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The tiie—averag~d power— density distribution below

the ocean surface due to incident laser radiation is
examined by means of cowpute~ simulation of the
geometrical optics involved with the air/sea interface

and subsequent ocean penetration by the laser beam.
The effects over the entire spectra of incidence
angles, bind velocities, wind directions, beam spot
sizes and depths of penetration are analyzed.
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I. f~~ Q~ UCTIQ!

The t ime—averaged power—density distribution below the
ocean surface due to incident laser radiation is examined
over the entire spectra’ of incidence angles, wind velocities
and wind directions by means of geometrical optics.

Current interest in using laser systems for

communications through the air—sea interface and for
detecting submerged objects necessitates the development of
prediction methods for determining the subsurface
power—distribution of radiation from a laser source above

the ocean. A mathematical model for the
optical—communications application done—by Karp in Ref. 1 is
developed in terms of a radiance function related to the
mutual coherence function with accurate results for
incidence angles out to 45 degrees. A more general model
developed by Swennen in Refs. 2—4 examines the power—density
distribution below the ocean surface through a rigorous

assessment of the ocean surface geometry allowing for
theoretically accurate results over the entire incidence

angle spectrum .

The computer code developed for this analysis of the - 

-

power—density distribution below the ocean surface is an

expansion of Suennen ’s theory(Refs. 

2—4).6
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• II. Q~ PHY S~ç~j~ ~~~ A M ETER~

A. OCEAN SURF ACE

A gecmetrical representation of the ocean surface in
terms of local slopes developed by Cox and Munk ( Ref .  5] is
the basis for the analysis of the power probability
distribution below the ocean, as it is in Refs. 2—4. A

review of this representation follows.

The center of symmetry  of the incident laser beam cii the
ocean surface  fa cet is the center of a r ight— handed
cartesian cocrdunate system, point IIOI~ in Fig. 1. The
z—axis points vertically upward.  The y—axis is in the
horizontal plane , colunear with the projection of the center
of the incident laser beam onto that plane and point ing in
the direction of the laser source.

The slopes of the ocean surface facet  are def ined  by
angular parameters Alpha and Beta. The angle Beta is the
angle between ~the line of steepest ascent of the facet and
the x—y p lane; Alpha is the angle bet w een the projection of
th e line of steepest ascent onto the x—y plane ari d the
y—axis.

• A second cartesian coordinate system at the surface is
use d, as explained in Ref. 2, to simplify the computatio n of
the slope probability function. This coordinate system is
designated by primes with the y ’—axis pointing towards  the
wind source and rotated an angle Chi f rom the y—axis . The

7
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z’—axis coincides with the z—axis. The slope parameters are
also primed with their transformations given by:

Beta’ = Beta 
-

A lpha ’ = Alpha — Clii

Belcw the ocean surface a depth Z at the point of
observation, 0’, is centered a translational transformation
of the surface coordinate system . Angles Mu and Nu define
the laser beam refracted to 0 ’  by any surface facet . The
first angle , Mu , is the angle between the refracted ra~ and
the z—ax is ; the second , Nu , is the angle between the y—axis
and the vertical plane of the refracted ray.

B. LASER B E A M

A cylindrical laser beam of radius a is incident on the

oce an surface wave facet at an angle Psi measured f rom the
z—axis . Th e intersection of the beam and the facet  is a

k f la t  elliptical surface as illustrated in Fig. 2. The
semi—minor  axis of the elli pse is equa l to the beam ra di us
and the semi—major axis, b , is defined by:

I

b = a * s e c Psi -

The analytical development, as in Refs. 2— L $ , begins at
the ocean surface facet. The laser source, aim ing,
atmospher ic propagation , etc. are extraneous to this
analysis. Pcwer densit y values at the surface are not
quoted because the analysis deal s with the ratio of the

ii
— ______— — 
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7 power density at the depth of interest, P , and the power

density at the surface, P
ds

C. M AXI M U M ANGLE OF INC IDENCE

The angle of incidence with respect to the z—axis, Psi,
of the ].aser beam is analyzed from zero degrees to a maximum
of 84 degrees. At greater angles the beam will not be able
to s tr ike all the  wave facets wi th in  a wavelength  of the
wave  due to the wave height . There is also the possibil i ty,
as i l lustrated in Pig. 3 , that a ray incident at Psi > 84
degrees could pass through the wave , re—enter  the atmosphere
and then re—enter the ocean; or, depending on the local

• slopes , the ray could undergo a total internal reflect ion if
the Critical Angle were exceeded. The mathemat ical  model of
Swennen [Befs. 2—LI. ] and this thesis do not address this
situation.

This l imitat ion on the m aximu m angle  of incidence,

Psi , is derived from Fig. 4 and defined by:
max

—1
Psi = tan (L/2H)

wax

The significant wave height, H, and the average period , T,
of the wave are given by equations (1) and (2) as defined by

Pierson( Bef. 7]. The average wavelength of the wave is

given by equation (3) :: defined by HL11C Ref 8]

B = 2.14x10 * g ( 1)
I

1-I
9
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I = 0.81 * (2W/g) (2)

2
L = g T /2 (3)

where

W = wind velocity -

~

g = gravitational constant

For wind vel ocities of 1 to 14 in/sec the max imum angle
of incidence is 84.2 degrees (± 0.4 degrees) for all wind
velocities; therefore , Psi is limited to 84 degrees . -w ax

I -

:1
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III. P O W E R — D E N S I T Y  PROABI LITY INTEGRA L

A. G E N E R A L  E QUATION

The power—densi ty probability distribution (P) at the

point of observation below the ocean surface (0’) due to the

ent i re  beam is given by the integral of dP over all of the

contributin g surface facets. As a function of the angular

parameters (Mu ,Nu) the integral as defined in Refs. 2- 14 is

given by:

= JfF(Mu~ Nu ) dMu dN u (14 )

-
~

where

P (Mu ,N u )  = P *T *DTF *cos(WI) ~~s e c ( W R )
ds

*( c o s (M u ) *cos(Mu )+sun (~iu) *sin (L1u )*c o s I N u — N u  I )

2 —

~~~ 0

I
. *P (Z ’ ,Z ’) *t an (Beta) *sec (Beta) *J

and

P = power  dens i ty  at the surface facet
ds
I = fresnel ’s transmi ttance coeff ic ient
DIP = d i f f u s e  t r ansmi t t ance  f u n c t i o n
W I = angle of inci d:nce
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lB = angle of refract ion
Mu

0 
= first  quadrant  angle the refracted center

ray of the beam wakes wi th  the positive
— z—axis

Mu = positive angle the projection of the

refracted center ray of the beam onto the
xy—plaae makes with the y—axis  measured
f rom the latter to the fo rmer

• P ( Z ’ ,Z ’ )  = t ime—average slope dis tr ibut ion
x y

funct ion

The development  of equ ation (LI ) is described in great
detail in Ref s .  2— 4 and will not be repea ted here ; however ,
for  c lar i ty  the major  components of eguation (4 )  wil l  be
discussed.

B. FRESNEL’S TRANSMITTANCE FUNCTION

Fresnel’s transmi ttance coefficient (I) is def ined  as
the i n t ens i t y  ratio of the t ransmit ted  to the  incident  bea m
energy.

The ccllimated incident laser beam is composed of two

polarizatio n components , a transverse magne t ic  or parallel
pola r iza t ion  (T ) and a transverse electric or normal - -

/1
• po la r iza t ion  (I ) . Resolv ing  the  re f rac ted  beam into its

.1.
c om p o n e n t s  (I ,T ) is a complex task due to rotation of the

i 1/
plane of incidence about all three coordinate axis over  the
range of in tegra t ion .  In order to deal wi th  this complex i ty
the  beam is assumed to be rendered d i f f u s e  and unpolar ized
below the  ocean surface due to scat ter ing,  propagat ion

12
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direction variations and phas e changes. This assumption
allows for the  averaging of I and I to obtain the value

.1. //
of I.

I = (T +1 )/2
.1. 1/

The equations for T and I used by Suennen[Refs .  2— 14 ]
/1

are:

2
T = (s in (WI ) *~ j~ (W R ) / sin (WI+WR)  ) (5)
J-

• 2
-

• 

~ 
= (sin (~lI) *~

j~ (WR) / sun ( W I+WR) *cos (WI—W R ) ) (6)

Equa t ions  (5) and (6) are in disagreement w i t h  those
developed by Ecnn [ R e f .  9)  a n d  F owles [Ref .  10], given by:

2
T = L 2 *CO 5(WI) *S u f l ( W R ) / Su f l (W I 4 . WR ) 3 (7)
.1.

2
I = [ ~os ( W I )  *~j~ (WR ) //sun (WI+WR) *c~~ (WI—WR) 3 (8)

Equations (5) and (6) will give erroneousl y h igh  values
for the Presne]. transmittance funct ion , especially at higher
angles of incidence. Because of this, equations (7) and (8)
are used in this lodeling.

k
The geometry of the ray refraction throug h the ocean

L s u r f a c e  is illustrated in Fig. 5.

•

_ _ _ _ _ _  

13 
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C. DIFFUSE IB.AN SMI TTANCE FUNCTION

The d i f fuse  transmittance function (DTP ) accounts for
beam attenuation below the ocean surface due to scattering

and absorbticn.

The six—constant DIP developed by Duntley in Ref. 11 is
simplified to a function of two constants; the backward

scattering coefficient (BS) and the total absorbtion
coefficient (AC). This simplification is valid because of

the  randc m scattering particle orientation in the ocean.
The DIP is defined by:

DIP = K/[ (AC+ BS) *sinh (K *Z) +K * cosh (K *Z) 3

where —

1/2
K = (AC* (AC+2BS) )
z = depth of the  point of observation

In current terai nolgy this method of accounting for
at tenuaticn is a zero—angle forward scattering technique .

Typical values for BS and AC were used from
measurements  by Tyle r [Re f .  12] and D un t l ey (R e f .  13]. These
represent an average between cool and war m ocean waters in
the blue—green spectrum (4800 angst rom) .

ES = 0.065 percent
—1

• AC = Q~~Ø 4 14 m

• •• - - -

~

- - -
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D . SLOP! PECEABILITT FUNCTION

• The time—average slope probability function, P ( Z ’,Z ’) ,
z y

is a statistical distribution of the ocean surface slopes

developed by Cox and Munk (Ref. 5]. The distribution derived
• frcm the surface geometry is Gaussian, which is then altered

by a Gram—Ch ar l i e r  series in  order to account fo r  slope
skewness and peakedness caused by the wind.

P(Z’,Z’) = f(Xi,Eta,W)
• x y

where

Xi = standardiz ed crosswind slope component
Eta = standardized upwind slope component
1 = wind velocity

The development and the equation for the slope
probability funct icn are covered in detail in Refs. 2 , 4 , and
5. A clean ocean surface is assumed and the limits of
applicability placed on the functional parameters are
adhered to , namely:

lx i i  ~~ 2.5
lE t a l  ~ 2.5
I ~ 14 a/sec

E. JA COBIAN

The power—density probability integral, equation (4),

15
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was first developed over the slope components (Z’,Z’). It

was then transformed to a function of the angular parameters

(Alpha, Beta) and then by the Jacobian (.3) to a function of

(Mu ,Nu).

- 

= ff ~~~~~

~ z .
= 

ff
!(AlPha .Beta) dAlpha dBeta

‘(p

= fJYuiu~Nu) J dMu dNu

where

.3 = è (Mu ,Mu ) /~~(Alpha ,Beta)

~

I ?

L

16
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• IV. ~ ETkI ODS OF SOLUTION

A. PAR ZCNE

SwenneL(Refs. 2—LI ] observed that when the depth (Z) of

the point of observation is large compared to the beam

cross—sectional radius at the surface (Z/a>100) the

integrand of equation (LI) remains essentially constant

during the integratiqn . The integral can then be
approximated by:

= JfF(Mu,Nu)*.3
1 

dZlu dNu

-
,

— P(Mu,Nu)*J aMu 4Nu ; with Mu=Mu & Nu=Nu

The area ~ MU 4N U in the (M u ,Nu) plane is approximated by

an ellipse of area LA , whose development is covered in

detail in Ref. 3.

This is the Far Zone approximation and equation ( LI)

becomes : —

2
P P *T*tan(Eeta)*sec *cos(WI)d ds

— 1
• *sec (ØR)*p (Z’,p’)*J *AA

x

I

________ 
17
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The basic Par Zone compu ter program developed in 
- 

-

FORTRAN language and run on the IBM 360 system solves for

• the ratio of the power density at the point of observation

to the power density at the surface facet, P /P . The main
d ds

portion cf the program allow s for the entry of any
combination of variables (wind, depth, beam ra dius, Psi,
Chi, Nu , backward scattering coefficient, absorbtion

coefficient) and also computes the  diffuse transmittance

function , P~ esnsl’ s transmittance function and the slope
probability function. Subroutines common to all variable

entries are used to càmpute the angles (Alpha, Beta, WI,

• IR) , the Jaccb ian and A.

It is possible to investigate the power—density

probability distribution over a wide range of variables with
a minimal of storage requirements and computation time due
to the use of an IBM Systeiu/360 Source Library subroutine,

NLNSYS, in solving for the coupled (A].pha ,Beta) and (Mu ,Nu)

angle pairs from the simultaneous non— linear equations:

cos (Mu ) = (cos (Psi) + K*cos (Beta) ]/n (9)

cot (Nu ) = cot(Alpha) — sin (Psi)/K
0

*sin (Alpha) *sin (Beta) (10)

where

n = relative index of refraction (1.33)

K = K(Psi,Alpha,Beta,n)

18 
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B. NEAR ZONE

When the depth of the point of observation is not large

compared to the beam cross—sectional radius at the surface
(Z/a<100) the Par Zone approximation does not hold and the

double integration of equation (4) must be carried out.

Swennen (Re±. 2] used Simpson’s method of numerical
integration to approximate equation (4) . The method , was
subj ect to singularity points in the integration limits
which increased the complexity and time required for the
computation.

The double integration can be more accurately and

relatively simply approximated by usin g the Gauss Quadrature
system of solution , Refs. 14 and 15. The Two—Point
Gauss—Legendre Quadrature method was used. This  method ,
valid for polynomials up to degree thr ee (equation (4) is of
degree two) , con sists of f irst  tra nsforming the  funct ion
F(~u,Nu) into a function F( s ,t) whose interval is — 1 ~ s~ 1 and
-1~t~ 1 by letting:

Mu = ((Mu —Mu )*s+Mu +Mu 3/2 (11)
• 

~1 1 U 1 L
Nu = ( (Nu —Nu )*t+Nu +Nu ]/2 (12)

ii 1 u 1

and 7

• dMu ((Mu —Mu )/2)ds (13) 
-

•

u 1
• 

• 
dNu = ((Nu —Nu )/2)dt (114)

u 2.

19
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The power—density integral

~ =jfP (Mu ,Nu) dflu dNu

is transforme d into

= ((Mu
u
_Mu

i
) (Nu —Nu

1
)/LI J* (s,t) ds dt (15)

The Twc—Point Gauss—Legendre Quadrature approximation

of equation (13) is given by:

P = ((Mu —Mu ) (Nu —Nu, )/k]*~~~~~W *F(s ,t ) (16)
a U 1 U 1 1 2. j

where

= 1.0 = Gauss weight factors

-2 • -

s ,t = ±(3) = Gauss roots

The basic Near Zone compute r program developed uses

this Gauss—Leg endre Quadrature method in solvin g the

pow er—density integral coupled with the same subroutines as

the Far Zone program. The main program computes the
integration limits (Mu ,Mu ) and. (Nu ,Nu ) after determining

11 1 - u 1 -.

whether the surface projection of the point of observation

is inside or outside tne beam ’s horizcnta]. cross—sectional

area. The equations for the integration limits are well

defined in Refs. 2—14.

The transformations described by equations (11)—(15)

are then performed and the power—density is solved for using

equation (16). As in the Par Zone program , the Neat Zone

20 
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program can take any combination of variables as entries .
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V. RESULTS

Resu1t-~ for oblique incidence angles (0<Psi~84 degrees)
were obtained for vertical plane cuts at Nu = 0 degrees

over the entire range of variables; however, valid data for I —

vertical planar sections at 14u
0 * 

0 degrees could not be

obtained due to values of the standardized crosswind and

upwind slope components being out of the range of
applicability for the slope probability funct ion.  This

~~ problem is believed to be inherent in the weth cd of
mathematical analysis of the ccean surface used. Results
for normal incidence (Psi = 0 degrees) over the entire range
of variables, including Mu planar variations, were

obtained . H

The validity check carried out on the slope probability

function , as discussed in Section II I .D , clearly identified
k invalid data. Another source of in vali d data occurred at

higher incidence angles (Psi) where the simultaneous
solution of ncn—linear equations (9) and (10) resulted in an

H angle of incidence (WI) greater than 90 degrees while the
slope probability function still indicated valid. This
output was also easily identified and eliminated.

Computations with the Near Zone solution method used
more computer time and storage than did the Far Zone

L 

solution method. For a computer solution using one value
for each var iable entry,  the Near Zone used 36 per cent more
computer time and 8 per cent more computer storage than did

22
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an equivalent Far Zone solution. The higher time

requirement for the Near Zone solution was due mainly to a
greater compiling time requirement. The time difference
between the two solution methods decreased as the number of

variables that were incremented during one computer run
increased.

A sample computer run with output is presented in

Appendix B.

A . PRESENTATION OP RESULTS

Results are presented graphically to s impl i fy
compa riscns of the wide range of variables. Vertical—planar
sections cf the power density probability distribution below
the ocean surface cut through the center of the beam
cross—section at the horizontal ocean surface at an angle

Mu are used for the ma jority of the results presented.

This presentation is in rectangular coordinates with

• ncrmalized power density in decibels on the ordinate and the
angle Mu in degrees on the abscissa. The normalized power

2
density is equal to 10*log ((P *Z )/P 3. This

10 d ds

normalization with respect to P /Z
2 

should produce a
ds

distribution function that is independent of depth in the

Far Zone regime, according to Swennen (Ref. 2—LI), because the
multiple slopes seen in a beam cross— section at the surface
tend to render the radiation diffuse. The power density of
diffuse radiation at large depths decreases as the square of
the depth. When the effects of scattering and absorption

k 1

23



are included this independenc e does not occur, as will be

discussed later; however, the normalization of the power
density is used in all regimes for continuity and for
comparisons with Refs. 2—il. -

B. EFFECTS CF WIND YBLOCIT!

As wIn.d velocity increases, the power density

distribution spreads out and the maximum power density
decreases slightly. This effect is presented in Figs. 6—11

for various angles of beam incidence with respect to the

vertical (Psi = 0,30,60 and 84 degrees). Figures 10 and 11
also show the close correlation between results obtained
frcm the Near Zone and the Par Zone solution methods for  Psi
= 0 and z&0 degrees, respectively.

The spreading effect on the power density distribution
is due to larger refraction a!lgles (WE) caused by higher
wave facet slopes that occur at higher wind velocities. The
maximum power density decrease is caused by the spreading.

For an optical communication or detection system an
increase in wind velocity would mean that the maximum
intensity of the beam that could be focused to a point

beneath the ocean surfacc~ would be reduced , but the width of
• receivable signal radiation or the search width would be

increased.

(

C. EFFECTS OP INCIDENCE ANGLE

• 

- As the angle of incidence with respect to the vertical
(Psi) is increased the maximum power density decreases and

I

I 

214 
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the distribution shifts away from the vertical. This effect
can be seen in Figs. 6—11 and more clearly in Figs. 12 and

13. Figure 12 is a Far Zone solution at a depth of 50
meters for Psi = 0,30,60 and 84 degrees while Pig. 13 is a 7

Near Zone solution at a depth of 10 meters for the same

values of Psi.

The decrease in maximum power density is a result of

greater reflectance at the surface facet as the angles of
incidence (WI) increase with increases in Psi. The shift in

the center of the distributions away from the vertical is
caused by the higher angles of refraction (WE) that occur as

WI increases.

For an optical communication or detection system an
increase in Psi would be expected to lower the maximum beam

intensity below the ocean surface and to shift the point of
maximum intensity away from the point of water entry.

D. EFPEC~S CF WIND DIRE CTI ON

The effects of wind direction are small compared to the
wind velocity effects. When the wind direction (Clii) is
perpendicular to the bea m (Chi = 90 degrees) the re  is
slightly less spreading of the power density distribution
ccmpared to Clii = 0 or 180 degrees. The maximum power
density is essentially unaffected by variations in Clii.

Figure 114 shows the effect of variations in Chi for( normal incidence and Fig. 15 for ob2.ique incidence (Psi = 40

degrees)

Wind direction appears to be of little concern to an
optical communication or detection system as related to the

25 -
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power density distribution below the ocean surface.

B. EFFECTS CF SPOT SIZE

Figures 16 and 17 show the effect of increasing the

incident beam spot radius from 0.1 to 0.5 meters for Psi =

0 and L$Q degrees, respectively. This is done with the
assumption -that the energy per unit area remains constant;
therefore, the total energy must increase. The power
density spreads out and increases in intensity uniformly

over the distribution as the spot size is increased.

Since the equations used in this solution method deal

with the ratio of P /P , these results simply mean that
d ds

more power in a larger beam will produce a more intense and

more widely distributed pattern below the ocean surface.

P. EFFECTS OP DEPTh

--4 .

The decrease of power density with increases in depth is
illustrated in Figs. 18 ~nd 19 for  Psi equal to 0 and 40
degrees, respectively. The decrease is linear for the

ncrmalized power density as can be seen in Fig. 20.

Scattering and absorption cause this decrease in the

power density. As the depth increases the diffuse
transmittance function (DTF) rapidly becomes an inverse

function of the sum of the hyperbolic sine of the depth and
the hyperbclic cosine of the depth ,

1- 
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i.1
- DTF = f( (sinhZ+coskZ) 3

which means the DTF decreases rapidly with increases in

depth and approach es zero in the limit. This agrees with

the thecry of Preisendorfer (Ref. 16].

Swennen ’s prediction of a constant normalized power

density distribution in the Far Zone regime due to the
diffusin g effects of the ocean in Refs .  2— L I holds only when
the effects of scattering and absorption are ignored.  One
computer  run was made with the DTF set equal to one to
illustrate this effect  in Fi g. 20.

Fig ures 21 and 22 illustrate the decrease in power

density with depth, non—diiaen sionalized wi th  respect to spot
size , Z/a , again for Psi equal to 0 and 110 degrees ,
respectively.

An optical communication or detection system will be

limited greatly by the power density decrease associated
with depth.

G. MAX IMUN POWER DENSITY -

The maximum obtainable power densit y availabl e over the
• spectrum of incidence angles (Psi = 0 - 814 degrees) for a

given set of conditions is presented in Pigs. 23 and 2 11. 7

The maximum power density obtainable does not occur for

normal incidence, but for a small value of Psi , beca use of
the fact that as the wind increases the most probable slope
is not zero but a small angle. The m a x i m u m  obtainable power
density then drops continuo u sly with increases in Psi. a f ter
the peak that occurs around Psi = 10 — 15 degrees. 

- -~- ----—--~~~~ -—. ~~~~ .-.-—-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~ - 
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Figure 23 illustrates the decrease in the max imum
obtainable power density for all values of Psi as the wind
velocity increases. This is due to the spreading effect on
the power density distribution caused by the wind that was
described previously.

Figure 24 illustrates the independence of the maximum
power density on the wind direction (Chi) for all values of
Psi. Clii equal to 270 degrees is not plotted but is
equivalent to the condition at 90 degrees because of the
symmetry of the slope probability f unction about the wind
direction.

The angle with respect to the vertical from the point of
observation below the ocean surface (Mu ) at which the

maximum power density occurs for each value of Psi is

plotted in Pig. 25. The plot is independent of wind
velocity and direction. Examining Figs. 16 — 19 it can be

- 

- 
seen that Pig. 25 is also independent of depth and spot
size. Mu for maximum power density increases nearly

linearly frcm approximately 1 to 56 degrees as Psi goes from

0 to 84 degrees. The increase in Mu is due to the power

density distribution shifting away from the vertical for

increasing valules of Psi as discussed earlier and
illustrated in Pigs. 12 and 13.

:1 The obvious consideration with an optical communication
or detection system is the decrease in m aximum power density

- 1 that  accompanies higher incidence angles and wind
velocities. The strong independence of the angle Mu at

which the maximum power density occurs with respect to the

wind veloci1ty, wind direction, depth and spot size indicates

28 ,
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that a satellite based laser navigation system for submarine

- 
usage may be a possibility.
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VI. cQ~c. s;Oi~

The time—averaged power—density distribution below the
— ocean surface due to incident laser radiation has been

examined through computer simulations in both the Near Zone
and the Par Zcne regimes. The effects of altering incidence

angles, wind velocities, wind directions, beam spot sizes
and depths of penetration have been presented.

The power—density distribution was found to be highly

dependent on the angle of beam ii~cidence, the wind velocity

and the attenuation associated with depth of penetration of
-
~ - 

the laser beam.  The fact tha t the location of the maxim um
power density was found to be —fundamental ly dependent on
only the angle of beam incidence indicates a possibility of
direction finding capabilities by a submerged receiver.

Impr ovements in computer systems and analysis techniques
have allowed an examination of a much broade r range of
variables than were possible heretofore. Angles of beam
incidence up to 811 degrees were considered within the range
of validity fcr restrictions placed on the simulation.
Above 814 degrees incidence angle the possible interactions
at the air,sea interface make an analysis of the
power—density distribution extremely complex , and
experimentation will be necessary to give indications of the
feasibility of laser operations in this area.

This simulation could be extended to an analysis of much
larger spot sizes that would be expected from a satellite

based transmitter. Prettyman and Cermak(Ref. 17] suggested

that  the effects of larger spots coul d be approximated by

L~~~~~~~~~~~~~~~~~ ._
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assuming each wave facet in dependent of its neighbors and
then integrating over the larger spot area , since the small
spot represents the outer limit of the effects of the ocean

- - surface on a laser beam of greater spot size. There would

have to be a large number of surface facets contained in the
spot to insure facet independence and accurate
approximations, hence a strong depen de nce on the wav elength
of the w ave associated with wind velocity.

An extension of the simulation to pulsed laser radiation

is also warren ted, since this mod e of operation may be

required for air—to—subsurface laser systems. The effects
of pulsed radiation occur nearly instantaneously as compared
to the tiae ’averaged analysis performed in this simulation.

A further refinement of the simulation woul d involve a
more complex modeling of the beam attenuation due to
scattering and absorption in the ocean through the use of a
diffusicn or a multiple forward  scattering method , both
described by Bucher(Ref. 18) and Preisendorfer(Ref. 16].

:
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APPENDIX A

FIGURES
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Tigure 1: Coordiriaite systevm

32
—

~

—-

~

---—— -- -- ~~~~~~~~~~~~~~~~ ~~---~~~~~~ .-. ~~~~~~~~~~~~~~ • -~~-—~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ---— —--u-



_ _ _  
- 

_ _ _ _ _ _

z

INCIDENT
LASER
BEAM

‘
__

?— I
/

/

/
/I I  -, .,‘I ~

,

~ ~1? ~~~~~~~~~~~

UNDISTURBEDI OCEAN SURFACE
(E.LIPTICAL INTERSECTION)

x

I
Figure 2: Intersec tion of laser beam

with ocean wave facet
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Figure 4: Maximum angle of incidence
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APPENDIX B

• CONPUTER PR0GRA~ USAGE

To use the computer programs listed following this

App endix, first compute the ratio of the depth of the point

of observation below the ocean surface to the beam radius at

the surface facet, Z/a. Use the Near Zone program for

Z/a~ 100 and the Far Zone program for Z/a>100. The Near Zone
program may be used for any value of Z/a , but a sl ight

computation time and computer storage increase will result.

The only oth er basic requirement is the select ion of
eight input variables. The variables are listed below along
with the line from the respective program in which they
appear.

- - 

~~~~~
• V AR IA BLE ~Qjj ~ ZONE

Depth , Z (m) 470 440
Beam radius , BAD ( m) 480 450
Angle Nu , NUORUN (døg~ - 490 480

- Backward scatterin j coefficient, aS 560 530
- I —1( Absorpt icn  coefficient, AC (i ) 570 540

— - Bea m incidence angle, PSIRUN (deg) 630 590

- Wind direction, CHI ( rad)  680 640
Wind velccity, W (a/sec) 710 670

Z , BAD , N U O R U N , BS and AC are direct program inputs

- - - -



-
~~~~~~~ ___ ______________________n 

~~~~~~~ w~~~~~~~~I V M~~~~ flwfl

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • -

made on the indicated lines. PSI, CHI and W are selocted

from DATA statements 430 and 440 in the Near Zone program

and 1420 and 1430 in the Far Zone program. The variable

locations in DATA statements were used for multiple

variations of the parameters in a slightly different form of

the program than presented which is easily set up with DO

LOOPS. The entry variables may also be varied in this same

manner.

Both programs must be combined with the common package

of subroutines that are listed follo wing the basic pro gram
listings. H

The cutput from both listed programs appear on the next

two pages.
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