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Abstract Millimeter-wavelength cloud radar serves as a pivotal instrument for cloud microphysical characterization but
is susceptible to clear-air echoes induced by insects, birds, and aerosols, leading to considerable retrieval biases. To

enhance detection accuracy and generalizability, this study presents ATNN (Multi-Head Attention Neural Networks), a
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universal deep learning framework that exclusively employs the reflectivity factor, radial velocity, and relative height for

adaptive learning of vertical structural features. Evaluated on observations from Baise, Guangxi, ATNN demonstrates

robust performance during the rainy season, achieving a clear-air echo detection rate of 91.98% and a meteorological echo

preservation rate of 94.28%; during the non-flood season transition, these metrics are 87.56% and 86.38%, respectively.

In contrast, conventional neural networks (NN) achieve marginally higher detection rates but misclassify numerous low-

altitude, weak meteorological echoes as clear-air signals, yielding a preservation rate of only 54.96% in non-flood periods.

Nationwide validation across 15 operational radar sites further confirms that ATNN attains an average clear-air echo

removal rate of 81.17% while preserving 93.89% of meteorological echoes, thereby demonstrating strong regional

adaptability.

Keywords Millimeter wavelength cloud radar, Deep learning, Clear-air echo, Quality control, ATNN (Multi-Head

Attention Neural Networks)
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Table1 Operating modes of the Baise millimeter

wavelength cloud radar
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Fig. 1 Distribution map of millimeter wavelength cloud radar.
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Fig. 2 Observation and label sketch map on April 13, 2024: (a) Observation of echo intensity; (b) label value distribution.



b7 N T - 50 %

1092 Chinese Journal of Atmospheric Sciences Vol. 50
oo Xl S 25 R IL IR 0. 1. 2 BIFREE 3.2 ATNN ( Multi-Attention Neural Networks)
EHIVE AR ES S, TR PR . =R

. W 3 R, AT 2 KR Y] (Multi-Head
3 A&

3.1 NN (Neural Networks) =%

AL LAFF 4 W 4% (Neural Networks, NN) A&
R FEUE (Yang et al.,, 2020), FH T#7 &4 ik
T M R TR THRE R . IZ AN AR ALFE 1 AN
ANE 2ABRBEM 1 M Z . B— R E A
MM TLHIL, B OARBEES 6 ML
oG, T ENAE 2 MEICER TG, T E B
Kk, KAAERMZEZEHIA—ZM 2T H)
W g 24 P A 2R o A S A I BB SRR B s A
G B I HER, BUE VSR 0.0 2] 1.0, HfE ik
T, 2 WASERL S By DAy I 2 [ 35 () R 23 K

FERRZ M2 BT, A N BRI B I TR
FULHE T AR PN SR T A% ) B R O R o IX LU
FE R R 2 R K R S5 fE A = i
M&E—E9d, BERECR A GELU (Gaussian Error
Linear Unit) (Hendrycks and Gimpel, 2016), &i#
ot 25 A N S AR TR S 2 AT R A T R A
CDF ( Cumulative Distribution Function), Hf# £
W& GIN T AELRMEARRE . XA T AT DALEAR 7R 4 42
B A, H GELU 752/ A\ i [
WIEZA T, XA TIPS ErE. &a
[y 2 B B0E RN Sigmoid, B AR 4 H Y B PR
HI7E 0 2 1,

Tokens(Z, V, H)

Attention) FIFHZMZ (NN), #if ATNN (Multi-
Head Attention Neural Networks) A7, %A% A4S
HAE H A4 NN OLH, I ReAE BE = I HLE 5 =)
I 75 [ e 1) 2 LS5 M ARFAIE
NTFZSRERTE BRI REE NN, AL
f& %7 Transformer (Vaswani et al., 2017) M %%
f] Token FI ViT LAY HH ] Class Token. Token 7E
Transformer " AR KA T 51 i — > J6 3= 8L TG,
MEARLH (Ze Vo H) % 8—A Token. Class
Token & —Fi 4¢3k ] Token, I8 #2751 1)
Fragab, 2 Ja7E A W 2% (1) 4 B #2 7 5 Tokens
—iE& AR R A . /E ATNN H, Class Token
VERN =B 5 2] S5O0 N B Tokens 1, ZJ5
Class Token ¥ 5 Token (Z. V. H) —&&JjHE
BEAONHIEEE. RE, 2322 ATNN 2 )5,
H Class Token FPIRZ SRR EAN AN (Z. V.
H) WEE, B¥H T RES PRk
ATNN HIEIMA T A 22 S AL E b (Position
Embedding), K17 & g i 1F AR — 8B4, [
H e E Y it A2 %, S A A Y 15 A BE iR
HINTCER Z IR B R R LB RIS 5N
AN, TR &R RIE, R/EEN ATNN
W XFPOTERIR TR BRI N BN 2
BE, RAIAHENER, XX T A8 XA

Fe—————————————

Hidden Layer2

Zgsg Vs Hgsg
a
] . ° )
i [ ] [ ]
—
= . °
(¢
s
2 Vi H, Multi-Head

Position 9
Embedding

Dropout

[

Attention

Hidden Layer1

Input Layer

3 ATNN (Multi-Attention Neural Networks) HEZE/~E A,
Fig. 3 Multi-Attention Neural Networks (ATNN) framework.



4 34 RIRIG S B TR S 2] KUY 2 T T 1 22 Ml g iR )

No. 4 LIANG Zhengqing et al. Clear-Air Echo Recognition of Millimeter Wavelength Cloud Radar based on ... 1093
A FPE i R E 2L i 2% B R ) BRRS 2 [elp E BAEL, PAE B 7 5K,

FEZ SRR I, S N EH 1 S 2R 1 AR
Bk, SR REIHAT HUAR N B 2 AP R R T3k
(Attention Heads) i TiH5 . BANERE IS4
WMARIAFET. 25, XESkmgh ek,
IR — IR A A e DL il 25 o XM
THAT LAY BRA8 [ 28 8ok (A — 7 51 A A [
AEE MR, Hhom 7B 5 e I 2 ) e

fE & A~ ATNN B iz A 7 0 IRBk 22 i 4%
(Residual Connections), 7 %l f7 T 2 ki & JHl
Hl 2 JE AR 4% NN 2 5. Fezedsnl DL G
RSN, R ZBE BEA SR NIRZE M
iR, FEARVPEA S ] B RZRER, [
P 7 BREEVE R, ARG, A
RE AR E 1%

3.3 W& E

N T ARACKE RN 2R B2, AR SCAE TG % )
2K 0.008, FHEECR ISR A BA%UE N 3000 B
URAL TR E R e N 60, TR R BRI IE S |,
KH T .t X 45 (Binary Cross-Entropy) 5K B%
B BEARASEE T BEHLES NP (Stochastic
Gradient Descent) J7iZiiAT. BAh, ARSCREURGZ
iB K (Cosine Annealing) 0% K 2l 245 1 #2522 %,
I S SR 5 2] MBS UBAE 1 R 22— MR K
S fE G [, A ) SR N TR G . 8 X
TR AMUE B TR B H R e/ IMEL R, IR IR
Tt ] A b B A ) AR R R S AR, (Rt
TR B PR A B TEALMR, IR N R . o
G HE RIS KRR NI, MBS IE
£ BRI REAE I ZR S5 JHIT WAk . RIS AL R
TAE AR, EE—AML A 22529 AN 23 B
A 102665 AR B SRS IREAT S50 S5
B4, B 5. BlehnLlEH, BUARL T, =
MNP RgE, H2MBEMEINZE B
epoch=300) ¥ L 1] (epoch=100) F I %,
PRFRragtt, AWERHEREUEGER, X
FHILE 300 MUIZRFIAN, ALK H 30 2 1 i 0
GIR, RS I E0E o e A R .

3.4 WHEEE

AR SCHPEAL 48 bR A A R A B
( Clear-Air Echoes Recognition Rate, R.) 5 %
[\ 3% % B % ( Meteorology Echoes Retained Rate,
Ru)o WG [RIEGIBR A, oL 7 ik [ Hh

Al AR 6T T I A R R A HERAFE RS, 100% A i
ERTNE . SRR R ER, F802 R D
SRR A 2 IR B AR 2 [E I b, 1R
TE T VAl A A TE R 25 [ 30 () [RIF, AR R g
TEff B UL A R B = Rl I RE T, B
TR ZN 100%, TREH 20, U0 5 a3 bl
R R I O B 2 [ 1 b R o e AT Rk =
# 3 P

Ny FETR BB AE — R P4 e T s [R5 1R g I
Bl Crdoh 1, FF H5HNALE PR 2EE (b
AN D ULEFERAE: Nry BanZEd—RKAR
i 2 AN Ny SRR BLTE — K A 7 2k (el %
WM RAERE 2 H CRitioh 00, FEH SHMNAE
FIARZEAE (B8 0) VCELHITEIL L Nro Ranbe
AR RS,
3.5 RBTELCRFHESHEE

Ty 2 TR AR U UL kL B4 LDR 77
i, RIEIESE Z. Vo Hy SW AR R ) il i 25

&3 RELTfhER

Table 3 Evaluation indicators

PRALTE R ik 5] A
FENENV I ESON) Ny 0%~100% 100%
Nri
ABEBAR (R No 0%~100% 100%
Nrgo

ATNN
300 ~—— NN
250
200
[0
[0
S
150
100 |
1
i\' ‘I
50 \
\ﬂ_\w_\i\;z\c/_’\_/\\_—/‘\;rl/w

0 50 100 150 200 250 300
Epochs

Bl4 ATNN Al #1& M4 (NN YIZRiRk.
Fig. 4 Training loss of ATNN and NN (Neural Networks).



PN - N 50 %
1094 Chinese Journal of Atmospheric Sciences Vol. 50
dBZ dBZ
40 NN(epoch=100) 40
161 30 16" , 30
Euiy, 2 Eniy 20
= % 10 = % 10
(=1]
s It 0 g 8 0
S Ll -10 = | -10
\ ’ o \ el =30 =30
R s LA | ki .
0 Y S e 3 A TR s i o il il 0 T T T T T
0000 0400 0800 1200 1600 2000 2400 0000 0400 0800 1200 1600 2000 2400
Time (BJT) Time (BJT)
dBZ dBZ
NN(epoch=200) 40 NN(epoch=300) 40
161 . 30 161 ‘ 30
512_"% 20 §12§% 20
%} % 10 :én . % 10
4 -10 4l -10
-30 =30
0 | | | | T 0 | | | | U
0000 0400 0800 1200 1600 2000 2400 0000 0400 0800 1200 1600 2000 2400
Time (BJT) Time (BJT)
Bl'5 NN 100 k. #5200 K. 55 300 XIZR AR .
Fig. 5 Performance of NN at the 100th, 200th, and 300th epochs.
dBZ dBZ
40 = 40
161 30 161 ATNN(epoch: ,100) 20
§ 12_”‘* %, i 20 g 12_“' %, 20
%ﬂ % ! \ ¥ 10 = v % | 10
= 84 b | 0 2 8 ) 0
=4_ |l ™ 40=4_ \ 10
Kbt e ' \ st —30 f ‘ -30
() e e v otk 0 I I I I I |
0000 0400 0800 1200 1600 2000 2400 0000 0400 0800 1200 1600 2000 2400
Time (BJT) Time (BJT)
dBZ dBZ
161 ATNN(epoch=200) 40 ATNN(epoch=300) 40
| 1 30 161 , 30
512_‘_‘% 20 512_“*%‘ 20
a ! g 10 = b % 10
3 8] 0 & 8 0
i -0 = -10
‘ =30 -30
0 | | | I 1 0 | | | | |
0000 0400 0800 1200 1600 2000 2400 0000 0400 0800 1200 1600 2000 2400

Time (BJT)

Time (BJT)

K6 ATNN 55 100 /X %5 200 . 55 300 VISR HARCR
Fig. 6 Performance of ATNN at the 100th, 200th, and 300th epochs.

BRI . mHERTEAFRN, &, BHR
SV HRRRE A LR RN, AR R IR B DTk
ey, PRI SWRIFENT Al 2 At R RJE T
FE s R, WSS, 155 T LU IS a3
Rk, AT AR = AL Xz A B i A ok

SW ik, {H A2 [ml i o P od o oK. BRI, 78
KEHIEDLT AU (195 55 AT A 28505 1 25 B )%
X . Tk, @ MEHIE LI, SW 1L [ B 7
[ 35 REAE 7 T AN B R, IR UEIZHEN, A SO
T SW RHIE I TY 6 24 8 NN4C, HAF SW RHIE



4 4 BIRTESF: TR ST 2K o 7 TR I 2 (e R )
No. 4 LIANG Zhengqing et al. Clear-Air Echo Recognition of Millimeter Wavelength Cloud Radar based on ... 1095

(R A 44 9 NN3C, I35 P & (10 B S EG 43 #r
HZERMERW TR 2 504 B R
TEABRZER, S SIEAR L 7E PR RV 1 3dE
P, KA g BT . BT Eos TAE
1T SW ) NN4C 575 SW HFAiE 4 A ] NN3C 2
X 5, PANBEEY ooy it 26 CAETRAFI TR T A
[f]) FEAE A, NN3C Al NN4C 78 B THIHAT IR
W MEREFE A ] . NN3C 78 JRTR IS5 B9 (R
B AP M 9 54.19%, 34 23 [ 1 B 22y
97.51%. NN4C 4 [0l 3 fr BE Z2N 54.96%, -1
Y1 1 25 0] Y% 5 B R N 97.4 9%, LE VA3 3 1A,
NN3C 15 5 (1] 33 £7 B9 2 FH G 2 (3138 5 Bk 26 45 3l
9 79.80% F1 98.21%. NN4C )5 5 8] e 45 B %y
79.43%, I 7 [E I A BR 2N 98.32%.  LE TR A A]
FTAERIA AT, NN3C [ 51 B 2% R0 AR B 2 56 A #8
5 NN4C #°F. AT 0L, SW kIR A B2,
ELLRSE R z, v, H BRI,

4 ZRpth

4.1 ATNN HJIR AR
WK 4 i, RIS L, Ao

PEREMIEET, (HRIEAIAKN, T2 MERETISLTE
WR] 8% TR P (] B 340 2 i SR AT 52 o o 3 D) 8%
W, 51 AMNEEESRML, 2 MNEE LSS
AR BB AOREE 2T, (A B RE T
. BIHERFRE. T2, BEEk ki
N2, BRI 4. MR E] 4 F G, B
WL R, S REIB IR B R AW &, 12
BB R IF AR IR W BEA%.  FRbmT L, BRI
koM 2, REEN 4 BFE), ARG OR B S AN
TS R A TR RN BRI 18 A =
42 FRENEEEXREENEAM

WK 8 fiow, TEAIARMEERI IR, NN3C i
TR AR R L R, FEARYERFTE 95% UL B, (H
RAR PR RITEK T ATNN. ATNN S 4[5
AR B R AR 5 NN3C KW —5, X it
B ATNN THUA [F) R R R 01 00 0 R B e ik 8 2 P
NFE, AR RN B LB 298D . ATNN ZER
BT ()55 10 A B R I 2 [ 9 ) ok 2 K3 o0 1
DI AR GERELE 90% UL . 5 NN3C #H L, ATNN
FERIA G 2 [ A B 2 A BT T R, (HIX —[RiEIT
/T NN3C B GBI OR B 3 1 5 R . AN 8a R

( ) ——NN3CA % [nlJ {# 85 R — NN3CHE 25 [u) y 71 B %
A) - NNACH I P 5B 2 - - - NNACHE 2 [ 939 6

100%
80% A
60% A
40%
20% A

14 Feb 23 Feb 3 Mar

12 Mar

22 Mar 31 Mar

b —NN3CA K [F13 £f B 3 —— NN3CHS == [71 5 5 Bt %
(b) === NN4CS % [71f { B4 % - - - NN4CHE 2% [=] 3 9 B R

100% —
80% \\/
60% -

40% -
20% -

0 T T
25 Jun 4 Jul 13 Jul

23 Jul

01 Aug 10 Aug 19 Aug

K17 NN3C 5 NN4C7E (a) JEUAT (b) YHUBIR S G Il 36 O BE 22 A00E 25 5 B 22 22 1

Fig. 7 Meteorological echo retention rate and clear-air echo recognition rate curves of NN3C and NN4C during the (a) non-flood and (b) flood

seasons.
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F4 FEHLEE (Head ) SEELRE ( Depth ) WK EIEARBERME BRI EIREK
Table 4 Comparison table of meteorological echo retention rate and clear-air echo recognition rate based on the number of

attention heads and model depth

20244E2 A 14H %£20244E4 A 13 H CGIEHID 202446 H25HZ8 H20H CGHID
SRR i 7 [ 0 B SRR E & i 7 [ A B

Depth=1 73.78% 76.98% 94.21% 85.83%
Head=1

Depth=1 74.04% 74.66% 94.19% 86.32%
Head=2

Depth=1 74.80 75.84 94.29% 86.47%
Head=11

Depth=2 86.71% 85.88% 94.51% 91.55%
Head=1

Depth=2 86.40% 86.58% 94.34% 91.85%
Head=2

Depth=2 86.50 86.06% 94.33% 91.53%
Head=11

Depth=3 86.82% 86.40% 94.52% 91.70%
Head=1

Depth=3 86.37% 87.14% 94.29% 91.95%
Head=2

Depth=4 86.38% 87.56% 94.28% 91.98%
Head=2

Depth=5 86.45% 87.54% 94.36% 91.83%
Head=2

Depth=6 86.91% 86.38% 94.39% 91.60%
Head=2
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Fig. 8 Meteorological echo retention rate and clear-air echo recognition rate curves of ATNN and NN3C during (a) non-flood and (b) flood seasons.
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Fig. 9 (a) Reflectivity factor of observation, (b) result of the reflectivity factor after filtering clear-air echoes by NN, and (c) result of the reflectivity

factor after filtering clear-air echoes by ATNN on March 2, 2024.
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factor after filtering clear-air echoes by ATNN on July 2, 2024.
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Table 5 Meteorological echo retention rate and clear-air echo recognition rate of ATNN and Extra Trained ATNN at 15

millimeter wavelength cloud radar stations in China
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Fig. 11
factor after filtering clear-air echoes by ATNN on July 30, 2024.

(a) Reflectivity factor of observation, (b) result of the reflectivity factor after filtering clear-air echoes by NN, and (c) result of the reflectivity
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Fig. 12 Meteorological echo retention rate and clear-air echo recognition rate curves of ATNN and ATNN_Extra during (a) non-flood and (b) flood

seasons.



NI 50 4
1100 Chinese Journal of Atmospheric Sciences Vol. 50
dBZ
(a) Real (b) ATNN (c) ATNN_Extra 40
16 16 30
g 12 12 20
= 10
E‘) 8 8 0
4 4 :;g
0 9y T 0 e 0 " ey
1 T [ e 1 T T T T T T 1 T T T T T
0000 0400 0800 1200 1600 2000 2400 0000 0400 0800 1200 1600 2000 2400 0000 0400 0800 1200 1600 2000 2400

Time (BJT)

Time (BJT)

Time (BJT)

B 13 202443 A2 H (a) RIFFFERETF. (b) ATNN FIRAIEEEF (c) ATNN_ Extra FIR B4 H
Fig. 13 (a) Reflectivity factor of observation, (b) result of the reflectivity factor after filtering clear-air echoes by ATNN, and (c) result of the

reflectivity factor after filtering clear-air echoes by ATNN_Extra on March 2, 2024.
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