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Application of optical-flow fusion in minute-scale precipitation nowcasting over
complex terrain

LIU Ni"?, JU Xiaoyu', WEN Huayang', LU Yajun', LI Jiangtao'

(1. Huaihe River Basin Meteorological Center, Hefei 230031; 2. Shouxian National Climatology Observatory,
Huainan 232242)

Abstract: To improve the accuracy of 0-2 h precipitation nowcasting over complex terrain, a kilometer- and minute-scale optical-flow
fusion framework (Fused) driven by both physics and data principles is proposed, which integrates the Recurrent All-Pairs Field
Transforms (RAFT) optical flow with the classical Farneback dense optical flow. This method performs a weighted fusion of the RAFT
data-driven optical flow field and the Farneback dense optical flow field, employs a four-step fourth-order Runge-Kutta (RK4) integration
scheme for high-accuracy advection extrapolation, and constructs a residual AR(2) model with Kalman error feedback to suppress
intensity drift, thereby generating 10-minute-interval extrapolated precipitation fields. The model is trained on the 5-km multi-source
merged precipitation analysis product over China from May to September during 2022-2024, and independently validated against 45
precipitation events in 2025 over the Dabie Mountain region, with evaluations conducted from the perspectives of intensity, spatial
structure, and object morphology. Verification results show that, within the 120 min forecast lead time, the Fused method achieves an
RMSE of 0.55 mm, representing reductions of 19% and 34% compared with the RAFT and Farneback methods, respectively; the rain-area
correlation coefficient reaches 0.51. The object-based diagnostic evaluation reveals an object similarity of 0.73, area expansion below
10%, and centroid displacement less than 5 km. The critical success index (CSI) for 1-h rain areas reaches 0.42, while the 2-h forecast
remains operationally usable. The mean absolute divergence of the fused optical flow field is 2.8x107° s™', with a relative error below 5%,
satisfying the mass conservation approximation, which ensures the physical rationality of intensity evolution and the reliability of the

nowecast.
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Ll | T3 5 Ak T P 1 DG B R O AR 45, 2023; 5K
45, 20245 Bk, 2024), ZHIEAETHE R, L
DX A 7K i — i B v A T 5 T4 K, X R A R 4R
M X A 5 o AR Bl A O X 38k 3], LI
& 258 1500 m, TR I, /N o
T B 5 A K e IO AR kg R DA DX 1 04
[ IS B Y= ML TN A LN AT R N e
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T3 S BT X KT Vi R AT B 1 5 K 2 4 1 S A
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4, 2016). HIL, BR T A& R A2 42 MB35 I | A
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RZEFN 6%~11%, HFHH KGR, T4
PR s P La IR 223 BT ARR 25 B W R
W, 52595 4 (2023) F)f Farneback Yl ik #b i T8
IR R 38 R, 45 SR 2 BHAZ O WA A B 06 B 1 23 1)
BEAR R 1 km, K B T8 35 [B1OAH OG 36 B3 TREC
(Tracking Radar Echoes by Correlation), BE i W7 1 1] H
W R A RS R . SR, bR e TR etk O &
AT5 R B8 58 45 TE HR AL G5 2o M S 1 161 B e, 451 dn 1A
— B R T 5 4 (T T, AR -5 R 22 R R A A K
AFRBCRR, 1 h JR IR 2 (LR AR S, 2023),

VT AER, M BE-KU0H XU 50 SEL B D4, %07 s
B AR 2l ) A HR i AR B 2 ), AT e NREAR TR
FETHAMERR EPE (G PH A4S, 2019; #4055, 20225 JE

TR AE, 2023), SR, AT W 5R 258 T4 Ui FR 18
BT, M0 B i AR R AR 4 | TR 8 4 8 A5 ) AT
AR (B6RAF, 2018; ThiE, 2018; 2L, 2022). 5K
FEAE (2014) 48 M, DGR L B = X AR Y 2
Yo, T M TE R A I DR IR R0,
PE— 25 TR 58 228 . Teed 1 Deng (2020) 42 i (1)
RAFT (Recurrent All-pairs Field Transforms) Y i 572
T YRGS T8 R EE ) S i 21 g T 2R A kA QAR
A K, A YR A X A DM R AR, A [
1/8 43 ¥ F F ] Conv-GRU 1/ 45 ) 42 =) D g £5
B, A T OB RRECIR AR, TR 2 N A
T BT AE B O s R A A FEOR A A | R A
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BEXE IR RS AN 2, AR SCHR ) 38 AKX
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M Re 1 SR et kEoKE s Rk mY, &
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B RE EERI IR 0455 (2) FIH] Farneback B2 G
AR IS E IR R 5 (3) #4 3 HEAT Z M A il
45 (4) R H RK4 (Four-order Runge-Kutta integration)
VARG 5 S A TR I A MHE, TRIES LAB% 22 AR(2)
(Autoregressive model of order 2) #i#! 5 Kalman 1% 2
B HLEIIT IE 5% BEIEAS o K 3 Bl Oy T, AR SC LA
ART-V1.1 fili & F 7K 7= i (China regional 5 km multi-
source merged analysis product version 1.1) F % 3K 5
DGR AT, Yol 2D 3K SR R - T 48 1Y) 2 56 P AN
EVE, B 10 min B, 5 km 25 (0] 3 HE R A 0—2 h
R AME . ik IPAl O I, A SR RLE R
PSR I ) e BORE -5 BE R 40 A LA B L o it <
PE; BT 2025 4RI HLIX 45 IR KRR EA T A ST
K g, PGB | 25 M1 454 . BARTE R =AYk R 41T
fli m R BE, S bl 55 AT AT, LU A &2 22 Hb IR X
PR BRI P 2%
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>1 500 m, 3 & >5° X3 7 51.3%, BJEZ 4.5%10° m’,
Ja& b 0 #RA I TE ZE XUAS, P AR K & 1 200~
1 600 mm, 75%—85% [ /KEEH T 5—9 H;6 H T A)
27 J b A) S ORI TR D, R A iR R A A, 2 K
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MW e S5 HR, R S AT () SHT—BHK (1)
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P 2P RS BE AR J7 % (RK4, 4x2.5 min, CFL<I,
Courant-Friedrichs-Lewy) 5¢ % 10 min ZMfE, i i gl &
GIEST, [RIE 51 AAE -2 1 7 fif 5% 25 A A (AR2) 7
LAGTEOR RS, 455 F— WO DU - Pl e A A 12 25 4%
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0—2 h, W2 23 HE3 535028 10 min, 5 km Y REZK S
P
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) Yo [T i
=0 ek R D e | | mem Werk A1
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e [T P T |
B e
T
U | e

ART-V 1.1
10 min FFE/KA% 5T

P 1T B TOGTR R A I Y R K IR T PR R A P

Fig. 1 Flowchart of the rain nowcasting process based on the optical flow fusion method
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(Open Source Computer Vision Library) H'f{ Farneback
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A&, HIm ST +8 % (Critical Success Index, CSI)
VT IEAE (8] 2), ZEZEH K o B R HEREFE TH/ N F<
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Fig. 2 Evolution of precipitation nowcast errors with varying fusion
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B, ARSCR A RK4 B TR PR IE ER (Williamson,
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i 2] CH AT O RS S % 22, e R =1 2 (1
— IO BN 7R 22, Bis B Rid 2 6 IR IR 22
FeA A B E RE R

R RE S AR 1 £ 6 NI YR (60min) (19 5% 25
JP o, XAk B e e e v Al . 5 R, X
T AN PR & S A A T A3, DU B SR X
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Fig. 3 Joint distribution of (a) rain intensity versus divergence 2-D density and (b) boxplot by intensity bins
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5 B 23 [R] 45 48 A AR TE 25 = /> J5 T % Farneback,
RAFT 5 Fused = )7y ik A7 %0 LA 56 o 98 BE 1R 25
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23 A 40 A AR R BE D & IR JE A8 W 5L T MODE £
o5k, TR R Kyt Bo & 46 Al
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Friedman JE 2 $0K; 56 1) 1) 5 16 0] Ak 22 5%, 91 LU
Nemenyi 2 5 PR 6 PR 9 22 57 1) 2 e
3.1 BEIRE

Ko 7K BN 1) B (ERG E EL5 Toll 55- 1 P 1) T
PE, T RMSE J2 fiff 12t Fil #2375 52 00 5 HE AR it 2 1) %
DFE bR . K 4 25 Y Farneback. RAFT 5 Fused = #f
7 B AE 45 TR B %L /9 RMSE {828 . 1] DL, [ 1 4 s
(B SE K, =35/ RMSE ¥ B 3, 756 FK SR
2= ZFH AL Horh Fused 77 5488 K e %%, 120 min A
RMSE } 0.55 mm, . RAFT £l Farneback 43 % T %
19% 5 34%, iX— 2= 5l 1 WA (p<0.01)

X} =R EEAE 0-120 min 23 R AT 850H) RMSE
J¥ 547 Friedman JE S 50K 5 (—F A TR 24>
VC L2 8] 22 (1 Bt )7 (Janez, 2006), 5 o7 = 11
551.96, p<0.001, 3 B = & Z [0 B 1k 22 55 W 3% ;
Nemenyi % & 4 (Friedman K 55 (1) = J5 45 56 5 72%)
(Janez, 2006) ‘7K, Fused 5 RAFT. Farneback 2 [A]1
FAE B 3% 25 (p<0.05), i RAFT 5 Farneback 2 [f]
ZRARE, 7E CSIE AT, LL 0.1 mm-(10 min)™'
AHAE N X AT EE (2 0.6 mm-h™), Fused 755 1 h
X CSI 2k 0.42, 2% =T RAFT (0.35) Fll Farneback
(0.28) F ik, HAE 2 h U BT R F5 78 0.30 (19l 55
K2 E (O #4, 2023), £, Fused 77kl A
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Fig. 4 Line chart (a) and boxplot (b) of RMSE versus forecast lead time for the Farneback, RAFT and Fused methods (especially, where the shading in fig a

denotes the confidence interval)
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JEAS, CC A 5,25 (B A SCHE A i i — BB 1. &1 S
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MHR] UL, Fused 77725 76 45 T4 B 250119 25 [R) AH DG R 4K
(CC) ¥ 7 F Farneback 5 RAFT J7 ¥, 120 min i}
CC ik 0.51, Wil sz, 25 BA % B EE (<
0.01), Friedman JF Z £ £ 55 15 =12 258.09, p<
0.001, F W] = 84k 22 7 W 3% ; Nemenyi 2 5 [
4% B 5K Fused 55 Farneback. RAFT 22 6] ¥ 17 78 i
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RAFT (~0.71) 55 Farneback (~0.63) 43 %4 & 13% 5
27%; T BRI ik % <10%, J5i L J £ <5 km (p<0.01).
SIM &4 b H 5 hl e 27, 2 W6 A1 3 % 1k
EATRFRRE T Fef

Friedman £& % {2 7~ Fused “F-3 7k 2.449, & FAL
F RAFT (1.504) 5 Farneback (2.047) (=4 563.34, p<
0.001), Nemenyi 2 5 L IESE Fused 5 53 W 7 ik 22
Sk 3 K (p<0.05), T RAFT 5 Farneback [7]
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HERAY 0—2 h AT WA 2 . Al ST AG 58 % 1,
AR UAE 120 min TR AT, RMSE f& % 0.55 mm,
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SIM ¥ 8 E LT, ok Tl & S5 00 RV A FE B g
i 3 T P A T AT B A 3

(3) Fused J7 ¥& X TR X T AR ik | 1< 58 LL i AR 5
Jo O TS B I S5O B 3 (=4 563.34, p<0.001).
120 min X £ AH L 35 0.73, % RAFT #2 71 12%, %
Farneback #£ T} 26%, B &L T BA—5A3%, Al A R FE )
5 SR TR RS I de R PR OB L 454, S R 24 T
1 T3 — o7 B R PR T AT SR A S H

(4) LA 0.1 mm-(10 min) ™" &7 BEL R 51 W X, Fused
J7EE 1 h B IX CSI ik 0.42, 2 h A 4Ed Ik 45 7] FHKF .
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2 RO A AT i R 50l 55 Ve v g, 3 T L L 9
T B 45 U B I A Bh T oK .

AR SO A AR G2 5 TR B 24 2] 6 i ik, A Rk ik
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