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ABSTRACT

In order to estimate the variability of the wave propagation loss (PL) due to hourly variations of the sound speed 

profiles (SSPs), we conducted oceanographic measurements every hour for 39 hours in October 1993 in the Korea 

Strait. Currents and meteorological data were measured simultaneously to examine the causes of the temporal 

variations of temperatures. During the experiment, the temporal variations of temperatures in the surface layer 

highly depend on the water mass transport from adjacent seas. The PL for low frequency (75-300 Hz) is calculated 

using the parabolic equation scheme and averaged over the whole water depth. The hourly variation of the SSP may 

cause a PL difference of up to 10 dB over a 30-50 km range. The variability of PL, represented by standard deviation 

for the 39 SSPs, is as large as 3 dB over a 50 km range.

요 약

수중음속 구조의 시간변화에 기인한 전파손실의 변화정도를 추정하기 위해 1993년 10월 대한해협에서 39 시간 동안 1 시 

간 간격의 해양학적 관측을 실시하였다. 수온의 시간 변화를 일으키는 요인을 살펴보기 위하여 해류와 기상학적인 관측도 

동시에 실시하였다. 관측기간 동안 표충 혼합충에서 수온의 시간 변화는 관측점 주위 해역의 수괴와 밀접하게 관련되어 있 

다. 저주파 대역(75-300 Hz) 전파손실은 포물선 방정식 기법을 도입한 모델을 이용하여 계산하고 전 수심에 대해 평균을 취 

하였다. 수직음속 구조의 시간 변화는 30-50 km 거리에서 10 dB 이상의 전파손실 차이를 일으킬 수 있다. 39 개 수직음속 구 

조에 대한 전파손실의 표준편차 변화정도는 50 km 거리에서 3dB에 달한다.

I. Introduction

The ocean is an extremely complicated medium 

for acoustic wave propagation. The most charac

teristic feature is its inhomogeneous nature. 

There are two kinds of inhomogeneities, regular 

and random.1 They both strongly influence the 

sound field in the ocean. For example, the regular 

variation of the sound speed with depth leads to 
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the formation of the underwater sound channel 

and in sequence, to long-range sound propagation. 

The random inhomogeneities may cause scatter

ing of sound waves and, therefore fluctuations in 

the sound field.

From the acoustical point of view, the random 

inhomogeneities are resulted from currents, inter

nal waves, and small-scale turbulence and cause 

spatial and temporal fluctuation of the propag

ating sound. The manuals for sonar operators con

tain typical SSPs for the area and the time of 

interest, which shall serve as a proper estimation 

of sonar conditions. These profiles present an av

erage of available historical data mixed with dif

ferent environmental conditions. The historical pro

file can diverge from an actual situation. Hence, 

the variability of the sound speed in this case 

cannot be defined as the difference between an 

actual situation and a historical profile. The con

stant field may be defined as an average of pro

files belonging to the same situation. An ensemble 

average can be replaced by a temporal or horizon

tal mean. As a result of the averaging process, 

random inhomogeneities are smoothed out.

If there exists only internal wave motion which 

causes variability, the primary profile may be pic

ked from a profile series or it can be calculated 

by inverse modelling to avoid the unfavorable ef

fects of profile averaging.2 In most cases, how

ever, internal waves are not the only source of 

sound velocity variability. Hence, in many cases, 

even if the amount of measured data is very 

good, it is difficult to establish a proper definition 

of the undisturbed sound speed field and to separ

ate it from the fluctuating field.

Historical data usually contain spatial and tem

poral variations because they have been gathered 

at many sites for a few hours or days. Even at a 

fixed point, large variations may occur in SSPs in 

a short term period.3 However, there are few 

data around the Korean Peninsula available to es

timate the variability of short term (hourly or 

less) variations of temperature profiles or SSPs.

This paper examines the ho니Hy variations of 

temperature profiles in the Korea Strait. In turn, 

it presents the variability of PL due to the hourly 

variations of SSPs. Accurate hydrographic mea 

surements were conducted every hour in October, 

1993. Currents and meteorological data were mea 

s니red simultaneously to examine the causes of the 

variations of temperature profiles. The range-in

dependent PL is calculated using the parabolic 

equation scheme and averaged over the water 

depth.

II. Hourly variations of temperature profiles

CTD (conductivity, temperature, and depth) 

castings were performed every hour for 39 hours 

(12 Oct.-14 Oct. 1993) m the Korea Strait. The 

water depth is about 198 m and 39 data sets were 

gathered. CTD was measured by the SBE19 profiler 

(Sea Bird Electronics Co.). The station is denot

ed as “M" in Fig.l. Sound speed may be comp나- 

ted from salinity, temperature, and depth where 

salinity may be converted from conductivity.1 

CTD data can be resolved by less than 10 cm in 

depth but averaged over every one meter.

Fig.l Station map with iso-depth line. The point M is 

the position where CTD, currents, and meteoro

logical data have been collected during the exper

iment.
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Currents were measured at three depths of 5 

m, 57 m, and 190 in for 72 hours (12 Oct. 15 Oct. 

1993) using RCM-7 current meter ; Aanderaa I n 

struments Co.). The moored current meters, how

ever, moved up and down severely (up to 25 m) 

with tidal currents. Hence the current data are 

excluded from further analysis.

To examine the causes of the hourly variations 

of temperature profiles, meteorological parameters 

such as solar radiation, air temperature, and wind 

speed were measured simultaneously. The meas

uring instruments for solar radiation and air tem

perature are MK6 (Matrix Co.) and MR-50 (His- 

amatsu Co.), respectively.

Fig.2 shows the time variations of the 39 tem

perature profiles. Except for some profiles such 

as number 5 (19： 00 Oct. 12) and number 11 (01:00 

Oct. 13), they are extended to the bottom where 

the depth is about 198 m. In the figure, three dis

tinct mixed layers are shown where the surface 

and the middle layers 겄re shaded. A mixed layer 

is defined as the layer in which the difference of 

water temperature is less than 0.2^ from the 

first value.4 The average surface MLD is about 23 

m and the layer varies with time from 3 to 43 m. 

The standard deviation of the surface MLD is as 

large as 11 m. The depth extent of time vari

ations of profiles is nearly 160 m, 83.3 % of the 

total water colunui.

Fig.3 displays the 11me depth distributions of 

temperature and salinity. The X coordinate de

notes 나le time from 11 : 33 Oct. 12 to 11 : 09 Oct. 

14. In the figure, two events are remarkable in 

the surface layer. From the event UPM (11: 00 

Oct. 13), the depth extent of high temperatured 

water, greater than 20°C, increases linearly for 

about 4 hours (Fig.3a). The same pattern is 

shown for that of salinity less than 32.6 ppt for 

the same period (Fig.3b). It seems impossible for 

the water mass to be formed there because high 

tidal currents were experienced (up to 2 kts at 5 

m depth) during the experiment. Hence, the 

water mass is thought to be advected from the 

neighbouring seas or rivers.

The other event "Q”(22 : 00 Oct. 14) is charact

erized by the abrupt changes of temperature and 

salinity. Namely, the temperature jumps from 20 

to 22.812 and the salinity from 32.5 to 33.5 ppt. 

Within one hour, warmer and more saline water 

mass substitutes for the former one. The water 

mass falls into the Tsushima Surface Water 

(TSW), the ranges being 18-25and 32-34 ppt in 

the Korea Strait in summer.5 Therefore, it can be 

said that the modified TSW (due to rainfall or 

200

Fig.2 Temporal variation of temperature profiles.
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mixing with discharged fresh water from the ri 

ver) is transported until the event "Q”，when the 

warmer, more saline TSW substitutes for it. 

started a few days in advance. Before or during 

the period of experiment, there was no persistent 

or strong wind. Solar radiation (in watt/m2) also 

아lows little relationship with the surface MLD 

(Fig. 4b).

Fig-3 Temporal variations of vertical distributions. The 

measui■은ment begins at 11 : 33 Oct. 12 and ends at 

11 : 09 Oct. 14. (a) temperature, (b) salinity.
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Fig.4 Surface MLD versus meteorological data, (a) 

wind speed, (b) solar radiation.

Fig.4 shows the relationship between the sur

face MLD and meteorological data. Measured 

wind speed (in m/sec) 아lows no remarkable re

lation with 나io surface MLD (Fig.4a). Maximum 

wind speed is about 12 m/sec. To be fully devel

oped for sea surface wave and thus to be mixed 

for surface water, strong wind is required for a 

sufficiently long time.5 Hence, in order to investi

gate the relation between a surface mixed layer 

and wind speed, wind data collection must be

Fig.5 shows the time variation of sea surface 

temperature (SST), air temperature, and salinity. 

SST and air temperature has no significant- re

lationship. Instead, SST has a strong positive cor

relation with salinity. Surface mixed layer is very 

dependent upon heat flux between air and sea, 

wind stress, surface wave, tidal currents, water 

mass transport, and eddy.68 In general, surface 

mixed layer is known to be 나le strongest in win

ter and the weakest in summer due to wind stir
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ring 거nd solar radiation around the Korean Penin

sula.4 In a short term period, in addition to wind 

stirring or solar radiation, water mass movement 

or tidal currents may also play an important role 

in the variations of mixed layer in the Korea 

Strait.

6
 8

」
?
s
w
c
mLVU*s

w

,L

!,D

=

:,M

hour of day(local time)

Temporal variations of sea surface temperature 

(SST), salinity, and air temperature.

HI. Hourly variation of PL

3.1 Parabolic Equation

We begin with the azimuthally dependent re

duced wave equation expressed in cylindrical co

ordinates (r, Q z),

V2P + ^o«2(r 0, 2)x^), (1)

where n(r, 0, z) =c°/c(r, 6, z) : index of refraction, 

k0 = co/co: reference wave number, 

o)= radian frequency, 

c0 = reference sound speed.

For a source at range r = 0 and depth z = z°, 

the delta function is given by

— S(2-z0) 6(r). (2)
2nr

We can find a solution of eq. (1) such as

尸(尸，(?. G f J ~T~7—J 中(儿 0, E)e!k"r 

\ mkor

= J-- :--  U(r. 9. z). (3)
V mkor

where t'(r, 0, n) = T(r, 6. z) etk°r, V — 1.

In the above equations, l/r1/2 models cylindrical 

spreading while the complex exponential denotes 

the phase. Subsituting P and its partial derivat

ives into eq. (7), the wave equation becomes

I 2 \1/2 [ s2U , 1 d2U
爲订)丨2戸+ # +戸审

+妇+ —小]

9
=--- d(z — z0) (5(r). (4)

r

Neglecting all azimuthal scattering and apply

ing far-field approximation (kor > 1), we can dis

card the terms 8?U/8俨 and U/4r2. Also since r > 

0, the right hand side of eq. (4) vanishes. Finally, 

we obtain the two dimensional wave equation

셔 T i L J , 서 匚 /L\
? + 脱厅(户，+ 2 (5)

cz

Substituting 0, z)=W(户，仇 z) e'kar into eq. 

(5) yields

-r-y +2ik0—-- F —p + 就[死2(儿 z)-l] T = 0.
8" dr

(6)

Decomposing W into incoming and outgoing wa

ves, we get

「 ？ ^ ]「 8 1
j 一3；+/电7 —/Q j +/加T~/(? [ W = (), (7)

a2
where Q2 = k^-{-kl(n2 — l) —y

Considering only the outgoing wave, we obtain 

the following equation.

]-£7 +ik0~iQ . ^ = 0. (8)
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Sustjtut ing () 

we find that

k"i C + Dq J '

脾 .，「A +向

77 可嘉
(9)

According to the selection of coefficients A, B, 

C, and D, it corresponds to the PEs of Tappert9 

or Claerboat11'. In this work, the coefficients A = 

1.0, B = 0.75, C = L0, and D = 0.25 (Tappert's) 

are adopted, which is valid for the ray angles 

within ± 40° from the horizontal.

3.2 Model input data

Input data into the model are shown in Fig.6. 

The sound speed in water is one of the 39 SSPs 

m Fig.2. It is assumed that the medium consists 

of three layers (water, sediment, and basement) 

of which environments are range independent.

The source frequencies are 75 Hz, 150 Hz, and 

300 Hz. The source is located at 20 m, 55 m, and 

100 m, representing a surface mixed layer, ther: 

mocline, and middle mixed layer, respectively. 

Total of 39x3x3 = 351 model runs are conducted.

3.3 Model results
Fig.7 presents the model results for the two ca

ses of SSP : large MLD (10th SSP) and small 

MLD (20th SSP). The large (small) MLD means 

that both MLDs of surface and middle are large 

(small). PL is averaged over water depth in hori

zontal range of every 200 m. In the figures, rela

tive PL is given. Among the three PL curves for 

나18 large MLD (Fig.7a), it can be shown that the 

PL rate with range decreases as source depth 

deepens. In the small MLD case (Fig.7b), how

ever, the PL for a source at 100 m becomes larger 

than that at 55 m beyond 15 km range. In both 

cases, the PL is the largest at 20 m source depth 

and the differences among the three PLs reach as 

large as 10 dB over a 30-50 km range.

50 m Basement
0b = 2.5 g/Cm3

Fig.7 PL comparisons for the two cases of MLD where 

source frequency is 150 Hz. (a) large MLD (10th 

SSP), (b) small MLD(20th SSP).

Fi응.6 Model input data for the calculation of PL. The 

SSP in water is one of the 39 SSPs. : attenu- 

ation(dB/l, X =-wavelength), : density(g/Cm3), V 

:sound velocity(m/sec).

Fig.8 shows the PL variations for the first 10 

SSPs. The source, frequency being 150 Hz, is loc

ated at 20 m, 55 m, and 100 m. In the figures, it is 
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obvious that the PL variations reach near 10 dB 

over 거 50 km range. As a whole, the PL vanat: 

ions become larger with increasing range. It can 

be shown that the PL for a source at 100 m has 

relatively small variations compared with others.

70 ..

Fig.8 PL variations for the first 10 SSPs with source 

frequency 150 Hz. (a) source depth 20 m, (b) 

source depth 55 m, (c) source depth 100 m.

Fig.9 gives the standard deviations of the PL 

versus range for the frequencies of 75 Hz, 150 Hz, 

and 300 Hz. In the case of 75 Hz, the two devi

ation curves for sources at 20 m or 55 m fluctuate 

but keep on increasing up to near 3 dB as a who

le. The deviation for a source at 100 m shows no 

remarkable increase. It only fluctuates between 

1-2 dB over a 20-50 km range. The relatively 

stable variation (small standard deviation) of the 

PL for a source at 100 m is comprehensible if one 

notice two points. The first is the sediment depth 

that acoustic energy can penetrate. The penetrat 

sag depth depends on the frequency of acoustic 

energy and increases with decreasing trequency? 
For example, in the shallow water, acoustic en- 

ergy can penetrate as far as 25 m at 25 Hz while 

only 6 m at 400 Hz. The second is the temporal 

variations of SSPs. From Fig.2 or Fig.3, it is 

clear that the lower layers of the SSPs suffer 

relatively small variations with time compared 

with the upper ones. When a low frequency so

urce is at 100 m depth, its acoustic energy may 

be introduced into the surface of the sediment 

layer with relatively stable ray paths due to the 

small temporal variations in the lower layers of 

SSPs, and then attenuated in the sediment layer. 

Hence, the two factors lead to the relatively st

able variation of the PL for a source at 100 m 

depth.

In the case of 150 Hz (Fig.9b), the standard 

deviation for a source at 55 m becomes larger 

than others from about a 30 km range. The other 

two deviation curves show no remarkable differ

ence. The large deviations for a source at 55 m 

are due to the large variations of SSPs around 

this depth. That is, 55 m depth approximately 

corresponds to the thermocline in each SSP (Fig. 

2) where the temporal variation is the greatest.

In the case of 300 Hz (Fig.9c), it can be seen 

that the deviation curve is the largest for a so

urce at 55 m and the smallest at 100 m. As a 

wh이。, the curve remains within 2 dB, which is 

smaller than those of 75 Hz and 150 Hz.

In shallow water, the variations of SSPs may 

have a profound influence on sound propagation 

over the entire water depth. It may deflect sound 

wave in water and change the magnitude of bot

tom interaction. It is shown that the hourly vari

ations of SSPs may cause the depth averaged PL 

to differ by as much as 10 dB over a 50 km. The 

standard deviation can reach nearly 3 dB at low 

frequency. Therefore, in a condition that the PL 

is critical to estimate the sonar performance, it is 

suggested that the real time SSPs instead of the 
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historical ones are essential for the PL calcu

lation.

Fig.9 Standard deviations of the PLs for the 39 SSPs. 

The source depth is located at 20, 55, and 100 m. 

(a) source frequency 75 Hz, (b) source frequency 

150 Hz, (c) source frequency 300 Hz.

IV. Disc냐ssion

The Southeastern Sea of Korea, including the 

Korea Strait, is known to have very complicated 

oceanographic environments.13 That is, there ex

ist various water masses, strong currents, and 

other phenomena such as thermal fronts, upwel

ling, and fresh water discharge from rivers. They 

show very large temporal variations as well as 

spatial ones. In this work, we casted CTD every 

hour to estimate the hourly variability of SSPs in 

the Korea Strait. It is shown that the SSP vari

ations are highly dependent on water mass move

ment during the experiment. It can be also in

ferred that the characteristics of incoming water 

into the specified site may change within an hour 

and this may cause significant PL fluctuations. If 

one wants to examine both the spatial distribut

ions of SSPs and the range dependent patterns of 

PL every hour in concerned area, he or she will 

find few methods to collect data except remote 

sensing or air-born expendable bathythermograph.

To verify tens of minutes-scale variations of 

SSPs like internal waves, one should conduct hy

drographic measurements every 5 minutes or less. 

Internal waves are characterized by scales from 

100 m to 1 km or more in the horizontal, 1 to 100 

m in 나1。vertical, and from about 10 min to 1 day 

in time. Internal wave-induced variability has been 

found to be a very significant source of sound 

scattering and has received considerable atten

tion in recent years.1415 The spatial scales of in

ternal waves match th贷 acoustic wavelength over 

a broad frequency range, and thereby affect the 

acoustic field. It is urged that tens of minutes- 

scale hydrographic and acoustic experiments sh- 

이ild be followed for the estimation of the internal 

wave-induced variability of acoustic field in the 

concerned sea.

Estimating a variability of the PL, caused by 

hourly SSP variations, we employed depth-averg- 

ed one in each horizontal range step. The depth- 

averaged PL stands for the average PL of the 

water column between a source and that range. If 

one considers the temporal variability of PL with 

a fixed receiver, he or she will necessarily experi

ence much greater fluctuations, and will there

fore find it difficult to estimate the PL variability 

due to SSP variations.

V. S니mmary

The hourly variability of temperature profiles 

and PL are investigated in this paper. The tem

perature variations in surface layer show little cor
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relation with wind speed or solar radiation during 

the experiment. The SSPs are highly variable ac

cording to water mass transport from adjacent 

seas.

The hourly variations of SSPs may cause the 

depth-averaged PL differ by up to 10 dB over a 

range of 50 km in the Korea Strait. The varia

bility of PL, represented by standard deviations 

of the depth-averaged ones, is as large as 3 dB 

over a range of 50 km. It is suggested that real 

time SSPs are essential if one wants to compute 

PL and to estimate sonar performance.
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