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PIA) IR, JEHAE SRR IR K KA, BRI
“F (Horizontal Reflectivity, Z, ) [ # I {8 23 Fifi F 7K 5k
JEYE RN R G M ARAL, I TRk = R(Z,)
KR 2 A 145 R 25 SC PR R . XX
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Fig. 1 Locations of four X-band phased array radars and elevation of the study area (shading, unit: m).

The four red circles in the figure denote the maximum scanning coverage of the four radars, respectively
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Table 1 Key parameters of X-band dual-polarization

phased array radar

F2 20232024 EFETE A4 FREF X B SRR
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Table 2 Short-term heavy precipitation weather in the

FHSRY (Y plain areas of Chengdu in summer from 2023 to 2024
ol PR NI TRR
B 1] 20 % /s 60 Wk e Ko dmmg
23 [B]43 9% /m 30 o H KA HAR i >20 mm-h
FA1BE P BE/(0) 1 i TR e f@””‘k
B/
AR S/ (0) 0.9
1 20234E7H13H  02:00—16:00  107.0 61
I AR R 25 /km 60
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HHEm A EUA 40
3 20234E7H24H  13:00—15:00  30.0 2
HLERIPE , R TeE . 20234E7A25H  13:00—14:00 74. 6 46
2.2 Eﬁa’“{iﬁ*}ﬁﬁ 17:00—21:00
ﬂiﬁﬁ%%’%ﬁkﬁﬁl{ﬂgﬁéﬁﬁﬂﬁF%ZJJG%%}E 20234F7H 26 H  08:00—12:00 55.5 17
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FEA ST, DR ok 7 0 0 v e, SO0 00 K i )
- . e 20234E7H27H  00:00—04:00  66.2 45
T A2 7N Y 5 B o 20 mm- T i BRUE (P E R SR 06:00—07-00
ANFER B SS T, 2019) 0 AR, % 38 ki -
A 4 20234E7H31H  18:00—19:00  36.4 1
JePETE N '%L‘L " ) o 202348 H1H  07:00—10:00  43.8 13
10~40 km 7 [l 20234E8 A2 H  10:00—14:00  66.7 22
T B FAE, X2023—2024 4579 A 19 HdE 20234E8 13 H  08:00—12:00 68. 7 49
PEAT O, LU 14 KRB K KRGS . Xt 16:00—17:00
LR, R R K A A B B | B KN R 20234E8 H4H  16:00—18:00  58.8 3
55 LA KWL 2] /N B R 58 >20 mm - h ) 5 B, 20034E8 HSH  12:00—16:00  51.2 6
W2, 202348 6H  13:00—17:00 67. 1 36
b iy N 20234E8 H7H  05:00—06:00  29.7 1
3 ZntERE
2023488 H  8H19:00 %= 85.8 16
3.1 *ﬁﬂﬁ%iﬁ% 9 H 00:00
AR 2 XA 2 B K BT Jrr Mg | FRaknst 5 202348A10R  17:00—21:00  52.3 17
] H A& s b () 4 o5 . AR Tk R 25 4 202348 A IHI1700E  89.2 102
PRI BR A , ML AT A A I S AT . T L Hei 10T
A7 86 2 43 B (T 40205 1 min, £ 17 43 omERARE e e
30 m) I X—PAR B ik, FEASSCNT | 4B LA o
o e ) e g o1 . 7 20234E8H29H  10:00—13:00  49.4 14
[F] % R By B X ¥ 2 ) 7 3k IR R AIE , R AR 42
e . N . 8 20234FE9 H 9 [ 20:00 & 59.8 17
BET TR R RHE S . FE T, ASHR SRS M 1 9—10 [ 10 H 03:00
RE BN Jal T B S g R A
TN 2] () 43 h W B AR BRI AR 2 . — 7T, o 203%9A11H 00:00-05:00  39.5 54
b SBCHE BE SR B %)) I X I o AN R A& R By Bt 08:00—09:00
FEIKRCR B AR AL AE 5 55— 5T, 38 195380 TR & 10:00—11:00
B BRI et T 70 2 B AT, T TR 10 202349122 H  06:00—07:00  23.8 1
BNk i HERf P S Fa et 11 20244E7A20H  04:00—07:00  61.3 34
3.2 HEEEIREARTIE 12 20244E8H2H  22:00—23:00  53.6 4
TET IR R, e 485, # b i 13 20244E9H10H  03:00—05:00  60.7 59
A ORS00 X A b 1 W 3 R 246 0. 5 km) 14 2024%F9J29H  14:00—16:00  49.3 27
17:00—18:00

75 1.3~2.3 km &5 )2 (3K 1. 8~2. 8 km) ) Z,,.,
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Koo B Z B0, 2005 B2 20 Bk A 1 bR 2% 0 T4
I .5 850~700 hPa i B JZ 4 N7, A7 BIF5E & B 850~
700 hPa i B JZ= B9 K PR AF XS DU )1 43 4t B 2 2 A
ﬁ/ﬁiﬁﬁﬁgﬁm(ﬁb?ﬁﬁ%ﬁf 2023) ; IKFHEEE,
% B F) X-PAR T i B4R 1] 1 B 7 B DL R 42 )
2 A7 WY I A PR TR AR, 28 L Ml TR A A
O, B 324 R mEEra:;J?p(%o m) x32 4 J5 i 1 Y
KM N & B, 138K 328 x32 77
i, H 1 kmH ﬁﬁiﬁiﬁ% PRI AS BfF 9 5 £ 2
FERFSRIEA, S HERR [ R BUR G A S R R T
P, X B e €o<0. 9 (1 BE B R AT SRR . W)
A, 4= 2K [ 7K 4 71 4] (Global Precipitation Mea-
surement, GPM) [ X4t I FFj 75 i (Dual-frequency
Precipitation Radar, DPR) WLl &5 5 & 7, I Bl 1
ek 7 B4 7R 8 B 8 PR B AR 0k A T 15~20 dBZ,
FHorp 18 dBZ 7 rh 2 B2 b DX 5 b 1T K AT i iR
PR L, 20X g b Z,<18 dBZ IR 2
PEHEAT I o

M T 5 %HAZ B AE &S AHEE, H
AN [ RR B BT 0T I ) 7 A ASCHE B N AL Y B A
MM bfAEES . U A= e, c,
b, ow R SRAEAEY B A Bt B, Horp e fGRAM A
B 5 =3 Fon B R BEE A TR I S 84 A A
w BT HUE N 32, 43 55 I A% ) BB 85 22 0 7 o £ 1Y
B o AT EE A IR R, R £ B e fig
155 Z 2R IR B LR e=2, AT BUAS RN AT
[Fi] — 7K -7 B 1 B K ABAE SR 2 K7 B AR
TNl APRBUGRII N K e, b, wl BB B
FEFE . T EE B R XA TR ﬁifﬁ{ﬂ"EAE
B E R, AS A ST 2k MR O S A B Ak
YRR B R 5

AN, Zhang et al (2023) Y WF5E 2 BH , 76 W AR

» (Conv3d3x1x1 & Leaky ReLU)*2
» MaxPooL3d
» Skip-connection

B BN Bk R b, T 0 F S SR AR
1.958 mm, R T AR H T 6 mes™ (ML
S, 2016) 0 HhIE A TTAE A 2 R TE T S e B
O B (T RN R 1 1.8 km, 4K 2. 3 km) [#
B MHE 25 5 mine BHiS b, 25 DAL R
BRI BT T, o R, 5 2 %R YR R B
BEARWIIR T=(T,=5) min, SR, SCFRFEK R p
G ZIRENE, FEEERSWEITT A7
Ve i 2 (4N W3 ELAR RN —, G 9 7%
R A T 22 S5 A5t P o8 T O B TR T Y
1R BE AN AR AR ) o A B AR ik S R 258 %) A 7R £ - 245
RIARFIFZ 0, A ORI R T K 2o 5 45 2 min
(1) B IS B AR PR A 1, 2R3 5 A B B 1
RBRL N REAS, B C=[c, t, h, w], H =5,
R RI4E, DL TS A B AR AR 5 b 1 W
FAE G

3.3 CBAM U-Net##3!

W& 2 fif 7, CBAM U-Net #5251 ) U-Net £ 42
ORI R R A A R R e A
(Convolution ) Fllf K ith 1k (Max-pooling ) # FE 4H h¥,
FBAE R AT R AR PR IBOCRI B AR B 5 A 5 53 W)
i 2 Ik # (Up-sampling ) 1 8k BR 3% $% (Skip-con-
nection) ¥A, SEHUEEAE B IR AR L ARG

(IR EPSNbIE ﬁﬂlﬂ&l’%«ﬁﬂ%ﬁﬁ’]ﬁ)ﬂ Iy R
?E(%fﬁﬁﬁ)%ﬁ’%ﬁ%%%éﬁmli T SCRAE (BT 3R

BORG, SEBO6 R P K O X B TE ] . AT
Hh, BRRUECE R AR B 3 A B E , AN
Jag e FOCHEIX SR 1T, BT HRBCR R A S5
55 Ml T R K D] A A DG PR AR . TR T Woo et al
(2018) $2 i i CBAM i = I BB i A U-Net HEAE
9 i &8 4> o CBAM 5% e Hy 3 1 1 2 )+ A% B
(Channel Attention Module) 1 75 [A] i & J] F Bk
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C: HHIE I B I8 5L

> Up-sampling
> (Conv2d 3x1x1 & Leaky ReLU)x2 H: 4$-AE R R
OcBaM W SR PR Y 52

> Linear

K2 CBAM U-Net #4575 2 4]
Fig.2 Schematic diagram of CBAM U-Net network structure



696 = Ji

(Spatial Attention Module) ¥4 i, 3 PH>F e 5L T
B AL AR M AR, R E AT IR 48 IF i A
B TRy , ALBRIE 2% 2] )28 [A] I b (B A5 DG 1Y
AR S, I RESRIH B R SC B A K e , AT
PETHE AR B IR KAl TR RO PERE . AL, T
B, TR ZRRE AR o I TR 2, PR 0 G %
BB, ABIFIE R T =446 BRI = 4 AL A ke 2 B
B REAS AL B s TR 4 5 23 (R AERRAE S B
3.4 Z-RXR5IFMEIER

AW H LT Z-R X R AE AT Al CBAM U-
Net BEAIRE K AL THEREDL 25 IOXT HEXS 42,

R(Z,)=452-7Z;* (1)
R(Zy)=346.3-Z* (2)

A (DFIR(2) 5305 1 Zhang et al[ 2023, F SCAHK
M R(Z,)-ZIFXIHeEE 552024, FSCREFCN R(Z,)-L]
E A 0T FSC AT b X R R TS BRI A A5 B, HE T
T 2 =X = kKA. i (D) F
(2) BEATRE KA TEIS, Sy sl B X BORH 4 B 7 38 7
BLLET5 L A A B4 45 R R T AF TR B ek, AT
AL BTy By - TR AR — . 2 M A T e
TR 5 7 B AL B3I £ 4, DA & CR (Composite
Reflectivity ) i 75 Wi it 007 E A BYME , 2R 5 L =
HEHENR Z AT

VSRS UNFA S EeN -y S R MRS TR w2 W URIIE ()
Z IR 22, A BURH AL 28 CCL Ry s
R,..; (Relative Mean Absolute Error) . R, (Relative
Mean Bias) /R iR 2= A 45

E(Rz - Rave) (Gt - Gave)
i=1

cC = (3)

S (R - Ry 2 (G, - G,y
i=1 i=1

<% 45 %
(4)
|R - Gi|
Ryse = =1 x 100% (5)
g
i=1
D(R=G)
Ry = x 100% (6)

Kb RFSE i METHE ; GRS iS5 R, AN
G R I A BB AR A T REAR DL ST RS
St WLIAEAS Y 1

SRy S BB g B N 4T L IR AR IEAL, AR
R — L5 ARV S5, BIEMEU Al
B XA [ B AR R I = KAl T TR, G dG 1
rf 3% (Probability of Detection, POD) . %5 it %
(False Alarm Rate, FAR) DA M Il 5 1% 2y 48 %% ( Criti-
cal Success Index, CSI) ., HiTH A UNTF .

P

POD = P+ N (7)
FP

FAR = P+ P (8)
TP

CSI= TP + FP + FN (9)

e TP Sy R A O AR 5 A T E A R T A
FP R W s W E /N T B, i As TR T B
FN Wi I E R T BE, mifl (a7 B
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Table 3 Setting and explanation of minute rainfall thresholds in classification evaluation metrics
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Moment Estimation) {i b 8 vk A TR AL I 25, F- %L
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Table 4 Performance evaluation of five QPE methods for X-band Radar

LAY cc Re/(mm-min™") Ry /% Ry/%
CBMA U-Net 0. 665 0.331 44. 651 7.324
Attention U-Net 0. 488 0.399 59.233 7.360
U-Net 0.471 0. 427 59. 406 -30. 742
R(Z,)-Z:R(Z,)=452-Z}*" 0.151 0.837 84. 866 1.577
R(Z,)-L:R(Z,)=346.3-Z;** 0. 150 1.026 95. 108 26. 874
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Fig. 3 Boxplots of CC (a), Ry (b), Ry, (¢) and R, (d) for minute rainfall estimated by CBAM U-Net, Attention
U-Net, U-Net, R(Z,)-Z and R(Z,)-L. The upper and lower edges of the box represent the upper and lower quartiles,

the horizontal line inside indicates the median, the horizontal lines at the end of the dashed line

indicate the extreme points, and the discrete points represent the outliers
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Table 5 Statistics of classification evaluation metrics for different minute rainfall thresholds
3R R Al FoiA
/(mm-min~") fibn CBAM U-Net Attention U-Net U-Net R(Z)-Z R(Z,)-L
0.10 CSI 0. 894 0. 846 0. 860 0. 820 0. 842
POD 0.992 0. 946 0.952 0. 890 0.922
FAR 0. 100 0.112 0. 101 0. 088 0. 094
0.34 CSI 0. 655 0. 609 0. 537 0. 492 0.555
POD 0.915 0. 849 0. 650 0. 608 0.713
FAR 0.302 0.316 0.243 0.280 0.285
0. 67 CSI 0. 485 0. 408 0. 160 0.244 0.298
POD 0.643 0. 608 0.176 0. 331 0. 437
FAR 0.336 0. 447 0.373 0.518 0.517
1.17 CSI 0. 181 0.084 0. 008 0.074 0.092
POD 0.204 0.100 0. 008 0.130 0.198
FAR 0.385 0. 650 0.538 0. 852 0. 854
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Fig. 4 Time series plots of observed and estimated [ CBAM U-Net(a~e), Attention U-Net (f~j) and U-Net (k~o) ]
minute rainfall at S1007, S1009, S1198, S1208 and S1844 from 04:00 to 05:00 on 10 September, 2024

PLHIAASC I 248, SJLRE

i TR 7 B K A X i B

17:45 B} B ) (9% gl Rtk
Xof LG PR S B AR B T = A 78 fg e K A 1
AEF] 1 : CBAM U-Net 5% 5 £7 7 W (B AR A L 42
(BAEM PR AR 42 0 s BAL# . MHLZ T, At-
tention U-Net A5 Y AR ] R0 Ry 22 1, HLS 9 ol
SUAELEAA D IR 22 5 U-Net BT DI 7 2 B /K 2o i
PRI W iy SR BR A o F AT L, CBAM B
UV R = WAL R w e (13 G o
FIFHRIE T B SR TS T, ik 71548 U-
Net X %38 1 R AE“ — R0 [ (9 I 85 BE S, 38 it
ZHERE T A RE TR (Z (5K . KR
(Kpp (B B DX, IE S0l i 2 e s o IZ IR S5
fifi i) 2 ZE AR U JZ R AR, RERE 1R 1 5 Wk 4 2

P51 R BRI , A 2 T T CBAM U-
Net F Y i 3K Al T BE

5 ipSitie

AHIF 5% 44 HE T 3T CBAM U-Net 4 & i5 QPE
BOAY, 33T 5] A CBAM A8, SEEL T X5 B K 5¢
Eﬁﬁ%ﬂ@alﬂ&bﬂu SFAF I A Y N SR E . AE
BN R B, 2R FH 2 ) S TSR W 25 5 A X iR
KPR AL %ﬂT*%ﬂq&ﬁ;ﬁl%o 5 Attention
U-Net, U-Net LA K& WA~ R(Z,) 5 R XA H 5256 3
B . fE R 22 A DL KRR E AR I O
CBAM U-Net #8352 9 T f i ffEBf 1 (CC=0. 665,
Rys:=0. 331 mm-min™', R,,,.=44. 651%) LI} 554711



3 Ji - BRAE BET CBAM U-Net BB (4 lU#R X I BOrH 4 M B ik MKk Al i 701
10 (a) S1166 \ (b) S1540 \ (c) S1871 10 (d) S1879 10 (e) S1888
e - iR T -l ER) T ----fii TR T - TR T - AR iR
E 25 — SBER| s — AR F — R E s — R E — UL
:‘\; 2.0 _‘\; 2.0 _‘\; 2.0 _‘\; 2.0 _‘\; 2.0
& & & & &
e 1.5 e 1.5 e 1.5 e 1.5 e 1.5
& 1.0 & 1.0 & 1.0 & 1.0 & 1.0
RS xR & A & xR
205 Z 051 Wi 2 0SS LA 205 205
[} o) N [} RN A [} [}
o L o Ll O L - O L~y 0 0
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
F5} 1H]/min F5 H]/min F5 []/min F5 [H]/min H5} []/min
(f) S1166 (g) S1540 (h) S1871 (i) S1879 (j) S1888
~ 3.0 - ~ 3.0 - ~ 3.0 - ~ 3.0 - ~ 30 -
E - AR 2 ERRR R TR (= -V R 3 LY I ---- iR
g, — LWWR| E s —LWAR| E s — LR E — HNR E — R
g g g g g
£ £ £ £ £
:‘\: 2.0 _‘\: 2.0 _‘\: 2.0 _‘\: 2.0 _‘\: 2.0
bt bt & & bt
i 1.51 i 1.51 i 1.51 i 1.51 i 1.51
& 1.04 & 1.04 & 1.04 & 1.04 & 1.04
SS BSS SS R I & |
= = =] =] =]
205 205 205 205 205
2 o= 2  =S"F" "1 F /o3I 2 LVl = ol
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
F5} [H]/min F5 [H]/min F5} []/min F5 H]/min I} []/min
(k) S1166 (1) S1540 (m) S1871 (n) S1879 (0) S1888
30 - .30 - .30 - .30 - .30 -
= -~ iR T SRR T - EE| - R T - A R
B as — FER] E s — BN E s — N E — SRR E 55 — St
g g g g g
:‘\: 2.0 :‘\: 2.0 :‘\: 2.0 :‘\: 2.0 :‘\: 2.0
& & & & &
e 1.5 e 1.5 e 1.5 = 1.5 = 1.5
& 1.0 & 1.0 & 1.0 & 1.0 & 1.0
& & & & &
205 205 205 205 2 0.5-%
s =) 2 = = - ftaeanaen
0 0

10 20 30 40 50 60
it []/min

10 20 30 40 50 60
it [H]/min

10 20 30 40 50 60
it [)/min

10 20 30 40 50 60
it [H]/min

10 20 30 40 50 60
it []/min

K5 2024429 729 H 17:00—18:00 i 5 S1166, S1540. S1871, S1879 F1S1888 1 5LHLLL K2 CBAM U-Net (a~e) |
Attention U-Net (f~j) F U-Net (k~o ) fiti 31 A4 438 R i £k &
Fig. 5 Time Series Plots of Observed and Estimated [ CBAM U-Net(a~e), Attention U-Net (f~j) and U-Net (k~o) ]
minute rainfall at S1007, S1009, S1198, S1208 and S1844 during 17:00—18:00 on September 29, 2024
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CBAM U-Net Model-Based Precipitation Estimation for
Chengdu X-band Phased Array Radar

ZHOU Cong', ZHANG Chenghong’, DONG Yuanchang®, ZHANG Tao'
(1. Chengdu Meteorological Observatory, Chengdu 611134, Sichuan, China;
2. Institute of Plateau Meteorology, China Meteorological Administration, Chengdu 610218, Sichuan, China)

Abstract: The frequent occurrence of heavy precipitation events poses severe challenges to urban disaster pre-
vention and mitigation. High-resolution quantitative precipitation estimation (QPE) products are of great impor-
tance for monitoring intense rainfall processes, while X-band phased array radars (X-PAR ), delivering detection
data with high spatiotemporal resolution, provide a robust foundation for advanced QPE research. Due to the
limitations of traditional radar-based QPE methods, such as insufficient nonlinear mapping capabilities and the
lack of dynamic adaptive learning mechanisms, a minute-scale rainfall QPE method based on the CBAM U-Net
model is proposed. This model enhances the learning capability for key precipitation regions and feature chan-
nels by incorporating the Channel and Spatial Attention Module (CBAM ) and optimizes the temporal alignment
between radar and ground rain gauge observations by introducing a temporal dimension to the model input.
X-PAR data from four radars in Chengdu’s plain area during July-September 2023 —2024 were used to construct
training and testing datasets. Additionally, the training process was optimized through the integration of learning
rate warm-up and cosine annealing strategies, which accelerated the convergence speed and improved the model’s
robustness. Evaluation metrics, including regression indices (CC, Ry, Ryse» Rys) and classification metrics
(POD, FAR, CSI), were applied to compare the performance of the CBAM U-Net against Attention U-Net,
U-Net, and two Z-R methods. Results show that deep learning models significantly outperform traditional Z-R
methods in both error metrics and stability. Among the three models, CBAM U-Net achieves the best perfor-
mance (CC=0. 665, R,=0.331 mm- min™', R,,,=44.651%, R,;=7.324%) , followed by Attention U-Net,
while U-Net shows significant underestimation. In multi-threshold classification evaluations, CBAM U-Net
achieves CSI of 0.655 and 0.485 at thresholds of 0.34 mm-min™ (corresponding to 20 mm-+h™') and
0. 67 mm-min~' (corresponding to 40 mm-h™") respectively, which are notably higher than those of the Atten-
tion U-Net (0. 609, 0.408) and U-Net (0. 537, 0.160). Case studies further verify that CBAM U-Net has a
stronger capability to capture temporal features. During the "pulse-type" precipitation event on 10 September
2024, CBAM U-Net accurately identifies the peaks and troughs of precipitation curves and effectively character-
izes the temporal variation features of precipitation, performing better than U-Net and Attention U-Net. During
the stable precipitation process on 29 September 2024, CBAM U-Net successfully captures the overall trend of
precipitation changes but shows insufficient sensitivity to minor fluctuations within the range of 0. 1~0. 2
mm-min~'. The CBAM module effectively improves the model's capability to capture temporal characteristics of
heavy precipitation via its dual attention mechanism. However, due to the inherent systematic smoothing effect
of deep learning models, notable underestimation still occurs for extreme heavy precipitation events with minute
rainfall rates >1. 17 mm-min™.

Key words: quantitative precipitation estimation; X-band phased array radar; short-time heavy rainfall; CBAM
U-Net



