) D05 [X 38 (5 3Cf) WRF-LES )45 D05 X440, 111m 43 F % 50 H
10m 7KF X U ATV o s i i 4R

R ILAHE 2019~2023 ¥4 7R KL R AT B A 2 VE I i [X 23 AN [X 35k
50/ 0 (R T 10m X [ JXUTHE 0 0 5 3
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Table 3 Simulation periods of CMA-GD and WRF-LES for eight cold air cases during 2019-2023.

bR AL B
201911 2019.11.18 18:00~20 21:00 (UTC)
201912 2019.12.02 12:00~04 18:00 (UTC)
202011 2020.11.10 03:00~12 00:00 (UTC)
202012 2020.12.02 00:00~04 00:00 (UTC)
202112 2021.12.24 12:00~26 18:00 (UTC)
202202 2022.02.21 12:00~24 00:00 (UTC)
202211 2022.11.29 18:00~12.01 21:00 (UTC)
202302 2023.02.24 06:00~26 12:00 (UTC)

TE VA WRF-LES B30 B oK R4 RE 71 2 /T, 7 Se3eiE WRF-LES # X 7E D01 [X
BRIEMERE, I0uFSE AR DO SR B . LA 2023 45 2 H 24 H & 26 HIA A0
T, xFEb2r 4 2023 45 2 A 25 H 9 I B ERAS F40 41 % Bl 5 WRF-LES *%Uf DO1 [X
(1) 500hPa F1 700hPa 5 & 3 FH IG5 3 LA KPR I 2 57 (G o 855K,
DO1 [X 1 WRF-LES ##L[¥) 500hPa 15 %37 F1IR €375 ERAS For b3 A —2L, /F/)ll/%iﬂzl:
1734 5 FEHRAE 580 & 582dgpm 2 [];  700hPa 7= /& 37 MR B 3 i S B4 AIE, 400 700hPa 3 5
P JENE L X AT 59 BT AR 0~2°C 25 ERAS FE i —8%. &F
DO1 [X ik (35 IS 3, WRF-LES #UURT ERAS T34 9 i 20 k] 25 26 IR v w0 T 2 L%
WERRLRIFERN, 1A RHX A2 L0 AKBE A =AM FBER . A, TS X
A JEAL T 1028 % 1030hPa 22 [AIX ANMERAE A — 3.

N T K5 WRF-LES 5 CMA-GD FEULJE T Hh X X 37 I 25 48 4b (s ARk e 71, e miAs
BEAREL LT HI T 10 m ZKF X U TV 73 B R O Z MG (E D7 %, Hdi{E 2RI 23 N H )
UL S (1 35 pst b A 480 g DRI, P S s I £ 2 790 PR 9 A AU KU 6 W ) ME
MAE #1 RMSE.

& 2a F1 [&] 2b A0l XGE A LI ) ME 25 (8] 70 A, 206 9 IE w2, Wt R il 2.
A LLEH, CMA-GD HHLXGER 14 Pulis ME 7£-3~3 ms! 28], Hah S50 61%, H
H2~2 m s U A 8 N, -1~1 m s VBRI NAUE 5 A ubal (B 2a) , 1ff WRF-LES
ARG A 20 N3l i ME £E-3~3 m s 2 8], 5kl ) 87%, Hb-2~2 m s U N A 16
AR, -1~ msTEE A 11 (B 2b) .

M CMA-GD F1 WRF-LES 48 XS AR X WM MAE 22 [0 7045 (& 2¢ fIE 2d) K F,
CMA-GD 5 9 N3l s MAE<<2.5 m s, /535 S 400 39%, 1 WRF-LES A 18 4Nk /4
MAE<25ms", 54k A%5 78%.

CMA-GD #1 WRF-LES H4D X i# #ﬁxﬂmﬂu (1) RMSE =% [8] 43 455 40 ] 2e £ & 2f o,
CMA-GD A 8 Ml RMSE<2.5m s, (5l S5/ 35%, 1 WRF-LES A 16 43 s
RMSE<2.5ms™, 5§45 70%.
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Fig. 2. Spatial distributions for the errors of 10 m above ground wind speed (units: m s)
simulated by (a, ¢, ¢) CMA-GD and (b, d, f) WRF-LES with respect to the AWS observations in
Meizhou Bay in cold air cases from 2019 to 2023. (a, b) ME, (c, d) MAE, (e, f) RMSE.
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FRAPXGE, & ] WRF-LES B0 1 JE IS oK ST 10m JXE BT Se bR, wl1E oy
CMA-GD LA T T 10m KUK Ge it F R R ) H AR A&

4E T EREE 71 RE AR 20 X G R R R

4.1 iR R R R e 7
4.1.1 FREFHEE &

ZEBAR (20200 FHFFERE, ABFFIEI CMA-GD AT T 10m KUE . i
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BEATLAR AR [ VR TR S A Wi 5 1 A8 B (A AE B, R BLC LI 10m KGE . shREE. =
ZINEE AR s DA R iV TS PR AR A AR e B PR HE P A B AT Y, R EE MR 0.9, R TR
TR ) AT R P AN AT IR 3R o 5 WRF-LES B B 2K R 10m R 3740 6 P 43 #7 v
(K 3) , Ll PUANMRREAR A ¢ R BT 0.1, L CMA-GD BRI HB T 10m JXUiE
(GD_ws@10m) MK RZE&mm GEL 0.6) , HREE (GD temp@2m) . =/NAE
(GD_pe 3h) k2. &ERELEEEEHL S IR, Mk i 10m X
WL HERIREE . =N AR R DL RSP TSR AR S BEALAR AR ] AR R 28 R R AR AR 5
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Fig. 3. Correlation coefficients between 10 m above ground wind speed simulated by WRF-LES
and meteorological variable simulations of CMA-GD in Meizhou Bay during cold air processes
from 2019 to 2023.
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115> X RMSE Z[a 0 At i, ATLAEH, 47X RMSE /i A%, R MEIEH] 4.5 msT,
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Fig. 4. Spatial distributions of RMSE (units: m s™') between the 10m above ground wind speeds
(111m resolution) of WRF-LES simulated and of CMA-GD downscaled via (a) bilinear
interpolation and via (b) zoned RF regression models in Meizhou Bay during cold air processes
from 2019 to 2022.
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Fig. 5. 10m above ground wind speeds (shaded, m s') and AWS wind observations (wind barbs,
m ™). (a, b) CMA-GD simulations downscaled via bilinear interpolation, (c, d) WRF-LES
simulations, and (e, f) CMA-GD simulations downscaled using zoned RF regression models. (a, c,
e) 09 UTC 25 February 2023, (b, d, f) 03 UTC 26 February 2023.
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Fig. 6. Temporal evolutions of 10 m above ground wind speed (units: m s'!) at the locations
(indicated by A-D in Figure 5) of four regional automatic weather stations in Meizhou Bay from
08 UTC 24 February 2023 to 07 UTC 26 February 2023. The black, blue, red and purple lines
represent the observations, WRF-LES simulations, CMA-GD simulations downscaled via bilinear
interpolation, and CMA-GD simulations downscaled using zoned RF regression models,
respectively.
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Fig. 7. Spatial distributions of the errors (units: m s') between the 10m above ground wind
speeds of WRF-LES simulated and of CMA-GD downscaled via (a, ¢, e) bilinear interpolation and
via (b, d, ) zoned RF regression models from 08 UTC 24 February 2023 to 07 UTC 26 February
2023. (a, b) ME, (c, d) MAE, (e, f) RMSE.
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