	List of Variables
	Formula

	Frequency
	ƒ
	

	Wavelength
	λ
	

	Speed 
	c
	λƒ

	Speed of sound in water
	cw
	λƒ

	wave number 
	k
	2π/λ

	Angular Frequency
	ω
	2πƒ

	Compressional wave speed (sound speed)
	Vp
	

	Sound speed Ratio
	Vp
	Vp *R*cw

	Reflection Coefficient
	Vww
	

	Bottom Loss
	L or BL
	-20log(|Vww(θ)|)

	Density (Bulk Density) (or sediment mass density??)
	ρ
	m/V

	sediment particle mass density
	ρs
	density of parent material of particle

	pore fluid mass density
	ρf
	density of water

	Scattered grazing angle
	θs
	

	incident grazing angle
	θi
	

	Interface scattering cross section Stdev
	σ
	

	Lambert parameter
	μ
	

	Lambert's law
	σ
	μ*sinθs*sinθs

	Lambert' scattering limit
	
	μ < 1/π

	Acoustic Impedance
	Z
	ρ*c

	Critical Angle (BL is small for grazing angles<crit angle)
	θcrit
	cos(1/Vp)-1

	Total Mean Scattered Power
	Us
	(A|Pi|2)/(2*pw *cw ) * INTEG(σ dΩ)

	Area
	A
	

	Incident Pressure (complex amplitude)
	Pi
	Pio *e^(i*ki*r)

	Magnitude of the incident Pressure
	|Pi|
	sqrt(2)*s0*|bx(θ,ϕ)| / r

	Complex Pressure Amplitude at Origin
	Pio
	

	3D position vector
	r
	

	(simplified) wave vector
	ki
	(ω/cw) (cos(θ), 0, -sin(θ))

	Effective Density Fluid Approx.
	ρeff
	(ρρ~ - ρw2 )/ (ρ~ + ρ - 2ρw)

	
	ρ~
	(α*ρw)/β + (i*F*η)/(κ*ω)

	Coefficient of permeability,compressibility
	κ
	

	Fractional Porosity
	β
	

	Dynamic Viscosity
	η
	

	Tortuosity
	α
	

	Attenuation
	αp
	

	Source Level [dB re 1 μPa @ 1 m]
	SL
	20 log10 [s0 / pref *rref]

	IMPORTANT parameter [Pa *m]
	s0
	

	
	pref
	1 μPa

	
	rref
	1 m

	Source directivity (spherical coordinates)
	bx(θ,ϕ)
	*lowercase r is the other spherical coordinates centered on the source; the maximum value is one in the direction of the maximum response axis”; --dimensionless pressure ratio with the numerator equal to the pressure magnitude in the direction specified by the angular arguments with the denominator equal to the pressure magnitude on the maximum response axis

	Source directivity (decibels)
	Dx (θ,ϕ)
	20log10[|bx(θ,ϕ)|]

	Receiver Directivity (dB)
	Dr (θ,ϕ)
	20log10[|br (θ,ϕ)|]

	complex directivity pattern
	br (θ,ϕ)
	the angular dependence of the complex voltage at the transducer output terminals for an incident plane pressure wave incident at the direction specified by the angles θ,ϕ

	Receiver Sensitivity 
	RS
	20log10 [|V| / |P|]

	Magnitude of the voltage (at output terminals of the tranducers)
	|V|
	

	magnitude of incident pressure
	|P|
	

	Sonar Equation
	20log10|Vr|
	SL +RS-PL-BL+Dx(θ,ϕ) +Dr(θ,ϕ)

	Propagation Loss
	PL
	20log10 ((r1 + r2)/rref) + αw (r1 +r2)

	
	
	

	
	
	

	REFLECTION COEFFICIENT
	
	

	fluid theory; Pressure in the water at an arbitrary point (p. 255)
	Pw (r ) 
	

	reflection coefficient (the amplitude of the reflected wave)
	Vww
	

	wavenumber in water
	kw
	ω/ cw

	Incident wave vector
	K
	kwexcos(θw)

	
	βw (K)
	sqrt(1 – K2 / kw2)

	
	βw (K)
	sin(θw)

	
	K
	K=kwcos(θw) = kpcos(θp)

	
	θw
	incident grazing angle

	fluid theory; Pressure within the sediment at an arbitrary point
	Pp (r )
	


	therefore, snell’s law…
	
	cw/cos(θw) = cp/cos(θp)

	Boundary impedance for acoustic wave in water
	zw
	ρw cw / sin (θw)

	normalized boundary impedance for compressional wave 
	zwp
	(aρ ap sin(θw) )/ sin (θp)

	boundary impedance for compressional wave
	zp
	(ρcp) / sin(θp)

	density ratio
	aρ
	ρ/ ρw

	speed ratio
	ap
	cp/ cw

	Pressure transmission coefficient
	Vwp
	2zwp /( zwp + 1)

	Critical Angle (BL is small for grazing angles<crit angle)
	θcrit
	cos(1/Vp)-1

	Angle of intromission (angel where the incident acoustic energy passes into the sediment without any reflection)
	θint
	

	
	
	

	ELASTIC THEORY
	
	

	
	
	

	The scalar displacement potential in water at an arbitrary point, r = (R,z), z>0
	ϕw (r )
	ϕw (r ) = eikir + Vww*eikir

	
	ki
	Ki – ezkwβw(Ki)

	
	kr
	Ki – ezkwβw(K)

	
	
	

	
	
	

	
	
	

	EFFECTIVE DENSITY FLUID MODEL AND BIOT
	
	

	The scalar displacement potential in water at an arbitrary point, r = (R,z), z>0
	ϕw (r )
	ϕw (r ) = eikir + Vww*eikr r

	Scalar potentials of two longitudinal waves
	ϕsq (r )
	ϕsq (r ) = Vwq*eikq r

	
	ϕfq (r )
	ϕfq (r ) = γq Vwq*eikq r

	vector potentials representing the shear 
	ψf (r) 
	ψf (r) = eh γt Vwt*eikt r

	wave in sediment
	ψs (r) 
	ψs (r) = eh Vwt*eikt r

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	Effective Density Fluid Approx.
	ρeff
	(ρρ~ - ρw2 )/ (ρ~ + ρ - 2ρw)

	
	
	(α*ρw)/β + (i*F*η)/(κ*ω)

	
	
	


	Coefficient of permeability,compressibility
	κ
	?

	Fractional Porosity (sediment porosity)
	β
	Vw/V

	
	V
	total sediment volume

	Dynamic Viscosity
	η
	(constant)

	Tortuosity [Berryman]
	α
	α  =1-r(1- 1/β)

	shape factor (?)
	r
	r = ½ for spherical particles, 0<r<1 for other ellipsoidal shapes

	Angular Frequency
	ω
	2πƒ

	pore fluid mass density (ie water?)
	ρf
	

	sediment particle mass density
	ρs
	density of parent material effect

	Total Mass density
	ρ
	β ρf + (1- β) ρs

	Rep the derivation from the Poiseulle flow as frequency increases 
	F
	


	
	T
	


	Cylindrical Bessel Functions
	J1 and J0
	from table

	
	
	


	Pore size parameter
	a
	


	FLUID THEORY FOR EDFM
	
	

	Geometric parameter
	
	


	Geometric parameter
	
	


	
	
	


	bistatic scattering strength
	
	


	Interpolation scheme to go between Kirchoff and small-pertubation approximation
	
	


	Kirchoff Approximation
	
	


	
	
	


	ASSUME: incident angle, θi = scattered angle, θs; and azimuth, ϕs = 0 
	
	


	
	
	


	zeroth-order Bessel function
	J0 (u)
	

	Acoustic wavenumber in water
	k
	

	complex plane-wave reflection coefficient (Rayleigh or Fresnel)
	R(θis)
	

	
	u
	bounds of equ

	Parameter reference length
	h0
	1

	the gamma function
	Γ()
	*plug into matlab lol

	Strength of the spectrum [length4]
	w2
	det. in field

	exponent of the bottom relief spectrum 
	γ2
	2≤ γ2 ≤4; det. in field

	Pertubation Apporximation
	
	


	
	W(K)
	


	
	G
	


	Complex wave number in the sediment divided by the real wave number in water
	
	


	Density ratio
	ρ
	sediment mass density/ water mass density

	Sound Speed ratio
	v
	sediment sound speed/ water sound speed

	Loss parameter
	δ
	imaginary wave number/ real wave number for the sediment

	
	
	


	
	
	

	
	R(θi)
	


	volume scattering cross section
	
	


	
	
	


	
	
	


	fluctuation ratio
	μ
	compressibility/ density fluctuations in the sediment; det. in the field 

	Inhomogeneity strength
	w3
	strength of sediment inhomogeneity spectrum (cm3) at wave number (2π)/λ = 1 cm-1 

	Inhomogeneity exponent
	γ3
	4?

	
	
	

	IMPEDANCE
	
	

	Reflection Coefficient, ratio between the complex amplitudes of the reflected and incident waves
	
	Sb / Ui

	Impedance (soil)
	Zs
	

	Refraction angle (angle defined from 90 degrees)
	θs
	

	Reflection Coefficient (as calculated from impedance
	
	

	
	Zw
	

	Index of Impedance
	IOI
	ρ*(cs/cw)

	
	
	

	
	
	

	
	
	

	
	
	

	ROUGHNESS
	
	

	2D interface relief
	z = f (R )
	 R = (x,y)

	RMS roughness (mean square )
	h2
	INT[W(K) *(d2)*K]

	covariance of the interface relief
	B(R) 
	<f(R0 + R) f(R0 ) >

	Small-roughness pertubation approximation
	σ
	σ= (kw4)*(Aww)2 *W(ΔK)

	Roughness Spectrum
	W(K)
	(1/(2π)2)*INT[(B(R )* e^(-i*K.R) * (d2)*R

	two-dimensional wave vector
	K
	(Kx, Ky)

	wavenumber of K
	K
	SQRT(Kx2,Ky2); (2π/λ)

	Roughness Spectrum (*for Isotropic assumtion)
	W(K)
	ω2 / Kγ2 

	spectral exponent
	γ2 
	

	spectral strength
	ω2 
	

	wave vector for incident direction (hor. Components)
	Ki
	kw*(ex*cos(θi)*cos(ϕi) + ey*cos(θi)*sin(ϕi))

	wave vector differences
	ΔK
	Ks- Ki

	Kirchoff Approximation
	σ
	σ= [|Vww*θis2 / 8π ]*[Δk2 / ΔK*Δkz ]2 *IK

	small-slope approximation
	σ
	σ= [kw4*|Aww|2 / (2π*ΔK2*Δkz2)] *IK

	wavenumber in water
	kw
	

	
	
	

	
	
	

	
	
	

	SEDIMENT VOLUME SCATTERING
	
	

	bistatic scattering cross section (fluid)
	σ
	σ = (|Vwp(θi)|2 *|Vwp(θs)|2 *σv) / (2*kw*|αp|2 * Im[P(θi) +P(θs)])

	parameter to quantify sediment volume scattering
	σ2
	σv / αp

	bistatic scattering cross section (elastic)
	σ
	

	
	
	

	BACK SCATTER CROSS SECTION 
	
	

	
	σbs
	Ir/ II = p2r / p2i

	
	
	

	
	
	




Incident Energy—


Fluid Theory—

Small-roughness perturbation approximation:

Kirchhoff Approximation:

Small-slope approximation:

Magnitude of the incident pressure in the far field 

Elastic scattering cross section due to volume heterogeneity:


Parameter S0:

The directivity function:
need to find out the direction of the maximum response axis from the sonar

Fluid theory; pressure in the water at an arbitrary point:

Fluid theory; pressure within the sediment at arbitrary point:

Angle of intromission:



Effective Density: (from J and R)


Where,

Effective equation of motion:


Where,

And

Where,

Effective density (from original Williams paper):


Where


Where

Where J1 and J0 are cylindrical Bessel function (from table)
And 

And a is the pore size parameter 


Jo, J1 are from a table (Bessel function). 
The dynamic viscosity of the pore fluid, η [N s/m2].
The pore fluid mass density is the same as the water density
Angular frequency, ω = 2πƒ [hz]



Old fluid theory as used in the EDFM:


Geometric parameters:

And

And


The equation for the bistatic scattering strength is of the form

Interpolation scheme to go between Kirchoff and small-pertubation approximation:

Kirchoff approximation

Where

Where

And


Part of the Rayleigh reflection coefficient:

Perturbation approximation:

Where

Where

And

Sediment bistatic volume scattering 

Volume scattering cross section:

Where

And

Scattered intensity of a short duration pulse or an impulse

Notes on this equation… is that there is another derived equation for this same value in this paper 
https://asa.scitation.org/doi/pdf/10.1121/1.421109
that might be simpler to use mathematically, but this equation will probably need to be adjusted for our use.
π
Bottom Loss

Bragg wave number 
NOTE: 



Effective Density Fluid Model: [1]
https://asa.scitation.org/doi/abs/10.1121/1.1412449?casa_token=y24d_N-25JcAAAAA:mx6Fad6sQam4BEgnfIkgPzgkBAgrGNEvxKMwlSOw60_tH0sQie6Yx2bv96_wI4ObhxsbTXT5-8mh

Fluid model: [2]
https://asa.scitation.org/doi/pdf/10.1121/1.421109

Plane-wave reflection textbook: [3]
https://link.springer.com/chapter/10.1007/978-3-642-52369-4_4

“Comparison of numerical calculations of two Biot coefficients with analytical solutions”
tortuosity / permeability [4]
https://asa.scitation.org/doi/pdf/10.1121/1.401912

“Application of the composite roughness model to high-frequency bottom backscattering”
Extra information on some of the formulas in the fluid model [5]
https://asa.scitation.org/doi/pdf/10.1121/1.393669

“The Effect of a Layer of Varying Density on High-Frequency Reflection, Forward Loss, and Backscatter” [6]
· Talks about density gradient
· Important as describes some of the assumptions of the flow chart 
https://ieeexplore-ieee-org.ezproxy.lib.vt.edu/stamp/stamp.jsp?tp=&arnumber=725235
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