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	RAY THEORY


OBJECTIVE





	Determine the effects of Hydrospheric Acoustic Ray Theory on naval operations.





INTRODUCTION





	Oceanography is important in all naval operations.  In this chapter, you will gain a better understanding of underwater hydrospheric acoustic ray theory and its effects on naval operations. You will learn the basic information needed to determine and forecast the effects of the environment on the sensors, weapons, and platforms of the U.S. Navy. 





INFORMATION





	SOUND WAVES


Origination





	Sound originates as wave motion and is produced by a vibrating source.  Sound is, by definition, the periodic variation in pressure, particle displacement, or particle velocity in an elastic medium (sea water).  Sound is a form of mechanical energy which requires an elastic medium for transmission.  





	Acoustic pressure.  Acoustic pressure is the actual pressure differential, created by the passage of a sound wave both positive and negative.  Motion caused by a vibrating source is passed on to adjacent particles, causing changes in pressure due to the elasticity of water.  Detection of this motion or sound requires a pressure sensitive receiver such as a hydrophone.





	Compression Phase.  Where the particles are compressed, relativity higher pressure exists.





	Rarefaction Phase.  Where the particles are relaxed, relativity lower pressure exists.  





	Wavetrain.  This series of compression’s and rarefaction’s is called a wavetrain as it propagates through the medium.





Sine Wave of Sound





	A sine wave can be used to graphically represent the wavetrain.  Features include:





	Equilibrium pressure.  This is the ambient pressure within the medium (if no sound energy were present).  It's also called mean pressure level.





	Compression phase.  This is the portion of the wave which lies above the mean pressure line.





	Rarefaction phase.  This is the portion of the wave which lies below the mean pressure line.





	Wave cycle.   This cycle is one complete sound wave consisting of one entire compression phase and one entire rarefaction phase.
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                                                                                 Figure 3-1  Acoustic Pressure








	Maximum acoustic pressure.  This is the maximum pressure sensed during the compression phase.  This is an instantaneous measurement only.





	Effective pressure.  This is the actual amount of usable acoustic pressure.  This is determined by taking the root mean square (rms) of the maximum acoustic pressure.  The effective pressure can be read directly from a voltmeter attached to the input of a hydrophone (a hydrophone transforms variations of acoustic pressure into variations of electric voltage.





	Wavelength.  This is the distance between successive compression maxima or rarefaction minima.





	Frequency.  This is the number of complete wave cycles passing a fixed point in a given length of time (determined by the motion of the vibrating source).  It is expressed as the number of cycles per second (hertz)





	Example: 5,000 Hz = 5,000 cycles per second


�
Sound Speed in the Ocean





	Due to the elasticity and near incompressibility of water, sounds travels approximately four (4) times faster in water than in the atmosphere.  Sound speed variation in the ocean is directly affected by temperature, pressure and salinity, and is expressed in meters/sec or feet/sec.  Sound speed may be computed from the empirical formula called Wilson’s Equation:





			





	C=1449.2 = 4.623T - 0.0546T2 + 1.391 (S-35) +0.017D


		


		Where:	C = sound speed (m/sec)


			D = depth (m)


			T = temperature (°C)


			S = salinity (‰)





	Speed is directly proportional to temperature, pressure and salinity.  For example, if temperature increases, sound speed increases.  If temperature decreases, sound speed decreases.  If pressure increases, sound speed increases, etc...





	In general, sound speed increases or decreases by:





	*6 ft/sec per degree Fahrenheit





	*4 ft/sec per ‰ of salinity





	*2 ft/sec per 100 ft of depth





* NOTE:	These increases and decreases are Rules of Thumb.





Relationship Between Sound Speed, Wavelength and Frequency





	Frequency is inversely proportional to wavelength given sound speed remains constant.  With sound speed constant at 5000 ft/sec, as frequency decreases, wavelength increases.  If frequency increases, wavelength will decrease.





			F~1/l


						F = Frequency (Hz)


						l = Wavelength (ft)





	50 Hz with a Sound Speed of 5000 ft/sec has a wavelength of 50 ft.


�
                                               








		Frequency (Hz)		Wavelength (ft)	Sound Speed (ft/sec)





		5				1000				5000


		10				500				5000


		50				100				5000


		100				50				5000


		1000				5				5000





TABLE 3-1. Relationship between frequency and wavelength with sound speed at constant.





Sound Measurement Levels. 





	It is convenient to express sound intensity in watts/meters squared (watts/m²) and sound pressure in dynes/ centimeters squared (dynes/cm²).  However, in practical work, logarithmic scales called "sound pressure levels" are used.  Sound pressure levels are expressed in decibels (dB).  Decibels are units of measure used to express the wide range of sound intensities and sound pressure fluctuations. 





* NOTE:	All sound must be referenced to some standard intensity or pressure in order to be measured. 





	Sound Intensity in Decibels.  Sound intensity is the average rate that energy flows through a unit area normal to the direction or wave propagation.





	 Acoustic pressure.   The most readily measured variable in the sound field.  Sound pressure levels (SPL's) are more commonly used than intensity levels when specifying sound levels.





Acoustic Intensity 





	Increases or decreases in acoustic intensity can be determined without the use of logarithms:





	*  Each doubling of intensity yields a 3 dB increase.





	*  Each halving of intensity yields a 3 dB decrease.





	*  Each 10-fold increase of intensity yields a 10 dB increase.





	*  Each 10-fold decrease of intensity yields a 10 dB decrease.





	It's not possible to merely add intensity levels or sound pressure levels together to find their total intensity level because the decibel scale is a ratio of power or energy.


�
	EXAMPLE: Two 30 dB signals combine to give a total intensity level of 33 dB, not 60 dB as might be expected.  The doubling of intensity results in a 3 dB increase as indicated.





POWERSUMMING!





Difference (dB)	Correction (dB)


	0 to 1			+3


	2 to 3			+2


	4 to 9			+1


	Above 9		+0





	SOUND PROPAGATION





Governing Factors





	Sound speed in the ocean.  It is an oceanographic variable which determines many of the peculiarities of sound propagation.  It is dependent upon (or a function of) temperature, salinity and pressure.  These properties vary with the following:





	*Depth





	*Season





	*Geographic location





	*Time (at a fixed location - applies to temperature only)





	Temperature.  It exhibits the widest range of variation and is the most influential factor affecting sound speed within the upper 1000 feet of the ocean.





	Salinity.  It has a small range of variation (33-37‰) with an average of 35‰). Its effects are considered to be negligible for many routine ASW calculations and salinity is not measured.





	Pressure.  It has a significant range of variation and its effects become dominant below the DSCA, where temperature becomes relatively constant.





	Sound Speed Profile (SSP).  SSP is a graphic representation showing variation of sound speed with depth.  SSP can be derived from a BT trace by the use of an overlay.  It may also be computed from a BT trace or temperature profile by using Wilson's Equation.





		C = 1449.2 = 4.623T - 0.0546T2 + 1.391(S-35) + 0.017D





	It is provided on all acoustic products from Fleet Numerical Meteorology and Oceanography Center (FNMOC)(Used to be FNOC).  Significant features found on the SSP include:





	Surface Sound Speed is measured in ft/sec or m/sec, which may fluctuate rapidly with respect to time and space.


�
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	Sonic Layer Depth (SLD) is defined as the depth of maximum sound velocity at or below the surface and above the deep sound channel (DSC).  In winter strong winds, storms, and weak insolation produce the deepest layers (400 to > 900 ft) in cold water areas.  In summer,  the opposite is true.  The shallowest layer depths are found in the tropics.











	Deep Sound Channels Axis (DSCA) is   defined as the point where sound speed decreases to an absolute minimum, then increases due to pressure.  Sound rays are continuously bent toward this axis by refraction.  Axis depths vary from 4000 feet in mid-latitudes to near the surface in Polar Regions.





	Critical Depth (CD) defines the limiting ray for convergence zone (CZ) propagation.  Also referred to as depth required (DR) or limiting depth.  When no target is considered, it is the depth beneath the DSCA where the sound speed equals the sound speed at the SLD. 





	Conjugate Depth is used with a target/source located below the SLD.  It is the depth at which the sound speed below the DSCA is equal to the speed at the source depth.





	Depth Excess (DX) is the distance from the critical depth to the ocean bottom.  The following "Rules of Thumb" apply to Depth Excess: 





	1.  A depth excess of 200 fathoms is required for a "usable" (50% probability) convergence zone to exist.  





	2.  A depth excess of at least 300 fathoms is required for a "reliable" (80% probability) convergence zone to exist.  (More sound energy takes this path with 300 fathoms of depth excess than with 200 fathoms of depth excess, accounting for the greater probability for the path to exist).


	


									Figure 3-2.  Sound Profile    





�
  * NOTE:	Convergence Zone exists with ANY amount of Depth Excess; however, it may not be usable.





Ray Paths





	These paths are perpendicular to the acoustic wave front representing sound energy as it travels through the water.  Ray paths are depicted by curved or straight lines.  Sound rays, after leaving the source, may be refracted as they travel through the medium.  The amount of bending is governed by Snell's Law which describes the refraction of sound rays in a medium of variable sound speeds.  Stronger gradients equate to more refraction.





	Snell's Law states that a ray moving from one region to another will change direction if the sound speed in each region differs.  Sound rays will always attempt to refract away from areas of higher sound speeds and towards areas of lower sound speeds.  Sound is lazy!





	A simplification of Snell's Law is the "HALT Rule":





		Higher Away, Lower Towards.





	When applying the rule, there will eventually exist a sound ray which just grazes, or is tangent to, the boundary layer.  This ray is called the limiting ray. 





	SOUND PROPAGATION PATHS





	Existence of any sound propagation path depends on gradients of the sound speed profile, water depth, and depth of both the sound source and receiver.





Direct Path (DP)





	This path is represented by a straight or curved ray path where sound rays propagate from the source to the receiver with no intervening reflections and only one change in direction due to refraction.  Maximum DP range is determine by the limiting ray and is influenced by:





	*  layer depth (SLD)





	*  source/receiver combination





	*  speed gradient








* NOTE:	DP is usually only available for short ranges ( < 10 kyds).  DP comprises the initial portion of all propagation paths and is always present. 


�



�
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				Figure 3-3.  Direct Path (strong gradient).











�





				Figure 3-4.  Direct Path (weak gradient)








Surface Ducting








	This occurs when a slight positive in-layer speed gradient exists (speed increases with depth).  Sound rays are refracted upward, reflected down from the surface and refracted upward again.  Alternating refraction and reflection extends rays out to relatively long distances from the source (0-20 kyds).  This continues until the energy is depleted.











	Factors affecting the Quality of propagation.





	Layer depth.  In general, the deeper the layer, the fewer reflections from the surface and the greater the ranges.  Deeper layers also allow more rays (energy) to be trapped.





	Wind/Sea state.  The deepest layers are produced by strong winds, high sea states, strong cooling on the surface, and cloudy conditions.  When the forces causing mechanical mixing are removed for a period of time, the incoming heat at the sea surface can warm the surface layers and eventually destroy the surface duct. (Increased wind/sea state also increases ambient noise.)





	Source/Receiver depth.  The source and receiver must both be in the duct to benefit.





	Frequency.  Ray theory and experience show that there is a frequency that will no longer be trapped by the duct.  This is the "low frequency cutoff".  Below this frequency, the wavelength becomes too large to "fit" in the duct and leakage occurs.  In practice, the low frequency cutoff represents the frequency most efficiently ducted.  Frequencies below this will "leak" from the duct.  This is referred to as diffraction.





* NOTE:	No physical relationship exists between the SLD and Wavelength.





	To determine the maximum wavelength which corresponds to a minimum frequency in a duct (or sound channel) the following equation can be used:





			(Max l  = 4.7 x 10-3  h3/2    )





			Where    Max l = max wave length in feet


			             h =  duct thickness in feet





	Example:	With an SLD of 100 feet and a mean (avg of highest and lowest) sound speed of 5170 ft/sec, what is the low frequency cut-off?





			l max = 4.7 x 10-3  h3/2


			l max = .0047 x square root of 1003


			l max = .0047 x 1000


			l max = 4.7


		since l  = c/f, then f = c/l


			f = 5170  / 4.7


			f = 1100 Hz





	When h and l are expressed in meters, use the equation:





			l max = 8.5 x 10-3   h3/2





	Low frequency cutoff can also be determined from a nomogram (see ASW reference).  Surface duct propagation generally offers good, stable sound propagation over long distances.  Deep ducts offer the best sonar conditions with most frequencies trapped yielding long ranges.  Ocean fronts will disrupt in-layer propagation and allow a much of the sound to leak from the duct.


	Conditions favoring deep surface ducts occur during the winter in the mid-latitudes where the ocean rapidly loses its summer gained heat to the atmosphere.





	Surface duct propagation is a highly dynamic (frequently changing) propagation path.  In high noise environments, noise may become trapped in the duct, thereby making detection of a target more difficult.  	





Half Channels





	Where the water is essentially isothermal from surface to bottom (effects of increasing pressure are greater than the effects of a slight negative temperature gradient), sound speed increases continually with depth.  Under these conditions, the maximum sound speed is reached at the ocean bottom.  The resulting refraction and reflection is similar to the effects of a strong surface duct.  Regardless of source or receiver depth, the sound is trapped by duct-like conditions and long range detection may be possible.  This commonly occurs during winter in the Mediterranean and Polar Regions.  Since the half-channel is essentially a surface duct that extends to the bottom, the same factors that affect a surface duct are applicable.  No negative gradients or shadow zones exist.





Sound Channels





	These occur in the water column where sound speed first decreases to a minimum, then increases (negative over positive speed gradient).  The sound speed minima is considered the channel axis.  Above it the sound rays are refracted downward; below it sound rays are refracted upward.  Rays trapped in the channel are continually refracted toward the axis.  The low frequency cutoff can be determined by using the low frequency cutoff nomogram.





	Deep Sound Channel (DSC).  This channel is found in most oceans and is sometimes referred to as the SOFAR (SOund Focus And Ranging) channel.  Its existence is a natural consequence of the negative speed gradient in the thermocline and the positive speed gradient in the deep layer.  The depth of minimum velocity is the deep sound channel axis and varies with latitude and season from 4000 ft in the mid-latitudes to near the surface in Polar Regions.  The boundaries of the DSC are the SLD and the limiting depth (DR) and do not change when applying conjugate depth for CZ.  In some cases, the boundaries are determined from the bottom up if waters are shallow.  This leaves a gap between the SLD or surface and the top of the channel.








	Deep Sound Channel propagation is more probable with deeper sources and weak thermocline gradients.  With a submarine just below the SLD,  CZ propagation is more dominant.  As the depth of the submarine increases, sound channel propagation becomes more likely.  In addition, sound channel propagation becomes more likely in areas where the axis is much shallower:





	* In the higher latitudes where the surface waters are cold nearly all year long.





	* In the center of strong, cold eddies.





	* In the high latitudes where the DSCA shoals toward the surface.  Above 50


degrees north latitude in the Atlantic and Pacific Oceans, and in the Mediterranean (especially during winter), The DSC may intersect the ocean surface and allow excellent, long range propagation.  Noise from shipping and storms may actually reduce detection ranges.The DSC may be exploited by the Towed Array Surveillance System (TASS), Tactical Towed Array Surveillance System (TACTASS) and the Sound Surveillance System (SOSUS).  Sensors do not have to be located exactly on the axis to receive a signal, nor does the source have to be located on the axis for channeling to occur. The closer the source/receiver is to the axis, the stronger the sound channeling.





	Shallow Sound Channels (SSC).  These channels occur in the upper levels of the thermocline or in the mixed layer.  They will be found where conditions create a layer of water that has a lower sound speed than that found above or below (negative over positive sound speed gradient).  SSCs below the SLD/MLD occur most often north of 40 degrees between Hawaii and the CONUS.  They are also observed in the vicinity of the Gulf Stream.





	Surface Mixed Layer SSCs.  These develop due to surface warming, and occur most commonly in the mid - and high-latitudes during spring and summer.  They may occur diurnally (afternoon effect).  They may also occur near ocean fronts when winds and surface currents force water from the warm side of the front to override the front and move to the cold water side.  This results from highly variable local wind and current conditions and is extremely difficult to accurately predict.





	SSCs Formed by Surface Cooling.  These occur when vigorous surface cooling occurs over warm water during winter.  A thick isothermal layer may form as the cooled surface waters sink and mix (common near the Gulf Stream where cold continental air moves offshore into the Sargasso Sea).  The cooled water sinks and spreads, forming a thick, isothermal layer just above the main thermocline.  The pressure increase with depth through this layer causes an increase in sound speed and a velocity minimum near its top.





	SSCs Above a Salty Layer.  These occur in significant areas of the North Pacific (Gulf of Alaska, Straits of Juan de Fuca) and have an abrupt increase in salinity at approximately 300 feet.  Salinity increases rapidly with depth as temperature continues to decrease.  This creates a stable layer of water that resists vertical mixing.  As the surface temperature increases in the spring, a seasonal thermocline develops that caps this mixed layer, the layer becomes a shallow sound channel.  It remains until winter when surface cooling erodes the surface layer.





	SSC Parameters.  The following parameters must be met for a usable shallow sound channel to exist:





	*  The channel axis must be 150 to 500 feet deep.





	*  The channel itself must be at least 50 feet thick to be considered useful.





	*  The greater the difference between sound speed at the SCA and that at the top


	   or bottom, the stronger the channel will be.





	*  Leakage occurs at low frequencies.  A low frequency cutoff must be determined.





Convergence Zones (CZ)





	Regions in the deep ocean where sound rays are refracted from the depths, and focused at or near the surface in successive intervals (usually 18 - 36 nm) are called convergence zones.  They may exist whenever the sound speed below the DSC axis increases to equal or exceed the speed at the source (negative over positive sound speed profile) where critical depth is reached.  The area where adjacent sound rays intersect is called a caustic and associated with relatively high sound levels.





* NOTE:	Each CZ is bounded on its inner edge by a caustic.  Observations show that sounds from a distant source rise 20 dBs or more within a few yards of this region.





	The area at or near the surface where these rays are focused is called the CZ annulus and is associated with intense sound energy.  Under favorable conditions two or more CZ's are possible.  The exact width of the CZ annulus can't be determined from any specific factor.  Thumb rules state that annulus width is normally 5 to 10% of the range.  Convergence Zone mode may become unusable when winds exceed 25 knots (wind speed limited). 


�
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                                          Figure 3-5.  Sound Speed and associated CZ





Bottom Bounce (BB)





	A bottom reflected path that occurs when sound is reflected back and forth between the surface and the ocean floor.  Depending on the angle at which sound rays leave the source (depression angle), ranges may be extended (approx. 20-50 kyds).  The width of the bottom bounce annulus is determined by the angle at which the rays strike the ocean bottom (grazing angle).





	Factors affecting bottom bounce transmission 





	Angle of incidence.  The greater the angle, the greater the range.  Angle of incidence is measured from a line that is perpendicular from the ocean floor.





	Frequency.  In conjunction with bottom composition, it determines bottom loss.  Loss tends to increase as frequency increases.





	Bottom composition.  In conjunction with frequency, it determines the amount of bottom loss.  Mud absorbs sound rays, sand is a good reflector, and smooth rock is an excellent reflector.





	Bottom roughness.  This affects reverberation and scattering.  In general, the smoother and flatter the bottom is, the longer the ranges will be.





	Water depth.  Bottom bounce transmission is normally confined to ocean depths between 1000 and 3000 fathoms.





	*  At depths less than 1000 fathoms, reverberation and multi-path interference


	   is too high for active BB operations.





	*  Only passive BB operations are possible in depths less than 1000 fathoms.





	*  At depths greater than 3000 fathoms, the sound rays refract back up and follow


	   the convergence zone propagation path.


			


	Bottom bounce operations may be seriously degraded with wind speeds in excess of 10 knots due to scattering (bottom bounce would be wind speed limited).  In spite of the limiting factors, bottom bounce is the path least affected by changes in the sound speed profile.  This is an important aspect when operating in the area of an ocean front.





	Though not always usable, bottom bounce is almost always present to some degree.  In order to determine the strength of the bottom bounce environment, examine the parameters for CZ.  If a marginal CZ environment exists, BB will usually be present, especially for lower frequencies.  If extreme amounts of depth excess exist, the probability of BB decreases.








                                                      


	


�PRIVATE ��	Frequency�
	Good�
	Fair�
	Poor�
�
	Low�
	1�
	2�
	3�
�
	High�
	1-3�
	4-6�
	7-9�
�
					TABLE 3-2      Bottom Loss Code





* NOTE:	Low frequency bottom codes are being upgraded using the Bottom Loss Upgrade (BLUG) model for which no simple code exists.












































REVIEW 3





For questions 1 - 6, match the statement in column A to the appropriate term in


column B.  The features in column B may be used once, more than once or not at all.





	Column A						Column B





___1.	The portion of a wave that lies above	                       a.	Wave Cycle


	the mean pressure level


								b.	Frequency 


___2.	Distance between successive compression


	maxima				            	c.	Compression 									                                               Phase


___3.	A series of compressions and rarefactions


								d.	Ambient Pressure


___4.	One entire compression phase and one


	entire rarefaction phase		             	e.	Wavelength


									


___5.	Amount of usable acoustic pressure	                       f.	Effective Pressure			





___6.	Number of complete wave cycles passing a


	fixed point in a given length of time.              	g.	Rarefaction Phase





								h.	Acoustic Pressure





								i.	Wave Train





For questions 7 - 8, select the most correct answer based on the available information.





PARAMETERS


Sea surface temperature	17.4°C	Wind Speed		22 knots


MLD			200 feet	Combined Seas	 9 feet


Below layer gradient	6°F/100ft	Depth Excess		90 feet


Surface sound speed	4965 ft/sec	Surface Salinity	34.5‰





7.		Assuming salinity remains constant, what is the sound speed at 200 feet?





		a.	4969 ft/sec


		b.	4961 ft/sec


		c.	4933 ft/sec


		d.	4926 ft/sec

















8.		What is the sound speed with a temperature of 54.8°F, and a salinity of 35‰ at 500 feet?





		a.	4914  m/sec


		b.	4926 ft/sec


		c.	4928 ft/sec


		d.	4926  m/sec





9.		The average rate that energy flows through a unit area normal to the direction of wave propagation describes





		a.	Sound pressure


		b.	Sound intensity


		c.	Acoustic pressure


		d.	Acoustic intensity





10.	Sea State noise is 79.4 dB at 200 Hz.  Shipping noise is 82.2 dB at the same frequency.  What is the combined noise level? 





		a.	81.4 dB


		b.	82.4 dB


		c.	83.2 dB


		d.	84.2 dB





11.	Within the upper 1000 feet of the ocean, what is the least influential factor(s) affecting sound speed?





		a.	Temperature


		b.	Pressure


		c.	Salinity


		d.	either B or C








12.	Pressure has a significant range of variation and its affects become dominant below the _______.





		a.	Critical Depth 


		b.	Conjugate Depth


		c.	Deep Sound Channel


		d.	Deep Sound Channel Axis





13.	This type of shallow sound channel forms when cooled water sinks and spreads, 	forming a thick, isothermal layer just above the main thermocline.





 		a.	Afternoon Effect


 		b.	SSC above a salty layer


		c.	Surface mixed layer SSC


 		d.	SSC formed by surface cooling





14.	Deep Sound Channel propagation is more probable with what conditions?





		a.	Deep source/weak thermocline gradients


		b.	Deep source/strong thermocline gradients


 		c.	Shallow source/weak thermocline gradients


 		d.	Shallow source/strong thermocline gradients





For questions 15 - 22, match the statement in column A to the appropriate propagation path or term in column B.  The features in column B may be used once, more than once or not at all.





		Column A							Column B





_____15.	The maximum sound speed at or below 		a. Shallow Sound Channel		


		the surface


									b. Deep Sound Channel Axis


_____16.	Point of absolute minimum sound speed


									c. Critical Depth


_____17.	Depth beneath the DSCA where the sound


		speed equals the speed at the SLD			d. Sonic Layer Depth


			


_____18.	Depth from the CD to the bottom			e. Depth Excess





_____19.	Boundaries are SLD and CD		            	f. Direct Path





_____20.	Near surface negative over positive			g. Half Channel


		sound speed gradient


									h. Deep Sound Channel


_____21.	Occurs when a slightly positive in-layer


		gradient exists					             i. Surface Duct





_____22.	Commonly occurs during winter in the 		j. Conjugate Depth


		Mediterranean and polar regions





23.	What ray path exists when sound rays propagate from a source to a receiver with no reflections and only one change in direction?





		a.	Direct Path


		b.	Surface Duct


		c.	Bottom Bounce


		d.	Convergence Zone

















24.	Passive bottom bounce conditions are best with





		a.	Depths greater than 3000 fathoms


		b.	Wind speeds of 15 to 20 knots


		c.	Low sea state, flat sand bottom


		d.	Bottom loss codes of 4 to 6





25.	A shallow sound channel that is considered useful has an axis between ___________, and is at least ________ thick.





		a.	100 to 500 feet; 50 feet


		b.	150 to 500 feet; 50 feet


		c.	150 to 450 feet; 100 feet


		d.	150 to 500 feet; 100 feet
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