
 

61 

 

Structure of sound speed in the Gulf of Aden 

 

Leila Karimi
1
, Mohammad Akbari Nasab

2
*, Raheleh Shafiee Sarvestani

3
,
 

Morteza Ghorbanzadeh Ahangari
4
 

 

1- M.Sc. in Marine Physics, Faculty of Marine and Oceanic Sciences, University of Mazandaran. 

Email: leilakarimi8648@gmail.com 
2*- Assistant Professor of Marine Physics, Faculty of Marine and Oceanic Sciences, University of Mazandaran 

3- Doctor of Marine Physics, Fars Teacher's Research Institute,Shiraz .Email: rahele_shafiee@yahoo.com 

4- Department of Mechanical Engineering, Faculty of Engineering and Technology, University of Mazandaran. 
Email: m.ghorbaznzadeh@umz.ac.ir 

 

Received: July 2017                  Accepted: December 2017 

© 2017 Journal of the Persian Gulf. All rights reserved. 

Abstract 

The environmental characteristics of seawater affect acoustic wave propagation. Physical 

phenomena such as wind, tides, internal waves, temperature, and salinity variations, 

temperature and hydrodynamic fronts, and sea currents affect some of the acoustic wave 

frequencies. In order to simulate sound speed, Mackenzie empirical equation is employed and 

added to the MITgcm model to calculate sound speed in the domain as a function of 

temperature, salinity and depth. The model domain is in the range of 7° N-19°N and 44°E-

57.1°E. Initial data (temperature, salinity, wind, net heat flux, evaporation and precipitation) 

were introduced to the model and numerical model was performed for 20 years. Comparison of 

temperature and salinity results with the measured data shows good agreement. Seasonal 

profiles of temperature, salinity and speed of sound were also investigated. The results showed 

that variations in the speed of sound are subject to temperature variations. Moreover, three 

water masses i.e. surface water mass, middle water mass, and Red Sea water mass are observed 

in the Gulf of Aden. The saline water of the Red Sea is at a depth of 300 to 800 meters, leading 

to inversion in the temperature and salinity profiles, resulting in the inversion of the speed of 

sound profile. In the range of 11.9°N and 44° E to 50°E, the rate of variations in the speed of 

sound from the surface to the depth of 250 m follow the temperature variations. Also, at depths 

of 300 to 800 m, due to the presence of the Red Sea water mass, the rate of variations in the 

speed of sound is due to temperature and salinity. Likewise, in the range of 45.8°E and from 

12.8°N to 11°N, from the depth of 300 meters to the seabed, temperature variations were 

uniform; therefore the speed of sound is a function of temperature variation and salinity. At 

11.9°N latitude, two sound channels and at 45.8°E longitude, one sound channel was observed 

in spring. 

 

Keywords: Calculating the speed of sound variations; MITgcm model; the Gulf of Aden; Red 
Sea water mass; Sound channel; Inversion. 

 

Journal of the Persian Gulf 

(Marine Science)/Vol. 8/No. 30/ December 2017/15/61-75 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                             1 / 15

mailto:leilakarimi8648@gmail.com
http://jpg.inio.ac.ir/article-1-591-fa.html


Karimi et al. / Structure of sound speed in the Gulf of Aden… 

62 

1. Introduction 

The primary reason for the use of sound waves in 

the sea is that electromagnetic waves in the marine 

environment are severely weakened. On the other 

hand, sound waves propagate well over long 

distances in the sea. Accordingly, most underwater 

devices are designed based on the performance of 

sound systems. The study of the performance of 

sound equipment and the marine physics is very 

important in hydro-acoustic issues. Modeling and 

simulation is the most important means by which 

researchers can examine the design parameters of the 

desired systems in question under different 

environmental conditions. Anyhow, numerical 

simulation is less costly and more efficient than 

doing a sea test. Acoustic wave propagation 

simulation helps build the desired equipment and 

systems. Because the sea environment is a non-

homogeneous environment, the most important 

parameter of how sound waves propagate at sea is 

profile of density. The speed of sound and acoustic 

wave propagation depends on three parameters; 

those are salinity, temperature, and pressure or depth. 

To compute the sound speed from in situ T/S 

profiles, many empirical equations are available. 

Some of them are Wilson’s equation, Del Grosso’s 

Algorithm, Mackenzie equation, Coppens equation, 

UNESCO (United Nations Educational, Scientific 

and Cultural Organization) algorithm, Medwin and 

Clay formula and by Leroy et al. The international 

standard algorithm, often known as the UNESCO 

algorithm, is due to Chen and Millero (Ali et al., 

2011). Different oceanic phenomena, such as fronts, 

tide and internal waves, cause changes to the 

acoustic wave propagation due to variation of 

density. This study focuses on the distribution of the 

speed of sound in the Gulf of Aden using a MITgcm 

hydrodynamic model. It should be noted that in the 

Gulf of Aden, the presence of the water mass causes 

changes in temperature, salinity and speed of sound 

profiles. A water mass of ocean is known water that, 

with the time of joint formation, has physical 

properties (including temperature, salinity, chemical 

isotope ratio and other physical quantities) distinct 

from the surrounding waters. Water masses are 

characterized by their vertical position and include 

the surface water masses, middle water masses and 

deep water masses. 

Al Saafani and Shenoi (2007) observed four water 

masses using  curves in the Gulf of Aden, the 

most notable of which was the Red Sea water that 

enters the Gulf of Aden via the Bab el-Mandeb 

Strait. 68% of the observations showed that salinity 

was 36-35.30 psu and that 32% salinity was more 

than 36 psu. The west profiles of the Gulf of Aden 

indicate a salinity of around 38 psu in January, May, 

and July. In the central region, temperature and 

salinity show great variations, especially in the 

summer months (May – September). 

Of the many studies conducted on the Gulf of 

Aden, Piechura and Sobaih (1986) and Nasser (1992) 

identified the presence of three water masses (surface 

water mass, middle water mass and Red Sea water 

mass) over 1,000 meters' depth. Furthermore, 

Mohammed (1997) and Khimitsa (1968) identified 

the presence of four water masses (surface water 

mass, middle water mass, red sea water mass and 

water mass near the seabed) at various depths in the 

Gulf of Aden. 

Beal et al. (2000) evaluated the expansion of the 

Red Sea overflow in the Indian Ocean and found that 

the salinity of the Red Sea was in the middle layer 

and transmitted through the Agulhas Current. During 

the winter, the Red Sea water is more visible in the 

south and along the western border in the Gulf of 

Aden. The smallest transmission is from July to mid-

September, whereas the largest transmission is in 

February, the mixing of which depends on the 

volume and depth of the flow. The salt water of the 
* Email: m.akbarinasab@umz.ac.ir 

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                             2 / 15

mailto:m.akbarinasab@umz.ac.ir
http://jpg.inio.ac.ir/article-1-591-fa.html


Journal of the Persian Gulf (Marine Science)/Vol. 8/No. 30/ December 2017/15/61-75 

63 

Red Sea is important because of the inversion in 

temperature and salinity profiles, and finally due to 

the inversion in the speed of sound profile. 

Morcos and AbdAllah (2012) found that the salt 

water of the Red Sea, after entering the Gulf of 

Aden, is twin, and its largest branch extends along 

the coasts of Africa and the smallest along the 

Arabian coast. As a result, salinity along the coast of 

Africa is greater than that of the Arabian coast. 

Sadrinasab and Kenarkohi (2009) modeled the 

speed of sound in the Persian Gulf using the 

COHERENS hydrodynamic model. The results 

showed that the speed of sound in the Persian Gulf 

depends on the temperature at the surface, whereas at 

the seabed and also the southern part of the Persian 

Gulf, it depends on both temperature and salinity. 

The maximum speed of sound occurs during the 

summer in the Persian Gulf, which gradually 

decreases from the Strait of Hormuz to the northwest 

of the Persian Gulf. Due to the shallow depth of the 

Persian Gulf, the effect of depth on the speed of 

sound is negligible. 

Ali et al. (2011) examined the effects of 

temperature and salinity on the speed of sound in the 

Arabian Sea and found how the speed of wave sound 

is propagated at 0, 50, and 100 m depths and in 

accordance with temperature indices rather than 

salinity in all seasons. As a result, temperatures in 

the oceans are the most influential factor in acoustic 

wave propagation. 

In the Gulf of Aden, no studies have so far been 

carried out on how the sound is propagated. In this 

study, seasonal variations in speed of sound have 

been investigated using temperature and salinity in 

order to compare their effect on the speed of sound. 

The results of this study can, while rejecting or 

confirming the results of previous research, in some 

cases, provide new possibilities for the creation of 

sound channels in this region. This research could be 

used by oceanographers in underwater sound 

researches. 

2. Material and Methods 

2.1. The study area 

The Gulf of Aden, formerly known as the Gulf of 

Berbera, is a deep-water gulf amidst Yemen to the 

north, Somalia to the south, and Djibouti to the west. 

In the northwest, it connects with the Red Sea 

through the Bab-el-Mandeb strait, and in the 

southeast, it connects with the Indian Ocean and is 

part of this Ocean. 

The Gulf of Aden is about 900 km long, the 

deepest in the middle is 2000-2500 meters and the 

lowest depth (less than 1000 meters) in the west with 

average depth of 1800 meters. In general, the depth 

of the Gulf of Aden rises from west to east (Saafani 

and Yahya, 2008). 

MITgcm (MIT General Circulation Model) is a 

numerical model to study the ocean and atmosphere. 

Using this model, different phenomena can be 

simulated with scales ranging from 100 m to 10,000 

km. MITgcm model is a Z-coordinate model and 

solves the completely nonlinear and non-hydrostatic 

state of the Navier-Stokes equations under the 

Boussinesq approximation for an incompressible 

fluid with a spatially limited spatial discretization on 

a cubic computational grid (Alistair et al., 2018). 

In this study, due to changes in the hydro physical 

parameters in the Gulf of Aden, to calculate the 

speed of sound, the Mackenzie experimental 

equation (equation 1) has been used: 

C= 1448.96 +4.591T - 5.304×10
-2

T
2 
+ 

2.374× 10
4
T3 + 1.340(S-35) + 1.630×10

-2
 D + 

1.657×10
-7

D
2
- 1.025×10

-2
T(S-35)- 

7.139×10
13

TD
3
 

(1) 

The accuracy of this equation is 0.07 m/s and its 

range for water temperature is 0 to 30 degrees 

Celsius, the salinity between 30 to 40 psu and the 

depth of 0 to 8000 meters. The depth measurement 

range used in this study is 7°N -19°N and 44°E - 
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57.1 °E, and was extracted from GEBCO database 

(www.gebco.net/data_and_products/gridded_bathym

etry_data) with a resolution of 4 minutes (7,408 

meters) (Figure. 1). The spatial resolution of network 

in the zonal and meridian length is 7408 meters. In 

order to precisely solve the equations in the 

pycnocline zone, the model was divided into 32 

layers with a spatial separation of 5 to 150 meters (a 

depth of 900 meters) along the Z axis, and the 

Cartesian Z network was used in a vertical direction. 

The model was hydrostatic and its equations were 

solved by finite volume method. In this numerical 

model, time step discretization (instead of 

synchronous) was used. The advantage of this mode 

is for classifying phenomena and internal 

gravitational waves, which may have limiting 

processes for a sustained time step. 

 

Fig. 1: Verification station of model output and Woa2013 data are specified 

 

The input data to the model including the Sea 

Surface Temperature (SST), Sea Surface Salinity 

(SSS) were downloaded from the WOA site 

(https://www.nodc.noaa.gov/OC5/WOA09). 

Furthermore, meteorological data including 

precipitation (mm/day), evapotranspiration 

(mm/day), latent heat flux (watt/m
2
), long-wave pure 

net flux (watt/m
2
), short-wave pure net flux 

(watt/m
2
), Sensible heat flux (watt/m

2
), and wind 

stress data in two directions of zonal and meridional 

direction were downloaded from National Oceanic 

and Atmospheric Administration (NOAA) 

(http://www.noaa.gov) and European Centre for 

Medium-Range Weather Forecasts (ECMWF) 

(http://apps.ecmwf.int). The domain and tidal phase 

data TOPEX8_atlas (http://www.space.dtu.dk) are 

carefully downloaded in the Indian Ocean with the 

precision of  and in the Arabian Sea with the 

precision of , and using the TMD toolbox in 

MATLAB software, the tide amplitude of the tidal 

current speed in m/s and tide phase in terms of grade, 

8 tidal components (M2, S2, N2, K2, K2, O1, P1 and 
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Q1) are extracted in the open boundary and 

introduced into the model. The numerical model was 

done in the desired area for 20 years, so that the 

model was stable. Typically, in Figure 2, time 

variations in temperature and salinity are shown in 

the last two years of running the model. This figure 

shows that the time series of temperature and salinity 

have reached an intermittent cycle, indicating the 

stability of the model (Shafiee, et al., 2018). 

The results of calculated temperature and salinity 

profiles are shown in Figure. 1 where compared with 

WOA2013 data. Finally, it was found that there is a 

good match between model results and the actual 

data (Figure 3).     

 
 

 

Fig 2: (a) Temperature variation and 

(b) surface salinity variation in the calculatingzone in the last two years of running the model     

 [
 D

ow
nl

oa
de

d 
fr

om
 jp

g.
in

io
.a

c.
ir

 o
n 

20
23

-0
5-

23
 ]

 

                             5 / 15

http://jpg.inio.ac.ir/article-1-591-fa.html


Karimi et al. / Structure of sound speed in the Gulf of Aden… 

66 

 

  

 

 

(A) Winter (B) Spring 
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(C) Summer (D) Fall 

 

Fig. 3: Verification of temperature and salinity profiles of calculating results (red lines) 

and WOA2014 data (blue lines) in 4 seasons (A (winter), B (spring), C (summer), and D (fall)) 
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3. Results and Discussions 

3.1. Vertical profiles of temperature and salinity and 

speed of sound calculated using equation 1 in 

seasons 

In order to investigate the changes in speed of 

sound in different seasons due to temperature, 

salinity was calculated based on model results 

including temperature, salinity and speed of sound. 

Vertical profiles of these parameters were plotted for 

two boxes 1 and 2 (Figure. 1). As seen in these 

figures, the speed of sound profiles follows the 

temperature. The speed of sound profile in Box 1 

(Figure. 4ac) shows maximum surface speed of 

sound in autumn and winter (1557 m/s). At a depth 

of 300-800 meters, due to the presence of the Red 

Sea salty water mass, the speed of sound profile 

shows a small inversion, with a sound speed of 300 

meters at 1500 m/s and at a depth of 600 meters, it 

shows 1509 m/s (in the spring). This inversion has 

been more prominent in the speed of sound profile, 

especially in the spring. The temperature inversion in 

Box 1 is seen at a depth of 300-800 meters, 

especially in the spring, so that at a depth of 300 

meters the temperature in this box has reached 14  

and at a depth of 600 meters reached 15.5     

(Figure 4a and 4b). 

In box 2 (Figure. 4bc), the speed of sound profile 

shows that the maximum surface speed of sound in 

summer is 1557 m/s compared to other seasons. 

Inversion of sound speed profile at depths of 300-

800 meters was observed due to the water inflow of 

the Red Sea, especially in winter. In this box (Figure. 

4bb), a slight temperature inversion was observed at 

a depth of 300-800 meters, which can be attributed to 

the penetration of the saltwater of the Red Sea. 

Three water masses in the Gulf of Aden are 

observed up to 900 meters in box 1: 

1) Highly saline surface water mass with salinity 

of 36-36.35 psu, from surface to the depth of 

100 meters resulting from the mixing of Arab 

Sea saline water caused by monsoon wind 

with the surface water of the Gulf of Aden. 

2) Middle water mass with salinity of 35.36-36 

psu and at a depth of 100-500 meters, which is 

caused by subtropical subterranean waters. 

3) High saline water discharge from the Red Sea 

with a salinity of 35.36-36.35 at a depth of 

300 to 800 meters or less. 

In salinity profile, at the depth of 300-800 m, an 

increase in the salinity was observed which was due 

to the saline water of the Red Sea. In Box 2 (Figure. 

4b), due to the mixing of the Red Sea water with its 

surroundings, salinity is at a depth of 300 to 800 

meters below Box 1. The Red Sea water core in the 

Gulf of Aden is located in Box 1 at a depth of 600 

meters in all seasons. In Box 2, the Red Sea water 

core in the seasons of spring, summer and winter is 

located at a depth of 600 meters and in autumn at a 

depth of 800 meters. In addition, in the depths 

mentioned above, increasing the temperature and 

salinity causes an inversion in the velocity profile. In 

Box 1, the maximum salinity of Red Sea water was 

higher than that of summer in all seasons, but in Box 

2, the maximum salinity in the Red Sea water mass 

in summer and autumn was lower than that of 

surface salinity and in winter and spring it is more 

than surface salinity, which indicates the mixing of 

this water inflow with the surrounding waters in the 

Gulf of Aden. 
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(a) (b) 

Fig. 4: Salinity profile (A), temperature profile (B) and speed of sound profile (C) in box 1 (a) and box 2 (b) 

(as shown in Figure 1) seasonally (blue (autumn), green (summer), red (spring), and black (winter))   

A       A 

B       B 

C       C 
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3.2. Salinity, temperature and speed of sound 

variations in longitudinal and latitudinal sections 

In this research, two longitudinal and latitudinal 

sections AB (11.9 , and 50  to 44 ) and CD 

(45.8  and 12.8  to 11 ) were selected (Figure. 

1) and the distribution of temperature and salinity 

and the acoustic wave propagation at these sections 

were examined. 

Figures 5 shows the variations in temperature, 

salinity and speed of sound parameters in 

longitudinal section AB.    
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(c) (d) 

Fig. 5: Seasonal variation patterns of parameters of salinity (A), temperature (B), speed of sound (C) 

with depth in longitudinal section AB ((a) (winter), (b) (spring), (c) (summer), and (d) autumn) 
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Water masses in the Gulf of Aden lead to changes 

in temperature, salinity and, consequently, in speed 

of sound parameters. In the winter, the Red Sea 

water mass is at a higher depth than the summer 

season, so the width of this water mass in the winter 

is more than that in the summer. Surface speed of 

sound in the summer season, due to higher 

temperatures, is higher than other seasons, which can 

be attributed to the increase in summer temperatures 

in boxes 1 and 2 due to increased heat flux in this 

season. In addition, surface salinity is higher in the 

summer than other seasons (Boxes 1 and 2) due to 

rising speed of south-westerly wind of monsoon in 

this season and increasing evaporation. Speed of 

sound is also reduced by increasing depth. The 

pattern of speed of sound variations from a surface 

up to a depth of 250 meters follows the pattern of 

temperature variations, but at a depth of 300 to 800 

meters, due to the presence of the Red Sea water 

mass, the pattern of variations in the speed of sound 

is influenced by temperature and salinity. The 

presence of Red Sea salt water will increase the 

speed of sound of the surrounding waters in the area. 

In the spring, there are two sound channels at latitude 

44.5 from 300 to 450 meters and 45.5 
 

in 

depths of 250 to 400 meters, which has a minimum 

speed of sound. 

Figures 6 shows the variation in salinity and the 

temperature and speed of sound at section CD at 

45.8°E and 12.8°N 
 

to 11°N. According to the 

Figure, there is the salty water core of the Red Sea 

with the maximum salinity of 36.50 psu in the 

autumn, 36.10 psu in the summer season and 36.30 

psu in the winter and spring seasons. The diffusion 

of the Red Sea water in the southern parts of this 

section (D) has been more pronounced in the 

autumn, summer and winter than in northern parts of 

the (C), indicating that the Red Sea water mass in the 

Gulf of Aden expands in the southern part (D). In the 

spring, a sound channel is seen at 12.1°N
 

in the 

depth of 250 meters. Temperature variations are 

constant in the presence of the Red Sea water. As a 

result, the speed of sound from a depth of 300 meters 

to the seabed follows the variations of temperature 

and salinity. The difference in the speed of sound 

from the surface to the seabed is the highest in 

summer and the least in autumn and winter, as the 

temperature difference between the surface 

temperature and the seabed in the summer is higher 

than in other seasons.   

4. Conclusions 

In this paper, the temperature, salinity and speed 

of sound variations in the Gulf of Aden were 

calculated seasonally using the MITgcm model. At 

the surface, due to the increase in temperature in 

summer, the speed of sound was the highest and in 

winter, due to lower temperature, the speed of sound 

is the least. In the Gulf of Aden, there are three water 

masses, the water masses of which are: highly saline 

surface water mass with salinity of 36-36.35 psu, 

from surface to the depth of 100 meters resulting 

from the mixing of Arab Sea saline water caused by 

high evaporation and wind of monsoon with the 

surface water of the Gulf of Aden. Middle water 

mass with a salinity of 35.36-36 psu and at a depth of 

100-500 meters, which is caused by subtropical 

subterranean waters, and a high saline water 

discharge from the Red Sea with a salinity of 35.36-

36.35 at a depth of 300 to 800 meters or less. At the 

depth of 300 to 800 m, due to the presence of saline 

water of the Red Sea, temperature and salinity 

inversion was observed in all seasons and as a result 

the Inversion of sound speed profile is produced. The 

thickness of the water inflow layer of the Red Sea 

water was maximized in the winter and was 

minimized in the summer and due to the 

phenomenon of mixing, the thickness of the water 

inflow decreases in the summer.        
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(c) (d) 

 

Fig. 6: Seasonal variation patterns of parameters of salinity (A), temperature (B), speed of sound (C) 

with depth in latitudinal section CD ((a) (winter), (b) (spring), (c) (summer), and (d) autumn)    
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