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Abstract: Sound speed in the oceans depends on temperature, salinity, and pressure and has large seasonal and spatial 

variations. Since temperature and salinity variations are large compared to pressure, we studied the relative importance of 

these two parameters on sound speed by analyzing the hourly profiles for one year (16 October 1994 – 22 October 1995) 

up to 250 m depth from the Woods Hole Oceanographic Institution mooring in the central Arabian Sea (15.5° N, 61.5° E). 

We replaced the mooring temperature and salinity profiles with the climatological values and observed that the impact of 

temperature change is significant compared to that of salinity. This study provides an opportunity to utilise relatively more 

number of temperature measurements from XBT (expendable bathy thermograph) along with climatological salinities in 

the central Arabian Sea. 
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1. INTRODUCTION 

The important applications of sound speed profiles 
(SSPs) are in a wide range of scientific strategic applications 
like detection of underwater targets and acoustic communi-
cations. Under favourable conditions, shadow zones that 
have important bearing on strategic applications are created 
below the sonic layer depth (SLD), which is the layer of near 
surface maximum sound speed. Sound speed in the oceans 
that is dependent on temperature, salinity and pressure varies 
seasonally and spatially. Pressure that can be derived from 
depth does not vary significantly from season to season or 
from place to place; it changes only with depth. However, 
temperature and salinity (T/S) have both temporal and spatial 
variations.  

In the absence of salinometer measurements, sound speed 
profiles (SSPs) are estimated from T/S observations. To 
compute the sound speed from in situ T/S profiles, many 
empirical equations are available. Some of them are Wil-
son’s equation [1], Del Grosso’s Algorithm [2], Mackenzie 
equation [3], Coppens equation [4], UNESCO (United Na-
tions Educational, Scientific and Cultural Organization) al-
gorithm [5], Medwin and Clay formula [6] and by Leroy  
et al. [7]. The international standard algorithm, often known 
as the UNESCO algorithm, is due to Chen and Millero [8].  

Since the combined T/S data from CTD (conductivity, 
temperature and depth) or thermister chain are always sparse 
compared to temperature profiles alone from XBT (expend-
able bathy thermograph), it is important to explore the possi-
bility of utilizing more number of temperature profiles alone  
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by studying the relative importance of temperature and  
salinity on sound speed. The large number of measurements 
from XBTs has been used together with available T-S  
relationships in many oceanic regions to infer salinity from 
temperature data [9-14]. Ali et al. [15] proposed a different 
approach to combine temperature from XBT and clima-
tological salinities from Levitus and Boyer [16]. They dem-
onstrated the approach by replacing the CTD salinities with 
the climatological salinities. In this article, we studied the 
relative influence of T/S on sound speeds using Woods Hole 
Oceanographic Institution (WHOI) hourly observations. We 
also replaced the CTD salinity values with climatology to 
infer the errors involved in the estimation of sound speed in 
case XBT temperatures and climatological salinities are 
used. However, the errors in XBT measurements [eg. 17-21] 
are not considered in this exercise. 

2. DATA AND METHODS 

The data used in the present analysis are: (i) T/S profiles 
at central Arabian Sea mooring (15.5° N, 61.5° E; Fig. (1)) 
deployed by WHOI during 16 October 1994 – 22 October 
1995 [22]: (hereunder WHOI data), (ii) monthly climatologi-
cal temperature profiles from Antonov et al. [23] and (iii) 
monthly salinity profiles form Locarnini et al. [24] 
(hereunder these two climatological profiles will be referred 
as Levitus climatology). 

Out of all the WHOI temperature measurements available 
at several depths, only those depths where these measure-
ments are available throughout the period were considered. 
Thus, 27 depths selected for temperature are 1.4, 1.8, 1.91, 
2.4, 3.5, 4.5, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 
80, 90, 100, 125, 175, 200, 225 and 250 m. However, the 
salinity measurements are available at fewer depths and the 
six depths selected for salinity measurements are 1.4, 10, 35, 
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100, 200, and 250 m. Since the vertical resolution of salinity 
values was poor as compared to temperature values, salinity 
measurements were linearly interpolated to the temperature 
depths. Overall, 8578 profiles were analyzed in this study.  

The UNESCO algorithm originally developed by Chen 

and Milero [8] and modified by Wong and Zhu [5] was used 

to estimate the sound speed using temperature (in ºC), pres-

sure (in bars) and salinity (in psu) at all the 27 depths. This 

algorithm is valid for a temperature range of 0 to 40 °C,  

salinity range of 0 to 40 psu and pressure range of 0 to 1000 

bar. This algorithm uses pressure as a variable for sound 

speed calculation in place of depth; hence, depth values have 

been converted in to pressure following Leroy and Parthiot 

[25].  

From these hourly estimations, we obtained annual mean 

values of sound speed. In order to study the effect of T/S on 

sound speed, we have considered the maximum and mini-

mum values of these two parameters at each depth occurring 

within the entire one year WHOI data set. Sound speeds 

were computed using these minimum and maximum values 

of temperatures and salinities. These profiles are compared 

with the average sound speeds computed using measured T/S 

profiles. Besides, four more sound speeds are simulated: two 

by considering maximum and minimum temperature profile 

with mean salinities and two more by considering maximum 

and minimum salinities with mean temperatures.  

Similarly, using monthly Levitus climatological values, 

we computed monthly mean sound speeds at 0, 50 and 100 

m depth from which we obtained seasonal averages at the 

one degree grid centered around the mooring location  

(Fig. 1). The seasons are divided as winter (December– 

February), pre-monsoon (March – May), southwest monsoon 

(June–September) and post-monsoon (October–November). 

3. RESULTS AND DISCUSSIONS 

3.1. Effect of Temperature 

The SSP obtained by using maximum temperatures and 
mean salinities at each depth is on the right side of the an-
nual mean SSP (Fig. 2a). Similar profile with minimum 
temperatures and average salinities is on the left side of the 
mean profile. The difference of sound speed at various 
depths due to the changes in temperature could be as large as 
9 m/s at 250 m to 26 m/s at 140 m depth. From this study we 
can conclude that Effect of temperature change on sound 
speed is significant. 

3.2. Effect of Salinity 

 Similarly, the two SSPs obtained by using the maximum 

and minimum salinities at each depth in the entire one-year 

dataset along with the average temperature profile are almost 

equal to the annual average SSP (Fig. 2b). The three profiles 

almost coincide indicating that the annual variations in  

salinity do not significantly affect the SSP. Thus, it can be 

concluded that deviations in salinity, even on an annual  

basis, do not influence sound speed significantly. 

We have compared the annual standard deviation (SD) of 

both T/S values obtained from WHOI using all the hourly 

observations. The SD of salinity values varies from 0.26 to 

2.94 psu with a maximum value at 250 m (Fig. 3). Though 

SD in salinity is high, the sound speed computed from these 

values do not show the significant effect of salinity in sound 

speed estimations (Fig. 2b). On the other hand, the SD of 

temperature is reflected in these estimations (Fig. 2a). 

 

Fig. (1). Location of the WHOI Mooring along with the grid used 

for climatological sound speed estimations. 

 

Fig. (2). Effect of (a) subsurface temperature and (b) subsurface salinity on sound speed profiles. 
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3.3. Replacement of Measured Salinity Values with  
Climatological Salinity 

As shown in previous section, changes in the sound 
speed due to the annual variations in salinity are minimal. 
On the other hand, the influence of temperature changes is 
very significant. Since the temperature measurements from 
XBT measurements are relatively more compared with the 
T/S measurements from the conductivity–temperature-depth 
(CTD) profiles, it is worth attempting the errors involved if 
measured salinity values are replaced with Levitus clima-
tological salinities. For this purpose, the measured salinity 
values from the WHOI mooring measurements are replaced 
with the Levitus climatological values corresponding to the 
grid and month of mooring location. The sound speeds thus 
obtained by using the measured T/S values and those ob-
tained by using the WHOI mooring buoy temperature meas-
urements and the climatological salinity values are shown in 
Fig. (4) for alternate months. The two profiles almost coin-
cide with each other with an annual average RMSE (root 
mean square error) of 0.25 m/s indicating that the errors in-
volved in the estimation of sound speed using the measured 
temperature and the climatological salinities are negligible. 
Even the slight variations that are present at the surface are 
within 0.4 m/s. Hence, XBT temperature profiles together 
with climatological salinities can be conveniently used to 
estimate the SSPs. Ali et al. [23] also have shown that clima-
tological salinity values can be conveniently used along with 
the measured temperature values for the computation of dy-
namic height. However, this analysis is not meant for de-
meaning the CTD measurements of T/S profiles; but to show 
the utilisation of relatively more number of XBT temperature 
profiles in absence of CTD observations, keeping in mind 
the limitations of XBT measurements [17-21]. 

On the other hand, the sound speed obtained by using the 
WHOI T/S profiles significantly differ from the climatology 
(Fig. 4) in which both T/S values are used from the clima-
tological profiles corresponding to the grid and month of the 
mooring. This study indicates that for any strategic planning 
we should have at least the temperature measurements. Cli-
matological T/S profiles are only useful to have a broad 
guideline. The annual RMS error in sound speed at different 
depths using the original WHOI and climatological salinity 
values is shown in Fig. (5). The RMS errors are around 0.30 
m/s for the first 100 m and reduce gradually to 0.10 m/s at 25 
m depth. 

However, the present analysis is carried out at one loca-

tion and it is worth attempting these results at other loca-

tions. Since the measurements similar to the WHOI mooring 

are not available at other places, we analysed Levitus clima-

tological profiles on a seasonal basis. In Fig. (6), we present 

the climatological distribution of sound speed, temperature 

and salinity at 0, 50 and 100 m depths for four seasons. 

3.4. Winter Season 

The sound speed at surface and at 50 m varies from 1530 

to 1536 m/s and values are almost same at both these depths 

excepting near the head Bay of Bengal (BOB) where it is 

more at 50 m than that at surface. For the same latitudes, 

sound speed is more in the Arabian Sea (AS) than that in 

BOB at surface. At 100 m the sound speed has slightly re-

duced compared with the previous two depths varying from 

1522 to 1532 m/s. The sound speed almost followed the 

temperature distribution both spatially and vertically. Al-

though in the BOB salinity has increased at 100 m compared 

with surface and 50 m, the sound speed decreased at 100 m 

following temperature. This result also indicates that the 

sound speed is mainly dependent on temperature rather than 
on salinity. 

3.5. Pre-Monsoon Season 

As the temperature increased during the summer season 

the sound speed also increased. The sound speed during this 

season varies from 1532 to 1538 m/s at surface, from 1530 to 

1536 m/s at 50 m and from 1522 to 1532 m/s at 100 m . 

Though salinity during this season is almost similar to that 

during the winter season, the sound speed increased follow-

ing the temperature pattern reemphasizing the dominant ef-

fect of temperature on sound speed. During this season also, 

sound speed follows the temperature pattern. The change in 

temperature from surface to 50 m is less compared with that 

at 100 m as in the previous season. 

3.6. Southwest Monsoon Season 

The main peculiarity of this season is high winds, the ef-

fect of which is seen particularly near the Somali and Ara-

bian coasts. Strong winds near the region blowing almost 

parallel to the coast result in upwelling due to which the 

temperature reduces that in turn reduced the sound speed. 

The sound speed increased from west to east near this region 

following the temperature pattern. However, the sound speed 

and the temperature patterns are not similar at surface. The 

high surface temperatures, particularly, near the head bay 

and in the southern part of the study are not reflected in the 

sound speed patterns whereas at other depths the two pat-

terns are similar. The effect of Somali and AS coastal up-

welling is clearly evident at all these depths. 

3.7. Post-Monsoon Season 

The effect of Somali upwelling apparently persisted at 50 
m depth. As in the case of other seasons, the sound speed 
decreases with depth in this season also following almost 
temperature patterns excepting at the surface near head BOB 
as in the case of the previous season. 

 

Fig. (3). Annual SD of WHOI hourly observations of temperature 

(dashed line) and salinity (solid line). 
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Fig. (4). Sound speed profiles estimated using (a) climatological temperatures and salinities ( ), (b) Woods Hole Oceanographic  

Institution’s mooring temperature salinity profiles ( ) and Woods Hole Oceanographic Institution’s mooring temperature and Levitus 

climatology salinities (---). 

 

Fig. (5). Root mean square errors between sound speeds estimated using WHOI and climatological salinity values.  
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Fig. (6). Spatial variation of climatological sound speed, temperature and salinity at surface, 50m and 100m depths for December-February 

(DJF), March-May (MAM) and June-September (JJAS). 

 

4. SUMMARY AND CONCLUSIONS 

Temperature and salinity profiles have both spatial and 
temporal variation. To study the relative importance of these 
profiles on SSPs an exercise has been carried out with 
WHOI mooring hourly observations. Annual average SSP 
has been compared with the SSPs obtained by using maxi-
mum and minimum temperatures at each depth in the entire 
year. Average salinity is used along with these two tempera-
ture profiles. The difference between these two profiles us-
ing maximum and minimum temperatures with average 
salinities varies from 9 m/s at 250 m to 26 m/s at 140 m 
depth. On the contrary, the difference between the two pro-
files obtained by considering the maximum and minimum 
salinities at each depth with average temperatures is negligi-
ble. These two profiles are almost equal to the annual aver-
age SSP obtained by using measured T/S profiles.  

This important finding can be used to estimate SSPs from 
relatively more number of temperature profiles from XBT 
along with climatological salinities. To further this, salinities 
from the WHOI mooring have been replaced with clima-
tological salinities of the month and spatial grid in which the 
mooring observations fall. The difference between the two 
observations thus obtained is negligible. However, the SSPs 
obtained by using both T/S from climatology significantly 
differ from the measured profiles. Spatial distribution of sea-

sonal climatological sound speed profiles at 0, 50 and 100 m 
depths closely follow the distribution of temperature rather 
than with that of salinity at all depths for all the seasons. 
Thus, it can be concluded that (i) temperature change plays a 
major role in controlling the SSPs in the ocean and that of 
salinity is negligible, (2) climatological salinities can be 
conveniently used to estimate SSPs in absence of actual 
measurements and (3) for any strategic planning we should 
have at least temperature measurements; climatological pro-
files are useful only as a broad guideline. 
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