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Abstract The high-resolution numerical simulations and verifications of 10 convective cases that occurred in Beijing have been
conducted by assimilating surface observations in a four-dimensional Variational Doppler Radar Analysis System (VDRAS) based on
the rapid-refresh 4D variational assimilation (RR4DVar) technique of multi-radar observations and three-dimensional cloud-scale
numerical model. Compared with the surface observations fusion scheme, the verification results show that the surface observations
assimilation obviously can improve analysis results below 1 km boundary layer height, and the root mean square errors (RMSE) of
simulated wind speed and wind direction are respectively reduced by 0.1 m/s and 7.2° on average, the RMSE of temperature is
reduced by 0.2°C. The RMSE of wind speed is decreased by 0.5 m/s at the lowest model level of 100 m, and the error of wind speed
increases with height below 3 km. The RMSEs of wind direction and temperature are respectively reduced by 15.5° and 0.4°C at the
lowest model level, and the errors of temperature are decreased at all levels below 1.5 km height. The RMSEs of 10 m surface wind
speed and wind direction are respectively reduced by 0.2 m/s and 10.8°, and the error of 2 m surface temperature is also reduced. In
addition, the surface observations assimilation can to a certain extent improve the 1 hour forecast of surface fields, whereas the
RMSE:s of regional surface temperature and wind field increase with forecast time. Combined with the detailed analysis of localized
and rapidly intensified convection case that occurred in Beijing on 17 May, 2019, it is found that the surface observations
assimilation can better represent the dynamical and thermodynamical characteristics in the lower atmosphere with more details, and

thus improves the forecast of low-level meteorological variables. Further investigation of the local trigger mechanism of convection
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indicates that the interaction between the convergence line of sea breeze and the urban condition to some extent has affected the
trigger and development of local convection in Beijing. This method can further improve the nowcasting of localized and rapidly
intensified convection in Beijing.
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Fig. 1 Topography of Beijing-Tianjin-Hebei region and
the simulation domain in the black dotted box; radar sites of
S-band in Beijing and Tianjin (BJRS and TIRS) are denoted
by "+" and scanning ranges (150 km); observations used for
verification at wind profiler, ground-based microwave
radiometers, second-level radiosonde are denoted by black
"0", red "A" and blue "0", respectively
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Table 2 Objective verification of 3D temperature and wind analysis fields
TR G- 4 % P 77 R AR SaE o TREER IR 1 BE -5 4 %k
B2 (n/s) R (m/s) wRE(°) wE(°) RE(C) ®ZE(C)
2 km 1 km 2 km 1 km 2 km 1 km 2 km 1 km 2 km 1 km 2 km 1 km
SURF-4DVar  2.39 227 1.73 1.62 40.60  43.05 28.69 30.42 1.63 1.43 1.13 1.02

SURF-MESO  2.49 2.40 1.79 1.70 44.48

50.27 28.75 32.51 1.76 1.63 1.21 1.15
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Table 3  Verification of temperature and wind analysis fields below 1 km at different sites
G4 T AR JRGHT- 4 4 %) P mpapsgis L BRSSE) TR TR TRy 2 )
7 (m/s) 7 (m/s) R2E(°) R2E(°) R2(C) B®2E(°C)
SURF-  SURF- SURF-  SURF- SURF-  SURF- SURF-  SURF- SURF-  SURF- SURF-  SURF-
4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO
WEH 2.08 2.15 1.46 1.48 38.27 43.77 27.50 28.81 1.68 2.10 1.48 1.81
THE 2.35 2.51 1.65 1.77 39.36 44.61 29.67 30.25 1.02 1.13 0.72 0.79
HIEBR 2.43 2.49 1.73 1.75 54.13 58.50 38.97 38.28 1.40 1.67 1.02 1.23
M — — — — — — — — 1.95 2.30 1.37 1.60
P — — — — — — — 1.24 1.36 0.90 0.98
Wz 2.15 2.56 1.71 2.01 38.27 65.01 19.65 35.10 1.36 1.65 0.83 0.96
3.5 3.5
@ —— SURF-4DVar-MAE (b) —— SURF-4DVar-MAE
3.0 F - - - SURF-4DVar-RMSE 3.0 b --- SURF-4DVar-RMSE
—— SURF-MESO-MAE —— SURF-MESO-MAE
2.5 ;' :' - -~ SURF-MESO-RMSE 25t - SURF-MESO-RMSE
Ea0t E 20t
5 5
5 15 ¢ " 5 15 |
T \ T
Ay
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Wind speed errors (m/s) Wind direction errors (°)
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. | 7T SURF4DVarROSE B2 BRI A (a) KU (o) SR (o)
N, T SURFMESOMAE BRI, (LAY M UL SR A
25t Y SURTMESORMSE Pl TR S MRS IR
g \ LR B AT AR )
< 20 ¢ 1 Fig. 2 Verification of wind speed (a), wind direction
gﬁ 15t : (b) and temperature (¢) profiles of the simulation
T ,", results for the convection cases (black and green
1.0 ’ lines indicate the results based on SURF-4DVar and
SURF-MESO; solid and dashed lines denote MAE
0.5 and RMSE)
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439 55 1l T R[] A6 R R 1) TR S R 5 n 2k S
TR o MR35 J5 AR 25 5K, R A O T 1) 5% 1)
Wi 5 41 s 2850 1 K i T AR ) 2 R R 25 AN
WK, Y R AL =30 min i, SURF-MESO )
UV w5 iR 2250908 1.43 R 1.37 m/s, %
(105 AR 22 R 1.15°C; SURF-4DVar [ 1 )5 %
24391 1.29 m/s, 1.24 m/s F11.10°C, A W, SURF-
4DVar 75 — & T2 B T g $2 %5 30 min P TH SR %
Z PR AR . =60 min i}, SURF-MESO (¥ U/V
ST MR 22439 R 1.59 F1 1.54 m/s, R EE )1
7 MR iR 2%k 1.37°C ; SURF-4DVar 43 % K 1.56.
1.52 m/s Al 1.35°C, ItiF, SURF-4DVar X i 1 iz J&
37 4 L4 A 2, A BGE AR TR0

5 B Hr LB 5

5.1 AR

2019 4F 5 1 17 HA J5 46, b a0 4% Hi il 22 18
18 [ TR A5 X I R AR, S b AR B O KR
H1 00 Hsf vy 25 b 17 R A8 3 (I ) mT L& 3, o
I X R B s, R R PG, T B R ESR
FRAE, (H R4 TR E M ZE5RE . h o5t
TCER T I F Bk 0 R R O R ) B
oL A DY VY I TR F I B R 2R R T XU LA W
s, v U ER R ) A 5T A S, ORI R
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Table 4 Verification of 10 m wind and 2 m temperature analysis fields for convection cases
K7 AR G- 1 ENEIEC D oS JAUpe -4 MREEEITR T4
Al 2 (m/s) P2z (m/s) wE(°) fiZs(°) ®ZE(C) fm2z(C)
SURF- SURF- SURF- SURF- SURF- SURF- SURF-  SURF- SURF-  SURF- SURF-  SURF-
4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO
1 1.62 1.94 0.38 0.59 48.28 60.8 -1.35 —3.78 0.91 1.08 —0.1 —0.24
2 1.67 1.87 0.45 0.45 46.92 60.73 -3.53 -12.77 1.22 1.35 —-0.11 —-0.20
3 1.1 1.25 0.14 0.25 50.04 62.96 -3.27 0.73 0.96 1.01 —0.08 0.1
4 0.75 0.82 0 0.02 61.49 72.05 0.58 —2.77 1.47 1.49 0 —0.06
5 0.85 0.92 —-0.08 —0.18 63.68 70.83 -0.99 0.87 0.90 0.94 —-0.05 —-0.09
6 1.67 1.92 0.31 0.41 46.43 57.56 —-0.26 -3.14 1.10 1.27 —0.08 -0.17
7 1.2 1.46 0.2 0.32 57.14 67.95 -3.07 —4.23 0.83 0.94 —0.09 -0.21
8 2.04 2.42 0.57 0.86 39.43 53.66 0.38 -3.32 1 1.21 —-0.11 -0.27
9 1.12 1.21 0.25 0.33 56.22 63.12 -0.25 -0.35 0.83 0.87 -0.07 -0.12
10 1.29 1.43 0.06 —0.04 53.44 61.45 —0.89 —2.96 1.21 1.32 —0.04 —0.07
-1y 1.33 1.52 0.23 0.30 52.31 63.11 -1.26 —3.17 1.04 1.15 —0.07 —0.15
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Table 5 Verification of 2 m temperature and 10 m wind forecasts
UK U R VAT VIS TR B TR TR
] 2 (m/s) B2 (m/s) 22 (m/s) B2 (m/s) fR2£(°C) B®2E(°C)

SURF-  SURF- SURF-  SURF- SURF-  SURF- SURF-  SURF- SURF-  SURF- SURF-  SURF-

4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO 4DVar  MESO
t=15min —0.18 —-0.11 1.08 1.32 0.09 —-0.04 1.05 1.29 —-0.05 —-0.12 1.06 1.14
=30 min —0.19 —0.14 1.29 1.43 0.02 —0.09 1.24 1.37 —0.01 —0.06 1.10 1.15
=45min  —0.17 —-0.13 1.45 1.52 —-0.04 —-0.12 1.39 1.47 0.04 0.01 1.22 1.24
=60 min —0.12 —0.11 1.56 1.59 —0.06 —0.12 1.52 1.54 0.11 0.09 1.35 1.37
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Fig. 3 Beijing radar reflectivity (shaded, unit: dBz) at the lowest elevation angle (0.5°) (a, c, e ), and AWS surface
temperature (shaded, unit: °C) and wind vectors (arrow) in the domain (b, d, f ) on 17 May 2019
(a,b. 08: 10 UTC; ¢, d. 08: 30 UTC; e, f. 10: 30 UTC)
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Fig. 5 RMSE(a) and BIAS (b) for innovation (observations minus background; Innov, dotted) and analysis residual

(observations minus analysis; Resi, solid) for surface U wind (unit: m/s, black), surface ¥ wind (unit: m/s, blue) and

surface air temperature (unit: °C, red) with respect to analysis/forecast cycle for SURF-4DVar
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Fig. 6 Surface temperature (shaded, unit: °C) and wind vectors ( arrows) at 08: 30 UTC (a—c) and 10: 30 UTC (d—f) 17 May
2019 from (a, d) AWS observations, (b, e) SURF-MESO and (¢, f) SURF-4DVar (the black line AB indicates the location of

vertical cross section shown in Fig. 13)
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Fig. 7 Surface wind speed (shaded, unit: m/s) and wind vectors (arrow) at 08: 30 UTC (a—c) and 10: 30 UTC (d—f) 17 May
2019 from (a, d) AWS observations, (b, e) SURF-MESO and (c, f) SURF-4DVar
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Fig. 8

(a) Time series of observed and analyzed surface temperature (left Y-axis) and the difference (right Y-axis) between

the observations and analysis (unit: °C), and (b) analyzed wind field (full barb =4 m/s) at AWS 54511 on 17 May 2019
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