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Abstract

In this study, we propose a deep learning-based data assimilation method for the real-time reconstruction of 3D atmospheric
refractivity over the Korean Peninsula from radiosonde observations. Using a 3D U-Net-based CNN model, we reconstructed the
atmospheric state across the entire Korean Peninsula on a 53x43x37 grid using data from only 11 observation stations (0.48 % of the
total grid points). The model, trained on 394,488 ERAS reanalysis datasets from 1980 to 2024, achieved an average correlation
coefficient of 0.846 for five meteorological variables, outperforming traditional spatial interpolation methods. Notably, relative humidity,
crucial for atmospheric refractivity calculations, achieved an RMSE of 14.8 %, meeting practical requirements. Furthermore, the model
performs inference within 0.3 seconds —thousands of times faster than 4D-Var—even with limited computing resources (4 GB memory).
Based on this performance and computational efficiency, the proposed model provides a practical solution for applications requiring
real-time atmospheric environment, such as electronic warfare and radar operations.
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Fig. 2. Example of training data construction for deep lea-
rning model using ERAS reanalysis data.

39448871 2] Hlo|HE &R ERASS 0.25° 3
HYEE Ay, s P> 5343 4719 AAE A
SR=g

719 2+ ERAS A4 HlolHERH deld Bd9| &
& HolHE FAse dAE Uehdth & =2l Al
ehele Weld Ede fredd #F AAY sias
(sparse) HI°|E{E Y& wrol A g9 23K dense) T
7] e E sk FXE 27100, ZF AlZPE ERAS H©]
Bl oY "HAMX)S 28 dA(Y)S] R A

A dA s B3 dAME FFH0R 7 At} 37
7N 71“%(1000 hPa, 975 hPa, -, 2 hPa, 1 hPa)ol] tjst
50 25 7] M1 T, A Oz Az ANEEH 5
ME v, BES WE X 725 7AW, HFH R
(53 43,37,5) 2719 421 A2 AR 57 dA
= 5343 AA AAre] YE ERAS Ho|HE It 2 A3}
of IME P45t 48 dXE AA ARl 11779
g & #S5 AAY YT F71L A gL 0L
E vp27)(masking) FO 2 343 JEIE FAJSAT 5

1066

B

L lo
ol KU *
oL
=
(e
rJ
2,
rir
ot
)
ok

o
i
=
o
flo & fov W & ofN fof

D=
e

O

o

1>

ofN B>
ko
r
AU VR
IR )
X o

N
, o
\
1

20
é -

.?l_i
oy
we
o
r
fu
o
o,
Foll
o
oX,

M. 3D U-Net 7222 CNN Z2H
31 2Ol 1

2 ERoAE gad 33 ARERE 2
gehg ATsts 2AE Ads) 4@ ge
3D U-Net 7229] CNN= -&3I3ith U-Net> LH4]
2 o|mA| 19 21 ¥(image inpainting) 5 Y4 A ZHE
AA AL AFAE FAa-F

reconstruction) A o]l E-\P‘* o=
51L o;ﬂs} .Ll/Hl 7\_} Z

2 1 3kK(sparse-to-dense
g4, °] ]Z] tlo]
A
o

correlation) & 7HA™, £4 sj€o O]lel W o= vrlﬂ"ﬂ
T AR delbe 5 sl 9131 &9 54 (translation

invariance) s 2t

7173 dloH %1 ojst FAME EAE etk AR
7 e QAT A4A 1 AE = E A
S Ho, 71} d 2 Aol wet ol FaiME 11 5
e %Zlfit} uEhA A=l wWE A 71 W
TEE 2AHOR A o|uA g} FAGE F2E ZH]
ofl, o]w]A] %%J A UNete] a348 0= 288 A
d, Jad A5 ARERH 293 1Y AR JRE A
_’]1}\‘]{5]-% A Oﬂ_‘i U—Neto] X—LQ_E] /'\ o]q_

i
M
o
>
i
i

rr
(98]
w)
<
%
—LJ
EN
1o, *
!
ifin)

N
B rlo

1A #3549l 1011 6H%o}—t— X5 A9 LE
oA Zkol 00.Z mpAFH (53, 43, 37, 5) 2719 34
ME JYLEE A

rg



U-Net 91375 THA A 4421 3D &4 (convol-
ution) £5 3} th-2A Z 7 (downsampling) 4+ 53 ¢
g 1A 37 ADERE, AR, IE)s HFAH0E
ZoAylth 2 E52 333 AYS = F 93D E
¥ %, WA A 3Kbatch normalization), 1] ReLU
G3t FrE AP ST 222 A 9
(max pooling) $14HS 53] FHH, o] HHoA 5
W (feature map)®] A'd T F ME F7HEH32-64—
128-256—512). o|¥ ¢ 2 & o], 9ed Bdo] 27|
gojojo X NE #HFAG T FHe 7120

wshe 2 F424Q g s SEet, SRS 7%
A #olo7t dodrE A A 999 FERE TF
ato] St J& 3} §20] 712 fEx 9 2po| 9k 7 A

By
rol
= o
rQ o
o b
4

N ol _m
o
ol
ro
KU o
n v

Hoow = i

.
[eZaN

(upsampling)= %3 HiZ 8

xH"" /\‘: zh:ﬂ-g_i

29 FUdF s dielN &
(skip connection)= F3f A€

dot ro
o3l
_Lzﬂm

n}L o
¢

=)
o
[
oY
re
ml ox

(con-

lm
oX,
. I
i)
()
o

A Y)
o I e o

o

=4

[e'})

=1
%
i
_Q

[
oY
re
ity
lo

=

g
o —H
BN
lo

Of
X

=, ‘:]'-or"z'iﬁ‘j*‘ A
Wol wAg 7] Wk 2 3
JHE fId A3 dgste] HF
Fola, A& UEH A B3
222 (vanishing gradient) Al & 3 A9l
< bl ettt 23 AR AgE 54 92
S PRIMA R T 7N 3x3x3 A, wiAl
ReLU 843} & 74 Atk YFH e mA e GAE
A5 B2 IxIx1 5 THd] HFHOE 57H9] 2
A 2he (53, 43,37, 5) A719] H3 WA S LT A9

of o ko

2
-
o, N
H E oL
oX
O o

et
g

£
o<

) A L S N

ro rir
o,
L)
-0,
ST T

- =
{

o
=

2 N

33
99 AZAE 28 QD sa @A(n) 2
2395 A0, o2 95 £AP5E

Jé A H L 2HMSE, mean squared error)& AHE-SFITH

EH

g

Hed 71k AT e o)ty 248 X

e

MSE& o5 Qa1 Aol Hlgste] & Qabo] sl 72
ot HFE|E FolslH, 73 Abetd (gradient descent) 714F
HZA gt @zl mE 71538k 4ot

SN &8 ME(TzHuv)E EF 188 & &484
L& 7 H5E MSES] S8CE th39] 4 (3)3% 2ol &
o] gt}

N,

1 ~ 2
L= ZN Lo 3)
olf, c= 714 & ¥MF T g YEM A, N
E 925 (53433 E Uyepdth 4.9 g,
7t W o] A AR A o] o S8 gkt
ERAS 3= 9wttt 3+ tf7] AJeiel Alds st
3D U-Net 29| sh5& 19806 ~2024% A o€l
Z 80 %21 1980 A+ 201513 7k4] 2] 315,57670 <] o€
£ T AEE, 10 %l s gah= 201678 2020 69
742 9] 3543271 €] HolEIE A% MER A3t 285
ATk
mde] 35 PyTorch 20 ZHYYIES 71HL§
NVIDIA A100 GPU 373014 =3 =9tk F 43} dag]Eo
EE U vloJE e R £X% 7)€ seuHE 2 —t— B
9s S5A o, 7t slepjEjeic 85 S8 S0 R
ZAste] W23 PRl o] 7hset Adam FEIFRO]%
£ AREeH, 27 S5ES IXI0'E A 15
£40] 10 ol E(epoch) < THAEA] 55 73S SEES
059 2 7H2:A17]% Reducel ROnPlateau 2~A1 =2 S 24319
—/ 30 Oﬂ_‘lj_ﬂ Eo} 7HA-]o] [e3] OEE g}%% }_7] _.__g_:s}oﬂr/].
Hj 2] =7]= NVIDIA A100 GPU9] 80 GB ™| .29} 8}
% HlolH FR(3155767N) S 1H st AAHATh 474
Bl 4](53x43x37%5) 9] W 2] 8FAFEE U-Net®] o
1 S A4 o] B3k T7+ "lA] w2 20 GB)
£ 2A3 A3 wjx) 3] 327 vl 2843 dgY
AE HFAY HA #3FYLE Ielsisih o Ay
GPU W 2.2]9] oF 31 %E &8st A<l g5S
AIHAME, o £ ﬂ9862ﬂ4 IHYJAE YHlolE
5 = AFgich 2de F 200 o3

N

0, X 41

Mol r

1067



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 36, no. 11, November. 2025.

J8 3. 3D UNet Fd9] +x
Fig. 3. Architecture of the proposed 3D U-Net model.
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Table 2. Performance evaluation results of the proposed
3D U-Net model for each atmospheric variable.

Variable Unit RMSE PCC
Temperature (T) K 2.1 0.857
Geopotential (z) m%/s 380.2 0.883

Relative humidity (H) % 14.8 0.818
Zonal wind (u) m/s 35 0.824
Meridional wind (v) n/s 32 0.848
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