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Establishment and Verification of the Optical Concealment
Depth Model for Layered Water

Zhu Hairong”, Zhu Hai™, Cai Peng, Li Weiyu, Wang Wang
Navy Submarine Academy, Qingdao, Shandong 266000, China

Abstract The initial model of optical concealed depth (OCD) was established under the assumption of uniform
optical properties of seawater, which had limited applications. Nonetheless, we developed a new model that views
seawater as a non-uniform layered entity. Based on the contrast transfer equation, seawater was divided vertically
into different areas, and each vertical division had multiple properties similar to the properties of homogeneous
water. Subsequently, the new model of optical concealment depth for layered water (OCD _ LAYER) was
established. The observation zenith angle, attenuation coefficient of seawater, and surface reflectance of submarines
were calculated and analyzed accordingly. The verification test and the effect analysis of the model were performed
based on the latent model and measurement systems. As a result, the mean value of the diffusion attenuation
coefficient is found to be 3 m. In the OCD model, the average root mean square error is 1.19 m, the average
absolute error is 1.19 m, and the average relative error is 48.77% . Meanwhile, the OCD_LAYER model displays a
better estimation system, as indicates by lower errors; the average root mean square error is 1.05 m, the average
absolute error is 0.89 m, and the average relative error is 36.18% . The experimental results show that the proposed
model demonstrates higher accuracy and provides more reliable results than the initial model.
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Fig. 1 Relationship between the optical concealment

depth and the observation of the zenith angle
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Table 1 Mean values of the diffusion attenuation

coefficients of the 3, 5., and 8 m water columns

Height of water columns /m

Wave band /nm

5 8
490 0.038 0.033 0.061
520 0.015 0.019 0.055
532 0.027 0.025 0.058
555 0.025 0.024 0.057
560 0.039 0.036 0.074
662 0.013 0.013 0.030

71 3.5.8 m /KAEE R0 R KA OCD P
AR ILE 2~4,
2 A3 m KK B IR B E R OCD W i 45 2%
Table 2 Mean values of the diffusion attenuation coefficients

under 3-m water columns measured based on the OCD model

Wave band /nm

Times 490 520 532 555 560 662
1 3.41 3.90 3.64 3.68 3.67 3.43
2 3.42 3.90 3.64 3.69 3.68 3.43
3 3.43 3.91 3.64 3.69 3.68 3.43
4 3.44 3.91 3.64 3.69 3.68 3.43
5 3.45 3.92 3.64 3.69 3.69 3.43

3.45  3.92  3.64  3.69  3.69  3.43
3 M5 m KRB IR B E R OCD W 45 5%

Table 3 Mean values of the diffusion attenuation coefficients

under 5-m water columns measured based on the OCD model

Wave band /nm

Times

490 520 532 555 560 662
1 3.50 3.81 3.68 3.71 3.69 3.49
2 3.51 3.81 3.68 3.71 3.70 3.49
3 3.53 3.81 3.68 3.71 3.70 3.49
4 3.54 3.82 3.68 3.71 3.70 3.49
5 3.54 3.82 3.68 3.71 3.71 3.49
6 3.54 3.83 3.69 3.71 3.71 3.49
7 3.54 3.84 3.69 3.72 3.72 3.49
8 3.54 3.84 3.70 3.72 3.72 3.49
9 3.54 3.85 3.70 3.72 3.71 3.49
10 3.54 3.85 3.70 3.73 3.72 3.49
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Table 4 Mean values of the diffusion attenuation coefficients

under 8-m water columns measured based on the OCD model

Wave band /nm

Times

490 520 532 555 560 662
1 3.04 3.14 3.09 3.11 3.11 2.89
2 3.05 3.14 3.09 3.12 3.11 2.89
3 3.06 3.14 3.09 3.12 3.11 2.89
4 3.07 3.15 3.09 3.12 3.11 2.89
5 3.07 3.15 3.10 3.12 3.12 2.89
6 3.07 3.16 3.10 3.12 3.12 2.89
7 3.07 3.16 3.11 3.12 3.12 2.90
8 3.07 3.17 3.11 3.13 3.12 2.90
9 3.07 3.17 3.11 3.13 3.12 2.90
10 3.07 3.17 3.12 3.13 3.12 2.90
11 3.07 3.18 3.12 3.14 3.13 2.90
12 3.07 3.18 3.13 3.14 3.14 2.90
13 3.07 3.19 3.14 3.15 3.15 2.91
14 3.08 3.19 3.14 3.16 3.16 2.91
15 3.08 3.20 3.15 3.16 3.16 2.91
16 3.08 3.20 3.15 3.16 3.17 2.92

AR 52 50 B4 A2 1 PP A OCD A5 5 11 - 1 48 %
DRZE AR R 25 L B 07 AR % 25 RN 22 L G A 2R
W 5~7,

5 OCD A5 I 5e 45 5
(3 m 74T 18 w0l R B MED
Table 5 Statistical results of mean values of the diffusion
attenuation coefficients based on the OCD model and the

submersible model under 3-m water columns

Wave band /nm RMSE /m AE/m RE /% Bias /m

490 0.99 0.99 40.70 0.99
520 1.47 1.47 60.26 1.47
532 1.20 1.20 49.94 1.20
555 1.25 1.25 51.10 1.25
560 1.24 1.24 50.91 1.24
662 0.99 0.99 40.58 0.99
Average value 1.19 1.19 48.77 1.19

6 OCD AL 5B & 581245 2R
(5 m K H: 18 20 R B ED
Table 6 Statistical results of mean values of the diffusion
attenuation coefficients based on the OCD model and the

submersible model under 5-m water columns

Wave band /nm RMSE /m AE/m RE /% Bias /m

490 1.09 1.09 44.75 1.09
520 1.39 1.39 56.89 1.39
532 1.25 1.25 51.11 1.25
555 1.27 1.27 52.18 1.27
560 1.27 1.27 51.96 1.27

2 i
5%
Wave band /nm RMSE /m AE/m RE /% Bias /m
662 1.05 1.05 42.90 1.05
Average value 1.22 1.22 49.97 1.22

7 OCD B85 A0 4 4 745 2R
(8 m R AT 18 w8 R H fED
Table 7 Statistical results of mean values of the diffusion
attenuation coefficients based on the OCD model and the

submersible model under 8-m water columns

Wave band /nm RMSE /m AE /m RE /% Bias /m

490 0.63 0.63 25.74 0.63
520 0.73 0.73 29.84 0.73
532 0.68 0.68 27.66 0.68
555 0.69 0.69 28.41 0.69
560 0.69 0.69 68.94 0.69
662 0.46 0.46 45.94 0.46
Average value 0.65 0.65 37.76 0.65

B 45 o 200 K 18 s R /B A OCD _
LAYER 8, 819 21 A0 VAR O 27 Bl IR 2 fn & 4
i

Optical concealment depth /m

B 4 OCD_LAYER #8845 51
Fig. 4 Calculation results of the OCD_LAYER model
OCD_ LAYER Wl #4538 L% 8.
#8 OCD_ LAYER & 4%
Table 8 Measurement results of the OCD_LAYER model

Wave band /nm

Times 490 520 532 555 560 662
1 4.07 4.24 3.26 3.11 2.83 3.59
2 3.65 4.05 3.52 3.41 3.17 3.79
3 3.44 3.92 3.53 3.51 3.22 3.84
4 3.08 3.71 3.57 3.89 3.47 4.04
5 2.96 3.61 3.59 4.13 3.63 4.16
6 3.15 3.70 3.95 4.19 4.16 4.31
7 3.57 3.86 4.09 3.87 3.72 4.16
8 3.89 3.99 3.95 3.86 3.58 4.14
9 4.00 3.91 4.17 4.18 3.90 4.27
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Wave band /nm

490 520 532 555 560 662
10 3.81 3.63 3.95 3.96 4.04 3.95
11 3.31 3.19 3.20 3.30 3.10 3.55
12 2.82 2.76 2.59 2.70 2.41 3.15
13 2.52 2.48 2.35 2.42 2.15 2.95
14 2.37 2.34 2.31 2.31 2.09 2.90
15 2.31 2.30 2.35 2.30 2.13 2.95
16 2.40 2.37 2.44 2.40 2.22 3.11
17 2.60 2.54 2.59 2.60 2.38 3.34
18 2.80 2.72 2.76 2.79 2.55 3.56
19 3.05 2.95 2.98 3.00 2.75 3.79
20 3.25 3.14 3.16 3.17 2.92 3.94
21 3.32 3.22 3.23 3.22 2.98 3.95
22 3.36 3.26 3.27 3.25 3.02 3.95
23 3.47 3.37 3.36 3.35 3.11 4.02
24 3.60 3.48 3.46 3.47 3.24 4.13

RIS 5 1 i de S A OCD_LAYER #ERLAY
- 25 2 0 5% 22 L1 BT AR O 58 2 L 1 T R R 2 A 22
GEATE R IR 9,
# 9 OCD_LAYER #5555 5 8500 & 55 11 45
Table 9 Statistical results of the OCD_LAYER

Times

model and the submersible model

Wave band /nom RMSE /m AE/m RE /% Bias/m

490 0.95 0.80 32.83 0.80
520 1.07 0.89  36.35  0.89
532 0.99 0.82 3375 0.82
sec 1.03 0.85  34.86  0.85
560 0.85 0.62  25.26  0.62
662 1.39 132 54.04  1.32
Average value 1.05 0.89 36.18 0.89
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