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PROPAGATION IN WATER 

 
Sound speed is a function of temperature, depth and salinity. Temperature, in turn, is a 

function of depth, time, location and weather conditions. Different condition in ocean can 

varies the velocity of sound. The ocean surface varies from a glossy smooth reflector to a 

very rough and turbulent surface that scatters sound in a random fashion. [2] In spite of 

this variety of characteristics, it is possible to recognize predictable patterns related to 

environmental conditions and geographic locations. Ocean is divided into a series of 

horizontal layers.  

 

[4] 

 
The surface layer extends from the surface to around150m and is the layer most affected 

by local weather conditions and the time of day. By early noon, the sun warmed a layer 



of surface water of 5 to 9 meters thick until it was about 1 to 2 degrees Celsius warmer 

than the water beneath it. Then, below the surface layer,  

Water temperature is less affected by storm and day night cycle, but there is a noticeable 

change with seasons. This layer is called seasonal thermocline. The third layer that is 

called main thermocline. It has a stable temperature and depth characteristic. As depth 

increases, the temperature decreases. The sound speed decreases in this layer to a 

minimum value determined by the point where the decrease in sound speed caused by 

decreasing temperature is balanced by the increase caused by the increasing depth.  

Finally, the last layer is called deep isothermal layer, it has uniform temperature and 

sound speed increases gradually with depth. [2] 

   

   Due to the laws of refraction, sound waves can be trapped effectively in a narrow 

channel that straddled a region of minimum speed where the bottom of the thermocline 

met the top of the deep isothermic layer. As the velocity of sound slows as the water 

temperature decreases approaching the thermocline layer. Beneath the thermocline the 

temperature is constant, but increasing pressure causes the speed of sound to increase. [4] 

Because sound waves bend or refract toward the region of minimum velocity, changes in 

temperature or pressure cause the sound waves to bounce back and forth within a region 

known as deep sound channel or sound fixing and ranging channel (SOFAR). Sound 

introduced into this channel could travel thousands of miles horizontally with minimal 

loss of signal. [4] This natural sound pipeline was discovered by Russian acoustician 

Leonid Brekhovskikh. As this deep sound channel occurs at a depth that varies with 

ocean temperature, in the Polar Regions, the colder surface temperature brings the 



thermocline nearer to the surface; as a result, the deep sound channel approaches the 

surface as well. [4] 

 

[4] 

 
Also, this bending creates an acoustic “shadow zone”, allowing any submarine positioned 

just beneath the dividing line between the warmer and cooler layers of water to become 

invisible to sonar signals. Naturally, a submarine equipped with a bathythermograph  (a 

device that detect temperature and change in water pressure) could determine where the 

shadow zone. [4] During World War II, this became standard equipment on all navy 

submarines and vessels. During the 50s, the US Navy began to use low-frequency sound 

and the deep sound channel in extending the range at which it could detect submarines.  

 

HYDROPHONES 

 
Hydrophones are microphones that transform sounds propagating underwater into 

electrical signals. They are usually omnidirectional. It is common to use multiple 

transducers in a system to improve direction and sensitivity. Line array is a straight line 



of equally spaced hydrophone encased in an acoustically transparent, oil-filled tube 

towed behind a ship. The motion of the ship keeps the array straight and the ship’s 

heading determines the position of all measurements made by the array. The depth of the 

array is generally controlled by a combination of ship speed and tow cable length. To get 

the precise position of the sound source, the position of the ship must be updated 

continuously and recorded with a GPS receiver. [1] 

 

Hydrophone array [1] 

In addition, some hydrophones maybe connected to a receiving equipment for recoding 

and analysis with wires or radio transmitter. Some application contain recorder and 

batteries to operate for a periods of time. These devices can be deployed on the sea 

bottom and even attached to an animal. 

 

LOCALIZATION 

 
There are different ways to localize a sound underwater. They include beamforming, 

using a pair of phone pair and using the hyperbolic X-Y position to calculate the 



difference in time of arrival at multiple phones. But among these methods, the minimum 

necessity is to have two channels of sound, information of the positions of the 

hydrophones and the speed of sound. Also, sounds that have a wider range of frequencies 

tend to work better for localization as they resolve ambiguities better than narrow band 

sounds.  

 

   Among different ways for localization, beamforming is the most popular method. The 

mathematical process of combining signals from each hydrophone in an array is called 

beamforming. Beamforming enhances the ability to detect sound arriving from a 

particular direction while reducing readings from other directions. In this way, we can 

preferentially hear sounds coming from certain directions and locate a target. The 

enhanced directional detections are called beams. Beams are formed by adding signals 

from each hydrophone in an array, delaying each signal by the travel time. [1] The beam 

with the strongest signal determines the angle of the target source. The accuracy is 

determined by the minimum angular width of the beam in related to the length of the 

array. Beamforming the sounds detected by an array can also have the advantage to 

discriminate multiple objects in different locations making noise simultaneously. [1] For 

instance, a ship is a loud source of directional noise. With just a single hydrophone, any 

other sounds would be undetectable. Yet, beamforming separates incoming sounds into 

their angular directions of arrival, so it would filter the ship noise into a particular 

direction or beam, and not consider it in subsequent beams for other targets. [1] 

 

   Also, in a field of isotropic non-directional ambient noise, direction signals would 

likely to be masked for using just a single hydrophone. However, an array can reduce 



noise in related to the array gain. The amount of gain from beamforming is highly 

depending on the number of hydrophone. Eight hydrophone is the recommended number. 

But many commercial applications of beamforming use 20-50 or even more phones. 

Noise reduction is quantified by the directivity Index for a line array. DI = 10log(N). For 

example, DI for a single hydrophone is zero. An array with 32 hydrophone can reduce 

noise by 5.6 times or 10*log (32)=15db. [1] 

 

   However, there is also limit in beamforming. An array is cut to detect up to a particular 

frequency. The spacing between array hydrophones is set to half the wavelength of the 

operating frequency. Beams formed for sounds with frequencies above the cut frequency 

will be aliased, making targets appear to come from an incorrect direction. As a result, a 

low-pass filter is added to the system to avoid aliasing. [1] Meanwhile, there is also limit 

on the lowest usable frequency for an array because beamwidth increase as frequency 

decrease. The lowest useful frequency of an array is limited to half or a fourth of the cut 

frequency. But beamforming performance can be degraded significantly if the 

hydrophones are too far apart. Because of this, arrays sometimes have multiple spacing 

that is adjustable. Typically, hydrophones are placed within tens of meters 300 meters in 

the array. But in more turbulent environments, the placement should be closer. [1] 

 

   Currently, ISHMAEL (Integrated system for holistic multi-channel acoustic exploration 

and localization) is a free program that can calculate different localization angle. It allows 

real-time sound recording and beamforming. To set up Ishmael for localization task, it’s 

necessary to create a text file with the positions of the hydrophones (X, Y positions), 

highlight the area of target sound, then choose different localization methods you wish to 



operate. In addition, you can also pick various weighting of windowing in computing a 

spectrogram and produces beam pattern with different sidelobes. [9] Also, the program 

can be use with Matlab. 

 

 

 

 
 



 
 

 

 

 

 

PASSIVE AND ACTIVE LISTENING 

 
Men search for life and objects at sea is largely dependent on sound as active or passive 

probe. The sound orientation navigation and ranging (sonar) instrument detects 

underwater objects using sound.  

   Active sonar places sound energy into the water with short pulses emitted from a high 

power source. This pulse is then travels through water, reflects off objects and travels 

back to hydrophone receiver. Since the time that the source was sent is known, and the 

time of the reflected returning sound is measured, the time it takes for the sound to travel 

to and from the target could be calculated. [5] The equation of active sonar is  

SE = SL - 2TL + TS + DI - DT - N + PL 

-SE is the signal excess, which must be positive for detection to occur 

-SL is the actively emitted source level 



-TL is the transmission loss. Twice this loss accounts for the attenuation of           sound 

on its way to and from the target. 

-TS is the target strength, the amount of signal reflected by the target. 

-DI is the directivity index of the array 

-DT is the detection threshold: detectable level above noise background, 

-N is the ambient noise level, given, for example, by the Wenz curves. 

-PL is the pulse length gain given by 10log10(pl), where pl is the length of the pulse in 

seconds. [5] 

 

 

   For Passive sonar, it simply put hydrophones into the ocean and listens to sounds made 

by the target of interest. Whales, fish, plankton, all oceanographic, meteorological 

phenomena, and all man-made vehicles emit sound. This makes it possible to detect, 

identify and study these sources by simply listening.  

To determine the target location, speed and direction of travel can be determined 

passively over time through beamforming and target motion analysis. Because the travel-

time information is missing due to the time of the target source is unknown, estimation of 

range is made from the source level. The following is the equation of passive localization. 

 

SE = SL - TL + DI - DT - N 

-SE is the signal excess 

-SL is the source level  

-TL is the transmission loss 

-DI is the directivity index of the array 

-DT is the detection threshold: detectable level above noise background, usually a fixed 

number around 10dB 

-N is the ambient noise level, given for example by the Wenz curves. [5] 

 



 
                                          The Wenz curves [5] 

 

   Sonar systems can be mounted to ships, towed behind ships in array, dipped into the 

water from helicopters or attached to free floating buoys. Recent passive underwater 

sound research includes low frequency detection of underwater explosions and 

microseisms at distances over 10000 kilometers; measuring the amount and detailed 

characteristics of mid-ocean rainfall by remote satellite transmission of the sounds of the 

raindrop impacts. In addition, passive and active sonar are used to enhance the 

understanding of life in the sea. Sound tends to bounce off objects in a detectable way 

when those objects are much larger than the wavelength of the sound. Wavelengths larger 

than a target will not be perturbed enough to cause reflection of sound energy. 

Meanwhile, acoustical models are used to interpret the result of measurements. Different 

animals are assembled of geometrical elements such as spherical bodies, straight or 

curved cylindrical bodies, which may or may not contain spherical or cylindrical swim 



bladders. We can then use these minimum elements to match with a set of experimental 

data and generalize the unmeasured area. Also, detection frequencies for bodies that 

contain bubbles for flotation are particularly easy to detect if the search frequency is close 

to the bubble resonance frequency. For instance, to detect large mammals or whales 

which length is ! 2 meters, the effective detection frequencies for non-resonant bodies 

would be ! 120 Hz. For smaller fishes which length is from 20cm to 2cm, the effective 

detection frequencies for non-resonant bodies are 12kHz to 120 kHz and 150Hz to 

6000Hz for bodies with resonant bubbles. [3] 

 

ACOUSTIC MONITORING  

 
There are several on going acoustic monitoring projects continuously monitoring the 

ocean noise. These systems have successfully detected earthquakes and volcanic activity; 

monitor the distribution of whales; and helped to study the effect of noise on marine life. 

One of the most famous systems is the Sound Surveillance System  (SOSUS). It is a US 

navy’s integrated undersea surveillance systems network used for deep ocean 

surveillance during the Cold War. It stretches across the northern Atlantic Ocean near 

Greenland and United Kingdom. Installation of SOSUS began in mid 50s for the use in 

antisubmarine warfare. [7] 



 

As seen in this graph [7], SOSUS consists of bottom mounted hydrophone arrays 

connected by undersea communication cables to facilities on shore. Arrays are installed 

primarily on continental slopes and seamounts at locations optimized for undistorted long 

range acoustic propagation.  The combination of location within the oceanic sound 

channel and the sensitivity of large-aperture arrays allow the system to detect radiated 

acoustic power of less than a watt at ranges of several hundred kilometer [7]. Since the 

invention of sonar and the advance of ships, manmade sounds have influenced the level 

of ambient noise in ocean. Added to the background natural noise, the overall levels of 

sound in all frequency bands have increased. This increase may potentially influence the 

behavior of marine animals. Particularly on marine mammals and fish that depend on 

sound to reproduce, feed, navigate and avoid predator. For instance, the U.S Navy’s low 

frequent active sonar used to detect submarines could affect marine life over an area of 

about 3.9 million sq. km. Ocean background noise levels have also doubled every decade 



for the last six decades due to shipping. Because of this, whales have moved away from 

their feeding and mating grounds. Studies also showed that they have blundered into 

fishnets or were unable to avoid ships due to hearing damage.  [8]. I think more have to 

be done on controlling ocean noise pollution problem to protect the population of ocean 

lives and endangered species. With the advance of acoustic monitoring systems, low 

frequency sonar should be turn off when they detected whales. Also, I suggested that 

more study on the vocalization of whales can contributes to the construction of an 

acoustic device that can attach to fishnets to compel and warn whales of getting close. 
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