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Received March 14, 2010Abstract—Sound velocity determination in seawater is a key component of modern hydrographic surveying; however, little data exists on sound velocity characteristics of the southern Caspian Sea. Hence, a study was undertaken in 2008 to examine the seasonal variability of sound speed in deep-waters of the South Caspian Sea near the Iranian coast. The seasonal cycle of seawater temperature and thermal stratification in the Caspian Sea water created a wide range of spatial and temporal changes of sound speed with relevant differences between shallow water (over the continental shelf) and deep-water area. The collected data showed that seasonal variations of the sound speed were most important in the upper 10 0  m water depth, w hile below this level that is in deepwater the changes were small. The maximum values of sound speed were observed at the surface in midsummer around 1517— 1519 m s' 1 over the continental shelf while the speed of sound was about 1453 m s_l between 450-470 m depths with no major seasonal variations. Variations in vertical structure of the sound speed were in agreement with temperature changes, while effects of the salinity on the sound speed were little.
I. INTRODUCTION/. /. The Caspian SeaThe Caspian Sea, with volume of about 78000 km3, surface area of 400000 km2 and length of coastline about 7500 km (at about 27 m below ocean level) is the greatest enclosed water body in the world. This sea is characterized with rich hydrocarbon (oil and gas) reserves and biological resources [1 —5|. It extends for 1030 km from south to north between the latitudes of 36°N and 48°N and from west to east with a width of 200—400 km between the longitudes of 48° E and 54°E [6 - 8 |. Geographically, the Caspian Sea is located between Russia, Kazakhstan, Iran, Turkmenistan, and Azerbaijan |9|. This sea is divided into three parts that is, south, middle and north with maximum depths of 1025 m, 788 m and 20 m respectively and its average water depth is about 210 m. The Iranian coastline runs for 900 km along the south of the Caspian Sea. The coastal area is bounded to the south by the Elburs mountain range [1, 8-101. According to meridional extension of the Caspian Sea, there are several climate zones over the sea. The southern Caspian Sea has a subtropical climate. In wintertime, the climate is dominated by southern cyclones and in summertime, a stable and dry weather prevails |8 |. The southern coastal area of the Caspian Sea has warm summers and mild winters 111, 12). Based on previous studies in the Caspian Sea, the northern basin has larger diversity and productivity relative to the middle and southern parts [13].

1.2. Physical Properties o f  the SeawaterThe Caspian Sea is isolated from the open seas, its natural structure is under the effect of external factors such as discharge of rivers and atmospheric processes. These factors defined the hydrological structure and circulation of the Caspian seawater [14]. About 130 rivers with various outflow volumes enter the sea. The main sources of freshwater inputs to the Caspian Sea are the Volga (with total volume of about 80-85% of inflow), Ural, Emba, and Terek Rivers in the north part 111, 151. In the southern part, the total volume inflow of the Iranian rivers to the sea is about 4—5%. The Sepidrood River is the greatest contributor to this volume [8 , 161. The results of a study in 1963 showed that the surface water temperature in the southern Caspian Sea ranged between 9—26°C during winter to summer |7|. Another study found that the surface water temperature in this part was 10°C in winter and between 27—28°C in summer |1). A study by International Atomic Energy Agency (IAEA) took the measurements near the Iranian coast in September 1995 and found that the surface water temperature was about 27.5°C and water salinity was 12.24 PSU |17). The measurements in the South Caspian Sea in August 2001 showed a value of 28°C for the sea surface temperature [18]. The southern part of the sea predominantly contains brackish water with the average salinity between 12.8-13.5 ppt [1]. Other studies done on the salinity of the Caspian Sea presented variable results with an average of about 13 ppt 1 191 and about 12.28 ppt [20]. The collected data in the Iranian coast
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TH E SO UN D SPEED 193al waters of the Caspian Sea showed that the surface water temperature ranged between 9.9-28.6°C and the salinity ranged between 10.85—13.18 ppt in 1996-7. In 2005, the surface water temperature varied between 9.2-28.8°C and the salinity ranged between 10.23- 13.19 ppt [21 ]. Another field survey done in the eastern part of the southern coast of the Caspian Sea in 2008 found that the surface water temperature was in the ranges of 8 —12°C in winter and 26—28°C in summer. In addition, the average salinity at the surface waters was observed around 11.9 ± 1.2 ppt [22J.
1.3. Underwater SoundThe investigations of acoustic measuring systems in underwater applications become more extensive since the Second World War. Sound propagation in seawater plays an important role in civil and military applications [23]. The sound velocity determination in seawater is one of the most important factors in hydrographic surveying [24]. In oceanography and marine researches, acoustic pulse has been extensively used to investigate and map the ocean floor as well as to study of waves and currents 1251. Profiles of the sound speed can give useful information on ocean structure and seawater characteristics [26]. Recently, acoustic methods have been widely developed for underwater communications and remote observations in the ocean [27]. Nowadays, methods that enhance the efficiency of echo sounding in seawater are more considerable [28—30|. Due to the special mechanical properties of seawater, sound moves at a mean speed of around 1500 m s~‘ in water. This average value for the sound speed in seawater is accepted for the nominal condition of the water environment (0°C temperature, 35 ppt salinity and 760 mm Hg pressure) [31]. The speed of sound in seawater is variable and depends on water temperature, as well as on the salinity and hydrostatic pressure. On the other word, the sound travels faster with increasing temperature, salinity, and hydrostatic pressure [32, 33]. During the last few decades, several experimental and theoretical equations for computation of the sound velocity in seawater have been presented (see [34—38]). An accurate description of the seawater parameters that are based on full-field measurements is essential for underwater acoustics applications 126, 391.The investigation on sound speed structure in seawater within various ranges of environmental properties has become of great interest for oceanographers and marine researchers. Based on our knowledge, there is no study found in the literature that gives useful information on variability of sound speed in the Caspian Sea, especially near the southern boundary. This research was the first conducted in this scale in the deepwater area adjacent to the Iranian coast. The aim of the study is to investigate the vertical structure

2. METHODS
2. /. Field MeasurementsThe analysis used in this study was based on experimental observations in the Southern Caspian Sea. Data were collected in March, April, August and November of 2008 in the Iranian coastal waters of the Caspian Sea onboard a small research vessel. The area chosen for the study was located in the west part of the southern coast of the Caspian Sea near the Iranian boundary between the latitudes of 37°29' N and 37°36' N and between the longitudes of 49°25' E and 49°44' E. It covered a rectangular area of the coastal waters measuring 25 km by 15 km, adjacent to Port and Lagoon of Anzali. Figure 1 (a) shows an overview of the study area and Figure 1(b) indicates CTD  sampling stations. Previous studies found that the mean temperature in Anzali Lagoon was about 16°C, and varied from 4.5°C in February to 27.5°C in August [40]. Within the rectangular study area, seafloor depth increases to near 500 m moving from west to east. In the eastern part, the continental shelfhas a width of 8  km. Initially, the depth increases gently to about 50 m from the coastline to the shelf break before reaching 2 0 0  m depth at 1 2  km offshore |411. Measurements were carried out in the year 2008 at 23 stations situated along four survey lines facing perpendicularly to the coastline and two transects running parallel to the coastline. Horizontal distance between the stations reached to an average of 2  km along transects. A portable Ocean Seven 316 CTD probe developed by IDRONAUT (Brugherio, Italy) was used for data collections. The probe was set in Timed Data Acquisition mode for profiling purposes. Data was gathered in a free falling mode at every second with a time interval of one meter per second. The probe was released into the seawater column in the sampling stations from the sea surface to a maximum depth of470 m.

2.2. Computation o f Sound SpeedIn general, sound velocity in seawater varies from 1387 m s_1 to 1529 m s_ 1 intervals depending on the seawater characteristics. The speed can be determined by means of an empirical formulas using the temperature, T, pressure, P (or depth D) and salinity, S, measured by CTD sensors. For determining the sound speed, different instruments and methods have been presented in previous researches [24]. There are several famous formulas for computation the speed of sound in seawater [34—381. For the computation of the sound speed in the current study, hydrological observations and international standard algorithm 137] were applied. The following formulas were used in the computations, where T is temperature in degrees Celsius, S is salinity in PSU and P is pressure in

and  the seasonal variability o f  sou n d  velocity in the
S ou thern  Caspian  Sea.
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(a)
T he  Southern C aspian Sea

(b)

Fig. I. (a) Study area and (b) locations of CTD stations in the Caspain Sea.

bar. The coefficients and numerical values are reported in Table 1 |371. C A T , P) = (C00 + C 0lT  + C02T 2 + C03T 3 +

+ C Q4r 4 + C 05T 5) + (Cl0 + C UT + C ]2T 2 + C13r 3 + + Cl4r V  + (C20 + C 2tT  + C 22T 2 + C 22T 3 ++ c 24r  V 2 + (Cw + C MT  + Cn T 2)P\

c(S, T , P) = C A T , P) + /1(7', 7>>S + + /9(7’, P)Sy i  + [XT, P)S\

АКУСТИЧЕСКИЙ ЖУРНАЛ том 57 № 2 2011
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A(T,P) -  (Лоо + A0lT  + A01T + A0i7 3 + АМТ Л) ++ (/l,o + AUT  + An T 2 + AI3T 3 + A 14T a)P  ++ (A20 + A2IT + A22T 2 + A23T 3)P 2 +

+  (A30 + Л31Г + A32r 2)P3,
B(T,P) =  BqQ + BQ]T  + (B]{) + BUT )P , (4)

D (T 9P) = D00 + D]0P . (5)3. RESULTS AND DISCUSSIONSeasonal variations in vertical structure of the sound speed in the southern coastal waters of the Caspian Sea are presented based on CTD  data during the year 2008. Vertical distribution of the sound speed over the continental shelf (shallow water area) near the mouth of Anzali Lagoon is shown in Figure 2. Here, the seawater properties were under the effects of the Anzali Lagoon outflow (freshwater) throughout the year. The data shows the sound speed ranged between 1464—1454 m s- 1  over the continental shelf in late winter (March) while, it changed between 1492— 1463 m s- 1  in early spring (April) and between 1519— 1512 m s_1 in midsummer (August), respectively. In April, the heating of the surface layer was due to the warming of the air temperature in the region, so the vertical gradient of the sound speed in seawater increased as temperature varies in a vertical direction. In November variations of the sound speed ranged between 1489 m s- 1  to 1495 m s_l from the surface to the near the bottom at a depth of 25 m. The lowest and highest values of the sound speed over the continental shelf zone were recorded in March and August, respectively. Comparison between data in November and April showed that amplitude of sound speed variation in April was relatively larger than in November.Seasonal distribution of the sound speed from the sea surface to the bottom at 350 m depth along transect EF is shown in Figure 3. In March, the speed was mainly around 1459-1460 m s- 1  at the surface layer and decreased to 1453-1454 m s- 1  at 100 m depth. In deeper layers, the speed reduced to 1450 m s"1 below 200 m depth. Between 200—350 m depth, the speed did not show any major changes. The sound speed varied between 1459—1456 m s_l over the shallow water along survey line EF. Over the continental shelf zone in transect BH, the speed of sound propagation ranged from 1462 s_l at the surface to 1454 m s- 1  at near-bottom of 50 m depth. Outside the shelf in deepwater stations, the amplitude of the sound velocity was from 1458—1460 m s' 1 at the surface to 1450 m s_l below 
2 0 0  m depth, with no considerable variations until to 470 m depth.The analysis on experimental data displayed that horizontal gradients of the sound speed over the continental shelf and outside the shelf were slight in April.
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Coefficients in the formula for computing speed of soundCoefficients Numerical values Coefficients Numerical valuesCoo 1402.388 A 02 7.166E-5Qn 5.03830 A03 2.008E-6C02 —5.8I090E-2 A04 -3.21 E- 8Соз 3.3432E-4 A 10 9.4742 E-5Co4 -1.47797E-6 All — 1.2583 E-5C()5 3.1419E-9 A 12 —6.4928 E- 8Сю 0.153563 A13 1.0515E-8c „ 6.8999E-4 A14 —2.0142E-10C ,2 —8.1829E-6 A 20 —3.9064E-7Ci3 1.3632E-7 A 21 9.106 IE-9C,4 -6.1260 E-10 A 22 —1.6009 E-10
C 20 3.1260E-5 A23 7.994E-12C21 -1.711 IE- 6 A30 1.100E-10C22 2.5986E-8 A31 6.651 E-12C23 —2.5353E-10 A32 —3.391E-13C24 1.0415E-12 Boo — 1.922E-2C30 —9.7729E-9 B01 —4.42E-5C31 3.8513 E-10 В10 7.3637E-5C32 —2.3654E-12 B„ 1.7950E-7Aoo 1.389 £>00 1.727E-3A0l — 1.262E-2 Dio —7.9836E-6

Vertical variations of the sound speed were recorded from 1489—1490 m s_l at the surface (surface mixed layer) to 1459—1460 m s- 1  at 25 m depth (across the thermocline). Below this level in deep layers, the sound speed decreased to 1453 m s_I at 150 m depth and reached 1452 m s_l at 250 m depth in transects EF, G H  and BH (see Figs. 3—5). As can be seen in Figures 3—5, thermal stratification in seawater column consists of sea surface mixed layer, thermocline and deep layer is recognized in vertical structure in spring, summer and autumn seasons. In midsummer (August), the sound speed above the thermocline varied between 1517—1505 ms- 1  (Figs. 3c, 4band 5c). In this season across the thermocline, values of the velocity were recorded between 1504—1460 m s_l. Below the thermocline and through the deep-waters, the speed decreased and reached 1451 — 1452 m s_l at 120 m depth.In autumn, deepening of the surface mixed layer was occurred in the southern coastal waters of the Caspian Sea 142, 43]. Therefore, water temperature in surface layer changed little and the sound speed in this layer over the continental shelf and outside the shelf was uniform. The speed was between 1493—1494 m s_l from the surface to top limit of the thermocline. Below
4*
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(a) Sound Velocity (m/s), March 2008 (b) Sound Velocity (m/s), April 2008

(c) Sound Velocity (m /s), August 2008 (d) Sound Velocity (m /s), N ovem ber 2008

that, the speed of sound reduced to 1463 m s_l at the bottom boundary of the thermocline. In deepwater stations (offshore), the sound velocity measured 1454 m s~! at 100 m depth and 1451 m s-i between 190—200 m depths.A point worth noting here is that, seasonal changes of the sound speed in upper layers including surface mixed layer and thermocline (above 1 0 0  m depth) was more than that of the deeper layers. It is also important to note that at level of 450 m depth and during spring to autumn (April—November), the sound velocity was near constant (about 1453 m s-1)- Vertical gradient of the sound speed in March was smallest during the year while it was maximal in midsummer. In comparison, vertical difference of the sound velocity from the sea surface to the sea bottom in November was more than that in April. In general, amounts of the sound speed decreased with depth as well as with reduce in temper

ature over the shallow waters. Vertical gradient of the sound velocity at the upper layer was high. The analysis of the collected data shows that, there was a good coordination between seasonal variations of the speed with temperature changes in the area, while the salinity affected weakly changes in the sound velocity. Due to sharp decrease in temperature through the thermocline, contours of the sound speed were compacted. Because of the coherency between the sound speed and temperature and similarity of their structures, the thermal stratification of water column (upper mixed layer, thermocline and deepwater layer) was clearly seen in their vertical profiles. Vertical variations of the sound velocity across the surface mixed layer were slight and less than that of the thermocline layer. As a result, because of the low salinity in the Southern Caspian Seawater, variations of sound speed were highly correlated to temperature changes. Thus, the vertical structure of the sound speed in various seasons showed
АКУСТИЧЕСКИЙ ЖУРНАЛ том 57 № 2 2011
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(a) Sound Velocity (m/s), March 2008 (b) Sound Velocity (m/s), April 2008

(c) Sound Velocity (m /s), August 2008 (d) Sound Velocity (m /s), N ovem ber 2008

a similar pattern with vertical distributions of the temperature. The thermal stratification of the water column and the position of the thermocline were also characterized. The comparative analysis of the results ol measurements indicated that sound speed structure was stratified and decreased with depth. Seasonal variations of the sound speed below 1 0 0  m depth were weak and with a minimum of 1450 m s_l at level of 200 m depth in March. Below the thermocline layer, where the water temperature and salinity exhibited almost no major changes with depth, the great seasonal variability of the sound speed was mainly affected by pressure. The measured data in April, August and November displayed that the sound velocity increased to 1453 m s" 1 around 450 m depth.It is assumed that seasonal changes of the sound velocity were prominent in the upper 1 0 0  m depth. In April, the sound speed increased at the surface in com

parison to winter. The contours over the continental shelf zone showed considerable horizontal variations of the sound velocity, in particular in summer and autumn. In summer, the sound speed increased, resulting from the warming the sea surface water. The maximum sound speed in the region at the surface was recorded in August and its minimum was recorded in March. The parallel contours of the sound velocity in the surface layers over the shallow water stations displayed slight horizontal changes in March and April. The speed decreased to slight by 1493 m s- 1  at the surface mixed layer in fall. The contours of the speed across the thermocline were parallel, but the vertical distributions in autumn were weaker compared to summer. In winter, with the cooling of the air and surface water temperature, the velocity reduced to its minimum for the year. In its entirety, the structure of the sound velocity represented a negative vertical gradient from the surface to the near-bottom in all sea-
АКУСТИЧЕСКИЙ ЖУРНАЛ том 57 № 2 2011
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(a) Sound Velocity (m /s), April 2008

(b) Sound Velocity (m /s), August 2008

(c) Sound Velocity (in /s), N ovem ber 2008

Fig. 4. Seasonal variations of the sound speed along 
transect GH.

sons. In April, the negative vertical gradient increased over the continental shelf zone in front of the mouth of Anzali Lagoon (Fig. 2b). This is due to the warming of the seawater from the surface and the intensive discharge of freshwater of the Lagoon (warm water at the surface layer) in this season. Based on our measurements in midsummer (August), the negative gradient in water column was strong. The vertical difference of the sound velocity especially in the upper layer (above 100 m depth) varied seasonally. This suggests that the vertical gradient was highly related to the seasonal variations in the surface heating and water salinity. The horizontal gradients of the sound velocity in spring, summer, and fall seasons were slight, especially in the offshore sampling stations. Here, the contours were parallel to the sea surface in mentioned seasons. In March, the horizontal gradient was observed above 100 m depth in a distance of 5-10 km from the beginning of the transect EF (Fig. 3a). Below 100 m depth in deep-waters, the horizontal gradients of the speed were weak and related to changes in the seawater salinity. Along transect BH, the horizontal difference of the sound speed in March was high. The horizontal gradients in the shallow-water zone (especially in transect AB) were strong because of the effects of the Anzali Lagoon outflow Over the continental shelf zone (onshore stations in transect AB, Fig. 2), the horizontal gradients in the surface layer in March were weak, while in spring and autumn they are strong due to intensive and substantial outflow from the Lagoon.In the region, the sound speed was more dependent upon the temperature than salinity. This is true particularly in the upper layers consisting of surface mixed layer and thermocline region. The relationship between the sound velocity and temperature is more evident in the upper layer (above 100 m depth). However, the negligible correlation between the sound speed and salinity can be explained with the range of salinity in the Caspian Seawater. Below the thermocline, where temperature and salinity are almost near constant with depth, the wide range of speed variations is mainly due to the effects of pressure. This behavior can be clearly seen in deepwater around 450 m depth.To characterize the relationships of the sound speed with temperature and salinity, diagrams of temperature-salinity-sound speed and scatter plots of the sound speed versus temperature and salinity in reference to all observed data, are presented in Figure 6 a— 
6 h. Scatter plots of sound speed-temperature and sound speed-salinity showed the high coherency and correlation of the sound speed and temperature data for the all seasons. The scatter plots (Fig. 6 ) show evidence of the significant differences between various parts of the water column. In all seasons the curve of temperature-sound speed were monotonic, with linearly dependent for the relationship between temperature and sound speed, and different ranges of seasonal variability of the sound speed. The data were divided
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(a) Sound Velocity (m/s), March 2008 (b) Sound Velocity (m/s), April 2008

(c) Sound Velocity (m/s), August 2008 (d) Sound Velocity (m/s), November 2008

Fig. 5. Seasonal variations of the sound speed along transect BH ((a) transect BF).

into two major parts, according to the changes of salinity in August (Figs. 6 e and 60 and November (Figs. 6g and 6 h) at the top and bottom of the graph. A great part of data associated with high values of temperature and sound speed was located in top levels of diagram. The data were related to the surface mixed layer above the thermocline. The other part of data associated with lower temperature, different salinity and low sound speed was seen in the lower part of the diagram. This set of scattered data was related to the deepwater area. In April, stratification in seawater column was not strong in the southern coastal waters of the Caspian Sea. Thus, the presence of two niajor parts of data (compressed and dispersed points) can be evidenced by low values of the sound speed corresponding to temperature and salinity values relative to the deepwater, while the high val- ues ol the sound speed corresponds to the upper lay- ers (Figs. 6 c and 6 d).

In Figure 7, vertical profiles of the sound speed in the deepest station accordant to different seasons are shown to display the relationship between the structure of the sound speed and thermal stratification, and seasonal changes of the sound speed in deepwater. Profiles of the sound speed in water column followed the feature of vertical variations and thermal stratifications in all seasons. The data shows the most changes of the speed over the year occurred in the intermediate layer (upper 100 m depth). Below this level in deepwater layer, changes of the sound speed were slight. In the other word, vertical variations and seasonal changes of the velocity were minor below 1 0 0  m depth until near bottom. The vertical gradient of the speed in winter (March) was minimal during the time of measurement while its maximum occurred in midsummer (August). In addition, the data indicates vertical difference of velocity from the sea surface to the bottom in autumn (November) was more than that of late winter (March).
АКУСТИЧЕСКИЙ ЖУРНАЛ том 57 № 2 2011
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(a) Diagram of Temperature-Salinity- Sound Speed, March 2008 (b) Scatter Plot of Coastal Waters of Anzali port, March 2008
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(c) Diagram of Temperature—Salinity— Sound Speed, April 2008
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(d) Scatter Plot of Coastal Waters of Anzali port, April 2008
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(с) Diagram of Temperature—Salinity- Sound Speed, August 2008
1520“ 1500 

• o

8  14801460.
to Temperature, °C 11.9 12.5Salinity, PSU

(0 Scatter Plot of Coastal Waters of Anzali port, August 2008
1 2 . 6  г12.5 -12.4£  12.3

|  12.2 
o n 12Л

12.0

1440 1480 1520 11.9 1440 *

J______ I------------ L1480 1520
toо (g) Diagram of Temperature—Salinity— (h) Scatter Plot of Coastal Waters of Anzali port, November 2008

THE SOUND SPEED 
201



202 JAMSHIDI, ABU BAKAR

Profiles o f  Sound Speed in D eepest S tation, 2008 
(a) M arch (b) April (c) August (d) Novem ber

Sound Speed, m s

Fig. 7. Vertical profiles of the sound speed in deepest stations, in 2008.

The climatological structure and profiles of the sound speed are very relevant to be used as quality reference in physical studies in the investigated area and in propagation models. In addition, the knowledge about the dependence of the sound velocity, temperature and salinity climatological structure in the southern coastal waters of the Caspian Sea, provides an initial framework for ongoing investigation of the unique physical properties of its seawater.
4. CONCLUSIONSIn this paper, we discussed and analyzed the multiseason sound speed distributions in the Southern Caspian Sea with respect to temperature, salinity and pressure data of the seawater. The results of the study represent preliminary information on vertical structure of underwater sound velocity in the region. Characteristics of water of Anzali Lagoon were one of the important factors changing the physical properties regimes of the seawater over the continental shelf. Based on recorded data, the maximum and minimum values of the sound velocity at the surface were related to temperature differences in summer and winter seasons, respectively. Vertical distributions of the sound speed indicated a sharp decreasing trend across the thermocline in warm seasons. The speed variations

follow the variations in temperature, indicating strong correlation between the two parameters in the study area. Below 100 m depth, seasonal and vertical variations of the speed were low in deep-water area.
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