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This paper proposes a hybrid CNN model for
estimating the sound minimum depth (SMD) of the
SOFAR channel. Direct real-time measurement,
however, compromises stealth critical to submarine
operations. This paper presents a methodology that
estimates deep-water SMD from minimal temperature
and salinity profiles within the tactically accessible
depth range (0-150 m). Validation using underwater
glider observations in the East Sea demonstrated up to
a30.1% reduction in error over a linear regression
baseline, with a win rate of 73.26% and relative error
below 50% of the natural variability threshold (66.1 m)
in nonlinear regimes such as eddies and fronts. The
model's predictive advantage grows with oceanic
complexity, offering submarines an effective method to
assess the deep-water acoustic environment in real
time without revealing their position.
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Fig. 1. Vertical depth distribution of sound minimum
depth (SMD) and 2-10°C isotherms, with 7-10°C high-
lighted as the primary analysis range
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Fig. 2. Scatter plots and linear correlation analysis be-
tween the depths of major isotherms and the sound min-
imum depth (SMD)
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Fig. 3. Slocum underwater glider
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Fig. 4. Observation locations by underwater glider

Table 1. Summary of underwater glider datasets used for
model training, validation, and evaluation

Observation No. of
Category  Platform e Lat/Lon sl
2020.09.19. ~ 37 89°N
Training& GLD 106 2020.12.15 -69 N,
idati ———————— 129.2~ 10,296
Validation  (Black) 2022.09.26. ~ 131 6oF
2025.04.30 ’
2023.08.20. ~ .
GLD105  2023.09.20.  S7-37°N,
—— 1299~ 1,257
(Red) 2024.05.02.~ 435 3°F
) 2024.07.06
Evaluation
2023.09.02. ~ 3
GLD107  2023.09.25.  3814N,
———— 129~ 869
(Blue)  2024.05.02.~ 131 4oF
2024.07.03
HEH YA A E (raw data)= FeHy AFEE
studl7] 9o BEsE 44 FA4L AR 1A
HogL AA 7F A7 S xfo| 2 M A st T Q
AE L WAt align CTD X 2] 9, ZaF-3AF A] Al
A FHO] A2 2 X} (thermal lag error) & X% 5t
= S 55 A A 719 HAE H4shekY
t}H6]. o] 23t AAZHQ AR HE U B FAL 5
o|HE| & CNN o] AA s 84S 5] st
o Q= 1EFE ol g Al 7]4to] H.
dolE A 4 AE Y A WY £ 1goE
L.

TE3ke] FHgrh(Table 1). & % A3l
GLD 106 2+919] % 10,2967l T 21U AL
onl, WA 9] 70%E 2d 7}EA shol, Loz

=
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Ao Hrol =&l #= 2HQl9l GLD 105(1,257
712} GLD 107(8697) At EE E|AE Hlo]E Ao &
g8t At

2.3 50| Hg = CNN g 1%

2 AdFoNA= 4 24
5ol S| §49 et YRS BH o et
23l], 1D convolutional neural network(ConviD)
2} o3& HA E Z (multi-layer perceptron, MLP)<
Aot stolB & el A ket (Fig. 5). Ld 2
AAA MY LER LA H.

1) 2 2204 EA & L E(ConvlD 7|Hh):
7% 5L4(7-8-9-10°C) AL FAOZ +Nm(N
&{5,10,20,30}) HY9 2. FE ZZ2HAS 1Im
7702 AEelol 27 1214161709 57 o]
B moES d¥oR T4 ol 38AY D
convolutional blocko]] EF}A|AH Ao & w] A
724 g4 BAL £AH o8 22517, oA
A O A global average poolingS #2302 K
A= dojof BA el FLT 256349 11 A7)
£ WEE g% o] & T3 A= o 4
A AP G Bl 722 SFH 2 A

o
AT
Conle ConvliD Conle GAP
128 256 Pool

Linear Layer
64 Units

ot
> o

Sequence Input
Temp & Salt Profiles
[Batch, 2, Length]

Meta Input
| Depth, Sin(t), Cos(t)
[Batch, 3]

Concatenate

FC (128)+
Drop

FC (64) +
Drop

FC (32)+
Drop

SMD (m)
Output

Fig. 5. Architecture of the proposed hybrid CNN model:
Integration of vertical profile feature extraction via
ConviD and metadata embedding using a multi-layer
perceptron (MLP)
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(2) 874 et A1 A2 LE(MLP 7]4): 7] &
249 —’r—é}l—]— A& AR (sin(2mrm/12), cos(Zer/lZ)
m: T 2)E YH O 2 grol &+ linear layerg &
3 64249 4 W E 2 Y| F 3ttt € (month)

g 7] B (IR ATYFOEA 12
M F719 AZA S AE54A A2 29

of Rtgstal, 524 42 22 SMD 9= 7]

A=ZuE 5Y0 R Bge > YRS AAH I
=0 ?:lx‘ir‘% I

= 49 SMDE 917 AZ T o] B FEE 4
TZ2ado v AFdA FA AR S24 F£AA A
Holets el 7 vet YRst 45 BAH OB %
gotol, BT HF FHNAE 2 o5 A=S

at

nd HH3LE 93t F9 slo|wutetu]E U sk&
:‘a_]—ﬂo% Table 29—]’ ZE!":]'. Conv XHL‘] 2= , FC layer ?_

Table 2. Training environment and hyperparameters

Category Parameter Value/Description
Framework Library Pytorch
Input Channels 5
(ConviD)
Conv Channels [64, 128, 256]
Model Kernel Size [320,128,64,32,1]
Structure Input Channels 3
(MLP)
MLP Units 64
FC Layers [320,128,64,32,1]
Isotherm Depth(°C) 7,8,9, 10
Vertical Ranges(m) +5, 10, 20, 30
Input Data sin(2mm/12),
Seasonal Encoding cos(2mm/12)
(m: month of year)
Optimizer AdamW
Learning rate 0.001
Loss Function L1 Loss
Training Epochs 300
Train/Val Ratio (RandZ):ri Split)
Dropout 0.2

2026; 9(1); pp. 034-043 37
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(a) RMSE of the hybrid CNN model
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(b) RMSE of linear regression baseline
Fig. 6. RMSE comparison between the hybrid CNN model
and the linear regression baseline across isotherms and
vertical input ranges
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Fig. 7. Comparison of observed versus predicted Sound
Minimum Depth (SMD) with statistical error analysis
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Table 3. Comparison of prediction performance and statistical significance for all observation cases (+5 m)

o S il vl
7 2126 14.57 17.44 2.87 <0.05 <0.05 59.64
8 2126 15.54 19.35 3.8 <0.05 <0.05 63.26
9 2126 17.67 22.06 4.39 <0.05 <0.05 63.22
10 2126 20.28 28.94 8.66 <0.05 <0.05 64.16
(;?t%') 8504 17.02 21.95 4.93 <0.05 <0.05 62.57

Table 4. Comparison of prediction performance and statistical significance in nonlinear regions (mesoscale eddies and

fronts, 5 m)

Isotherm ) MAE

FDR-adjusted

Mean p-value

(°C) Profile (Baseline) improvement (Wilcoxon) p-value Win rate(%)

7 905 14.72 18.92 42 <0.05 <0.05 64.2

8 905 16.07 21.64 5.57 <0.05 <0.05 68.29

9 905 18.13 26.09 7.96 <0.05 <0.05 70.61

10 905 21.95 38.37 16.43 <0.05 <0.05 73.26
(;fﬁao') 3620 17.72 26.26 8.54 (0.05 (0.05 69.09

Journal of the KNST 2026; 9(1); pp. 034-043 41



7|

7 8 9 10
Isotherm Temperature (°C )

Fig. 9. Relative prediction error normalized by natural
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