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Abstract:  In case of any coastal ocean near the mouth of huge rivers, low salinity water can be formed due 

to its large amount of freshwater discharge. For the acoustic analysis on the low salinity environment, some 

oceanographic data of the East China Sea and the Atlantic Ocean were collected through KODC (Korea 

Oceanographic Data Center) and NODC (National Oceanographic Data Center) online service. In this paper, the 

T-S gradient diagram is introduced to show a relation between the gradients of temperature and salinity in 

view of acoustic surface channel formation. Existence of haline channel, quantitative contribution of gradients 

of salinity and temperature, effectiveness of the channel formation can be known by the T-S gradient diagram. 

After applying the collected data into the diagram, tropical regions of the Atlantic Ocean show strong haline 

channel due to its nearly invariant temperature and drastic change of salinity with depth. The averaged trans-

mission loss in the channel is about 5.7 ~ 7.5 dB less than that out of the channel by the results of acoustic 

propagation model (RAM: Range independent Acoustic Model). On the other hand, the East China Sea and 

temperate region of the Atlantic ocean have weaker haline channel with less difference of the averaged trans-

mission loss between in and out of the channel as 3.2 ~ 6.0 dB. Although data samples used in this study 

have limitation to represent the general physical structures of the three ocean regions, the T-S gradient diagram 

is shown to be useful and acoustic field affected by low salinity environment is investigated in this study. 
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1. Introduction

Temperature, salinity, and hydrodynamic pressure 

affect sound speed in the ocean. Among them, water 

temperature and pressure dynamically change with 

depth and give more influence on the sound speed 

variation than salinity. Salinity not only has weak 

contribution to sound speed, but also shows small 

spatial variation. Hence, it is mostly disregarded in 

the sound speed calculation [1]. 

However, low salinity water freshened by some 

other facts is sometimes observed at the coastal 

oceans. In this case, the effects of salinity may not 

be negligible in the calculation of sound speed, so 

that we may need to carefully consider its effects on 

sound speed and sound propagation in the oceans. 

According to oceanographic studies on low sal-

inity water, ocean water is mainly freshened by con-

tinental runoff, precipitation over the sea surface, and 

advection of fresh waters from large flows. In partic-

ular, the fresh water discharges from huge rivers are 
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Figure 1: Location of data acquisition sites: (a) a 
measurement site near the Yangtze River in the 
East China Sea, (b) two regions of interest in the 
Atlantic Ocean near South America, (c) two sites 
near the mouth of Amazon River on equator
region of the West Atlantic Ocean, (d) two sites 
near the mouth of La Plata River on Southwest 
Atlantic Ocean 

the most influential factor among them [2]-[6]. In 

case of the western sea of Jeju island, ocean water 

whose salinity less than 30 psu is called low salinity 

water [7].

While many oceanographic researchers have inves-

tigated the low salinity water at many coastal oceans, 

only a few acoustic investigations have been 

performed.

Dosso and Chapman studied sound propagation in 

a shallow sound channel in the northeast Pacific 

Ocean [8]. They studied sound propagation in the 

channel by analyzing transmission loss with frequency 

but they did not deal with the channel formation 

process in the low salinity environment.

Bulgakov et al. reported that highly freshened sur-

face water in the tropical Atlantic Ocean reduces 

sound speed and, thereby, forms a haline channel 

which is an acoustic surface channel formed mainly 

by salinity [9]. They distinguished it from hydrostatic 

channel, which is more affected by hydrostatic pres-

sure than by either temperature or salinity. However, 

their study is limited to explain the channel formation 

process in low salinity environment in detail.

Recently, we explored the sound speed variation in 

low salinity water with haline channel formation in 

the western sea of Jeju island [10]. According to the 

results, more than half of measured low salinity wa-

ters form haline channels but there are also many ex-

ceptional cases that the channel was not formed even 

in very low salinity water. Sometimes, it is not clear 

enough to explain the cause of channel formation by 

only vertical profiles of temperature and salinity. 

Therefore, another approach is needed to find addi-

tional causes of haline channel formation.

In order to study the condition for haline channel 

formation, a T-S gradient diagram is introduced in 

this paper. It presents a relation between the gradient 

of temperature and that of salinity to compare mini-

mum requirement for formation of an acoustic surface 

channel. The oceanographic data are applied into the 

diagram to confirm a usefulness of the diagram. In 

addition, transmission loss is calculated in low sal-

inity environment by an acoustic propagation model 

based on parabolic wave equation to study acoustic 

characteristics. 

2. Data

2.1 Data acquisition sites

Low salinity water in the ocean is formed by many 

reasons, but discharge of fresh water is the most in-

fluential factor to form low salinity waters. Therefore, 

three sites close to the mouth of huge rivers were se-

lected in order to collect the oceanographic data in 

low salinity environment.

The first site is on the East China Sea nearby the 

Jeju Island [P: 33.0°N, 125.0°E] (Figure 1 (a)). The 

low salinity water in the East China Sea is formed by 

discharge of the Yangtze River all year round. But, 

in particular, it spreads out to the East by the south 

wind in summer so that it reaches the Yellow Sea.

The second site is on the tropical region of western 
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Atlantic Ocean. Surface salinity in that region is 

strongly affected by the Amazon River. One of the 

biggest rivers in the world discharges large amount of 

fresh water into the ocean. Two different sites near 

the mouth of Amazon River were selected [A1: 

3.9528°N, 50.0364°W and A2: 5.3630°N, 

50.9000°W]. 

Lastly, the other site in the southwest area of the 

Atlantic Ocean is selected [B1: -36.503°S, 53.762°W 

and B2: 54.6501°S, 36.3084°W]. The mouth of La 

Plata River (Rio de La Plata) discharges large amount 

of fresh water 

The NODC (National Oceanographic Data Center, 

USA) integrates various oceanographic data measured 

by many other countries and provides it through on-

line service [11]. In order to download the data set 

corresponding to the regions of interest in this study, 

WOD09 (World Ocean Database 2009) with OSD 

(Ocean Station Data), CTD data were selected in the 

website. Those are used for analysis of the Atlantic 

Ocean. For the East China Sea, KODC (Korea 

Oceanographic Data Center) data is used [12].

2.2 Vertical profiles of physical properties

After the survey on massive amount of oceano-

graphic data to find the appearance of low salinity 

water, some representative data sets were selected for 

this study. Among some oceanographic data, temper-

ature and salinity at certain depth were used to calcu-

late sound speed. Figure 2 shows some vertical pro-

files of temperature, salinity and sound speed meas-

ured on August in1996, 2002 and 2003 at the site P 

(Figure 1 (a)). 

The profiles of temperature in Figure 2 (a) show 

typical structures of the region of site P in summer 

with a weak mixed layer and strong thermocline. On 

the other hand, they have all different types of sal-

inity profiles as shown in Figure 2 (b).

The case 1 measured on 4 Aug 2002 shows 30.63 

psu of surface salinity and gradual gradient with 

depth (dash-dot line in Figure 2 (b)). It is presented 

Figure 2: Temperature, salinity and sound speed 
profile of site P (in East China Sea). Case 1: 
normal salinity, case 2: low-salinity case with 
haline channel, case 3: low-salinity case with no 
channel.

Figure 3: Temperature, salinity and sound speed 
profile of site A1 (dashed line) and site A2 (solid 
line) (in equator region of western Atlantic Ocean 

near the mouth of Amazon River).  

as a normal salinity structure for comparison with 

two other low salinity cases. In case 2 measured on 5 

Aug 1996, the low salinity water was formed near 

surface. Its surface salinity was very low (21.35 psu) 

and it shows sharp increase with depth (dashed line 

in Figure 2). Consequently, the haline channel was 

formed near surface. The gradient inversion of sound 

speed is observed in Figure 2 (c). On the other hand, 

while the surface salinity was low as 25.69 psu and it 

steeply increased with depth as shown in Figure 2 (b) 

(solid line, case 3), there was no haline channel 

formed near surface. Its sound speed profile was 

more similar trend to normal salinity case rather than 

the low salinity water case. 

The other oceanographic data measured in two dif-

ferent regions of the Atlantic Ocean were also 
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Figure 4: Temperature, salinity and sound speed
profile of site B1 (dashed line) and site B2 (solid 
line) (in southwest Atlantic Ocean near the mouth
of La Plata River).

analyzed.  Since these data were selected to show the 

low salinity environment as examples, it dose not 

fully represent the physical structure of these regions.

The equator region on the Atlantic Ocean usually 

has a thick mixed layer resulted from the consistently 

warm climate. Figure 3 (a) shows a well-developed 

mixed layer with relatively weak thermocline. 

Meanwhile, it shows very low salinity on the surface 

by the fresh water from the Amazon River. It was 

23.69 psu and 26.83 psu in the site A1 on 19 Mar. 

1995 and A2 on 10 Apr. 1999 respectively (Figure 3 

(b)). Since the influence of temperature on sound 

speed variation with depth is tenuous, the drastic 

change of salinity near surface can strongly affect 

sound speed variation with depth.

Since the sound speed decrease from the surface it 

has a sharp incline with depth. Hence, the haline 

channel was formed (Figure 3 (c)). 

Since the strong current flows along the coastline 

in the outer shelf in the region B (Figure 1 (d)), the 

discharge of fresh water from the La Plata River af-

fects surface salinity mainly in the continental shelf 

[3]. Site B1 and B2 are near the border of the shelf 

so that the surface salinity is not much lower than 

the other cases. Meanwhile, the temperature structures 

are composed of a mixed layer with thermocline and 

it shows seasonal variation of sea surface temperature 

due to temperate climate (Figure 4 (a)). Although 

these were measured in different seasons, the surface 

channel was formed in both cases with small positive 

sound speed gradients by the low salinity water as 

shown in Figure 5 (b) and (c).

3. Methodology

3.1 T-S gradient diagram 

The low salinity of ocean surface is not the only a 

factor to form a haline channel. It can be inferred 

from the profiles in case 3 as shown in Figure 2 

(solid line). Even though the surface salinity was very 

low, the haline channel was not formed. Therefore, 

various data were analyzed for inductive reasoning 

and, finally, the gradients of temperature and salinity 

were considered as important factors for haline chan-

nel formation.

The acoustic channel is related by sound speed 

variation with depth in the ocean. Hence, in order to 

get a gradient of sound speed, a formula by Medwin 

is used [13].

    

  

  

        (1)

In case of the surface channel, it can be formed 

by positive gradient of sound speed. 




      ≥    (2)

where




≡    




≡  




≡ 


≡
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Tz and Sz are temperature and salinity gradients with 

depth, respectively. The influence of salinity is much 

smaller than that of temperature in α, so it can be 

disregarded. Then, α, β are functions of temper-

ature alone. Hence, this formula can be rearranged as

  

  
          (3)

where Cz is considered as zero. Equation (3) in-

dicates a relation of Tz and Sz. When T and Tz are 

given at a certain depth, a minimum value of Sz re-

quired for channel formation can be calculated by us-

ing Equation (3). We can decide whether a surface 

channel is formed or not, by comparing the measure-

ment gradients with the calculated minimum gradients 

for channel formation. Both values of Tz and Sz can 

be presented in a 2D diagram. This diagram is called 

T–S gradient diagram in this paper. To satisfy the 

channel formation condition, the gradients of meas-

urement data should exceed the line of minimum gra-

dients (threshold line).

3.2 Transmission Loss 

For the more study on acoustic propagation in the 

low salinity environment, acoustic analysis is con-

ducted using an RAM (Range-dependent Acoustic 

Model) based on parabolic wave equation modeling 

[14]. Flat ocean surface and bottom with range in-

dependent environment are assumed for this 

simulation. A radiation frequency of an acoustic 

source was 5 kHz and its location was 3m and 6m 

from a surface for the East China Sea and the 

Atlantic Ocean, respectively, considering the channel 

depth. Sound speed and density of sea-bed were 1650 

m/s and 1900 kg/m3, respectively. 

4. Results

4.1 The East China Sea

The results of the T-S gradient diagram analysis 

Figure 5: The results of T-S gradient diagrams 
for East China Sea (a) normal salinity 
environment in 2002 (b) low salinity environment 
with haline channel in 1996, (c) low salinity 
environment with no channel in 2003 

Figure 6: Transmission loss of acoustic 
propagation (a) low salinity environment with 
haline channel near sea surface in 1996, (b) low 
salinity environment with no channel in 2003.

are shown in Figure 5 for the East China Sea. The cir-

cles in the diagrams represent measurement gradients 

of temperature and salinity at certain depths; they have 

a 1m depth interval from 0m to 20m (the two bounda-

ries are marked with a triangle and a square, re-

spectively). Since the slops of threshold line slightly 

varies with depth by temperature (Equation (3)), the 

median line (10m) was selected  representatively.

Figure 5 (a) shows the result of a normal salinity 

environment in 2002 of the East China Sea. All 

measurement gradients are under the threshold line. It 

means that the ocean physical structure does not form 

the channel. Otherwise, some of gradients are above 

the threshold line in low salinity environment in 1996 
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(Figure 5 (b)). The gradients of temperature with 

depth in 1996 are not much different from those in 

2002 but the gradients of salinity are much higher. 

Due to the high values of salinity gradients, it ex-

ceeds the threshold line. 

While it was not clear to understand the reason 

why there was not haline channel even in low sal-

inity environment in 2003 by the vertical profiles of 

temperature and salinity (Figure 2, solid line), the 

reason can be clearly explained through Figure 5 (c). 

The gradient of salinity was high in case of 1996 but 

the drastic decline of temperature with depth (high 

negative gradient of temperature) interrupts it to form 

a haline channel.

When the haline channel is formed, the acoustic 

field greatly changes in terms of transmission loss. 

Less transmission loss is shown along the surface in 

low salinity environment with the haline channel for-

mation in Figure 6 (a). On the other hand, when the 

haline channel was not formed, even in low salinity 

environment, transmission loss is not much decreased 

along the surface in Figure 6 (b). It can be confirmed 

more clearly using vertical line transmission losses. 

Mean vertical transmission loss over the ranges of 

1500 m and 2500 m is shown in Figure 7. The less 

transmission loss in the channel is clearly indicated 

by Figure 7 (a) and (b).

Figure 7: Vertical line transmission loss at range 
1500m. (a) low salinity environment with haline 
channel near sea surface in 1996, (b) low salinity
environment with no channel in 2003.

After averaging the mean vertical losses both 

above 10m and bellow 10m, they were 54.0 dB and 

59.4 dB, respectively, and their difference is 5.4 dB 

in the haline channel environment (Figure 7 (a)). On 

the other hand, in the non-haline channel environ-

ment, they were 55.4 dB and 59.0 dB, respectively, 

and it shows less difference of vertical transmission 

loss (3.6 dB) than the case of haline channel for-

mation (Figure 7 (b)).

4.2 The Atlantic Oceans

4.2.1 The tropical region near the Mouth of the 

Amazon River

Due to the nearly zero gradient of temperature by 

well-developed mixed layer in tropical Atlantic 

Ocean, the gradient of salinity gives large influence 

on haline channel formation as shown in Figure 8. 

While there are very small temperature gradients, the 

gradients of salinity get high value with depth. 

Therefore, the results of Figure 8 whose marker 

positions are far from threshold line show that the 

haline channel was strongly formed in those 

environments. It is also shown in Figure 9. The 

acoustic channel is formed along the sea surface with 

less transmission loss. When we compare the aver-

aged vertical line transmission losses along the range,

 

Figure 8: The results of the T-S gradient 
diagrams for the tropical Atlantic Ocean near the 
mouth of the Amazon River of South America (a) 
gradients of temperature and salinity measurement 
data at site A1 in Mar 1995 (b) gradients of 
temperature and salinity measurement data at site 
A2 in Apr 1999



Juho Kim · Hansoo Kim · Dong-guk Paeng

Journal of the Korean Society of Marine Engineering, Vol. 38, No. 2, 2014. 2                               214

Figure 9: Transmission loss in tropical Atlantic 
Ocean near the mouth of Amazon River of South 
America (a) site A1 on Mar, 1995, (b) site A2 
on Apr, 1999.

it is smaller in the channel than out of the channel as 

5.0 dB at site A1 and 4.9 dB at site A2.

4.2.2 The Mouth of the La Plata River

The southwest region of the Atlantic Ocean near 

the mouth of the La Plata River has temperate cli-

mate so that it has a mixed layer and a thermocline 

which varies with seasons. Therefore the gradients of 

temperature are somewhat changed with depth. The 

gradients of salinity also changed with depth. 

However, an influence of the salinity gradients on 

Figure 10: The results of T-S gradient diagrams
for sub-tropical Atlantic Ocean near the mouth of 
La Plata River of South America (a) gradients of 
temperature and salinity measurement data at site 
B1 on Dec. 1989 (b) gradients of temperature and 
salinity measurement data at site B2 on Aug. 
1991

Figure 11: Transmission loss in sub-tropical 
Atlantic Ocean near the mouth of La Plata River 
of South America (a) site A1 on Mar, 1995, (b) 

site A2 on Apr, 1999. 

sound speed slightly surpasses that of temperature 

gradient so that the haline channel was formed. As 

shown in Figure 11, the haline channel was formed 

with less transmission losses along the surface but it 

has not large difference as much as the tropical re-

gion of Atlantic Ocean. The averaged transmission 

loss in the channel is less than that out of the chan-

nel as 4.4 dB and 3.2 dB at site B1 and B2, 

respectively. 

5. Conclusion

Many oceanographic researches on the low salinity 

water formed in coastal ocean near huge rivers have 

been conducted. However, acoustic studies were not 

much investigated yet. In order to know the acoustic 

characteristics in low salinity water, several ap-

proaches were introduced in this paper. 

The most important phenomenon in low salinity 

environment is a formation of haline channel. Once 

the channel is formed, spatial acoustic field changes 

because some of acoustic energy propagates along the 

channel. One of reasons for the formation of haline 

channel is the low salinity which makes the sound 

speed lower so that the gradients of sound speed can 

be positive. However, in some environment, the hal-

ine channel is not formed even the surface salinity is 
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very low. In order to analyze the many different cas-

es regarding haline channel formation, the T-S gra-

dient diagram is introduced in this paper. It is based 

on the relation between the gradient of temperature 

and that of salinity satisfying the minimum require-

ment for formation of an acoustic surface sound 

channel. Some cases of measurement data of the East 

China Sea and the Atlantic Ocean were applied to 

confirm the diagram. One case of measurement data 

showed that the haline channel was not formed even 

in the low salinity water. After using the T-S gradient 

diagram, it was clearly explained that the negative 

gradient of temperature interrupt formation of a haline 

channel. Furthermore, transmission loss for each case 

was simulated to study acoustic propagation in low 

salinity water. When the low salinity water fail to 

form a haline channel, the transmission loss dis-

tribution in space was not much changed and similar 

to that in normal salinity water. However, if the low 

salinity water forms a haline channel, the trans-

mission loss fields change significantly. In particular, 

the transmission loss decreased as around 6 dB along 

the channel. 

Two regions in the Atlantic Ocean were also 

analyzed. In case of the tropical region near the 

mouth of the Amazon River, the gradients of temper-

ature and salinity were far above the threshold line 

which represents the minimum condition of channel 

formation theoretically due to the nearly invariant 

temperature and sharp increase of salinity with depth. 

It means that the haline channel was strongly formed, 

which was also confirmed by the simulation of acous-

tic propagation. 

On the other hand, temperate coastal area of 

Atlantic Ocean near the mouth of the La Plata River 

showed weaker channel due to the gradual salinity 

changes with depth (it is shown in T-S gradient dia-

gram close to the threshold line). 

Data samples used in this study were limited to 

represent the ocean physical structures of the three 

regions. The usefulness of the suggested T-S gradient 

diagram and acoustic filed change corresponding to 

each low salinity environment are emphasized and in-

troduced in this study. In order to better understand 

sound propagation in haline channel, more systematic 

acoustic analysis including frequency dependency of 

transmission loss through the channel needs to be 

studied.
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