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1.0 INTRODUCTION

Water is a reflecting surface, and therefore can be a hazard source when illuminated by a laser
beam. Personal experience of sunlight reflected from bodies of water, usually described in terms
of glint, illustrates the dynamic nature of reflections and the role of the structure of the surface [1].
A smooth surface has a nearly constant glint pattern, while the glint pattern becomes more variable
as the surface becomes less smooth. The roughness of the water surface increases monotonically
as the wind speed increases, so lower wind speeds imply smoother surfaces. The bidirectional
reflectance distribution function (BRDF) quantifies the reflecting properties of a surface. The
surface of water has reflecting features over many length scales, from small ripples to large swells.
These features depend on the wind speed, with windier conditions generally leading to a rougher
surface. Waves are the primary feature of a water surface, and their variability obviously
complicates a BRDF model. While not completely stochastic, waves do have variability over
location and time, and models exist to quantify the features of waves [2]. A combination of
models, one for small-scale features and another for large-scale, provides the basis for a
probabilistic BRDF of a water surface.

The significant changes from the previous version of this technical report [3] are: removal of water
temperature as an input, calculation of the minimum wave number based on the wind friction
velocity, refinement of the reflected beam obscuration calculation, revision of the smooth water
BRDF, replacing the normalization factor with a shadowing function and revising the normal
variances, revision of examples, and addition of an empirical water BRDF model.

2.0 OVERVIEW OF MODEL

The probabilistic water BRDF model has two main components — smooth water BRDF and wave
motion. The first applies to length scales smaller than the laser beam diameter, where the BRDF
is deterministic and based on water slope variances [4]. These variances depend on the wind speed
and the beam diameter. The second component applies to longer length scales and is based on the
wave energy spectrum, resulting in a probabilistic BRDF [5]. The wave energy spectrum depends
on the wind speed and direction and is comprised of sine waves with different wave numbers and
phases. A set of wave numbers and phases determines the surface height as a function of location
and time. Each such set is an instance for the spectrum, and a set of instances provides the
probabilistic aspect of the model. The location and direction of the laser beam at a given time
provide an intersection location on and normal to the water surface for each instance. When
combined with an observer location, these determine the geometry of the reflection and a BRDF
based on the water slope variances. Accumulation of the BRDFs over all instances provides the
statistics of the BRDF. All locations and times in a simulation use the same instances of the wave
energy spectrum.

The process of calculating a probabilistic water BRDF is illustrated in Fig. 1. The locations of the
laser and an observer, and the direction of the laser beam, describe a laser engagement scenario.
These quantities may change over the course of the scenario. Other required quantities, such as
the wind speed, are taken to be constant over the scenario. The nature of these input parameters
is indicated as either static or dynamic in Fig. 1. The wave energy spectra depend upon the wind
speed and wave number. For a given scenario, a number N of instances of the wave spectra are
generated from a finite number M of random wave numbers, angles, and phases, with each instance
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using a different set of wave numbers, angles, and phases. For each instance, the laser beam
intersects the surface of the water, and a BRDF in the direction of the observer is calculated. The
statistics of the BRDF are determined from the multiple instances.

[

Static Parameters Wind Speeds
Wind speed Friction
Wind direction At set heights

Beam diameter
No. random variables - M S Y ——— ! -
No. instances — N N Instances

M Random Variables
Wave number k
Wave phase angle y

Wave Spectra
Energy
Directional spread

Wave angle ¢
Dynamic Parameters
Locations
Time J/
Wave Geometry BRDF
Beam intersection Whitecap <
Wave normal Smooth wave

Figure 1. Elements of the probabilistic water BRDF model

The probabilistic water BRDF model uses both meter-kilogram-second (mks) and centimeter-
gram-second (cgs) units, as appropriate for the calculation. The default unit is mks, but the natural
unit for the wind friction velocity is cgs, so wind speeds and wave energy spectra are expressed in
this unit.

3.0 WIND SPEEDS

Wind speed determines wave energy spectra, and wind speeds at different heights are required in
various calculations. These speeds are denoted by Wj, where W is the speed and 4 is the height
above the mean water surface. The wind speed at any height [6] is

W(h) = W, = WT*ln (h%) , )

where w* is the wind friction velocity, and the roughness height 4o is

0.684
ho(w*) = — T 428x 1075(w*)? — 0.0443. (2)
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The von Karman constant x = 0.4, and cgs units apply to both equations. Given a wind speed and
height, Egs. (1) and (2) are solved iteratively to yield a wind friction velocity. Once the wind
friction velocity is known, the wind speed at any height is given by Eq. (1). Wind speeds used in
subsequent calculations are those at heights of 10 m, 12.5 m, and 19.5 m, denoted by Wio, W25,

and W9, respectively.

The Beaufort Scale is a common method for assigning wind speeds to water surface conditions
[7]. The Beaufort number and corresponding wind speed and wave friction velocities are given in
Table 1. Lasers are not expected to be operated in conditions worse than a strong breeze, so only
Beaufort Numbers from 0 to 6 are used when calculating results from the probabilistic water BRDF
model. The corresponding wind friction velocities used in subsequent calculations are 2, 4, 8, 16,
24, 40, and 56 cm/s, respectively.

Table 1. Beaufort numbers and corresponding wind speeds

Beaufort Description Wio (m/s) w* (cm/s)

Number Range Nominal Range Nominal
0 Calm 0-0.5 0.25 0-2.40 1.31
1 Light air 05-1.5 1.0 240-6.24 4.40
2 Light breeze 2-3 2.5 7.98 -11.20 9.62
3 Gentle breeze 4-5 4.5 14.18 - 17.08 15.62
4 Moderate breeze 6-28 7.0 20.23 - 28.80 24.08
5 Fresh breeze 9-11 10.0 34.02 -45.10 39.47
6 Strong breeze 11-14 12.5 45.10 - 62.90 53.83
7 Near gale 14—-17 15.5 62.90 — 82.08 72.31
8 Gale 17 -21 19.0 82.08 — 109.88 95.66
9 Severe gale 21-24 22.5 109.88 — 132.45 120.98
10 Storm 25 -28 26.5 140.31 — 164.93 152.42
11 Violent storm 29 -32 30.5 173.49 —200.26 186.67
12 Hurricane 33-36 345 209.57 — 238.65 223.89

4.0 WAVE ENERGY SPECTRA

The height and normal of the water surface vary with location and time, and variations of these are
important for the BRDF of water as time advances and locations change during a simulation.
Waves on the sea are decomposed into a superposition of sine waves of different wavelengths,

amplitudes, and directions.

The wave energy depends on the wave number and wind speed. The wave number k (rad/cm) is

where A is the wavelength of the wave. The dispersion relation is

3
Distribution Statement A: Approved for public release; distribution is unlimited. CLEARED: PA CASE # AFRL-2023-1384. The opinion
expressed on this document, electronic or otherwise, are solely those of the authors. They do not represent an endorsement by or the views of the
United States Air Force, the Department of Defense, or the United States Government.



" k3
W’ = gk+7 tanh(kd) , (4)

where w (rad/s) is the angular frequency, g is the acceleration of gravity, 7 is the water surface
tension, p is the water density, and d (cm) is the water depth [5]. Values for these quantities are g
=981 cm/s?, 7= 76.3 dyne/cm, and p= 1.0 g/cm? for fresh water and 1.025 g/cm? for oceanic salt
water. Surface tension effects are negligible for wavelengths longer than a meter, while the
hyperbolic tangent term goes to unity for deep water.

There are a variety of wave spectra models, the best ones being combinations of fits for different
wavelength ranges. Aguirre et al. use the Bjerkaas-Reidel wave spectrum [8] with five wavelength
ranges. Wavelengths shorter than the laser diameter at the water surface are unimportant when
determining the water normal, although they are important for the deterministic BRDF.

Constants used in the calculation of wave energy are a = 8.1 x 103, = 0.74, k> from Eq. (4) for
which w=20r rad/s (for large d, k> = 2.647 rad/cm for fresh water and 2.659 rad/cm for salt water),

km = T ) (5)
p =5—logo(w?), (6)
2
ko= 29 ana %)
3 W19.5
K2\
_ 1+ o1
o g (o eyt )
= () G [+ AT ©
+_
%)

where Eq. (8) is solved iteratively.

For a given wave number £, the wave energy spectra S(k) is given by the following procedure. In
the Pierson-Moskowitz range, for which & < ko,

_Bg* _3,,
B_W%_Eko and (9)
S(k) = S, (k) = %exp (~B/,») - (10)

If the location of the engagement is less than 100 km from the shore, the effect of wave fetch can
be significant if the wind is blowing away from land [9]. The correction for wave fetch applies a
multiplicative correction to Eq. (10) of 3.3”, where
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2
(w(k) - a)p)

= exp |- , 11

r exp[ 2 (11)
g2 3

w, = 22 <X : W10> , (12)

_ 0.0098 forw < wp 13

s _{0.0162 for w > w, ’ (13)

and X is the distance to the shore in the direction from which the waves originate.

In the Stacey range, for which ko < k < ki,

Ss. (k) = (271.5 + 13.585 W*)\/% exp[2.53(0.4m — \/gk)] and (14)

_ (max[S;(k),Ss: (k)] forw™ >35.8cm/s
S0 = { 1Sl(k) * forw* < 35.8cm/s (15)

Finally, in the Kitaigorodskii range, for which k1 <k < ko,

k2

27_[ p_l 1 + 3@
S,(k) =0.4375(— =" - (16)

\/g k AV k SAIg
e (42| e+ 1)
and
_ (max[Ss.(k),S,(k)] forw™ > 75.76 cm/s

Stk) = { S, (k) forw* < 75.76 cm/s (17

The expressions for S(k) are one-dimensional wave energy spectra. The full wave spectrum [2],
including direction and phase, is

Sk, @) = S(k) F(k, ¢), (18)
where the directional spreading function £ is

2(1—-A4 A
F(k,¢) = F(¢) = %COSZ(Q') — dw) + - for —% <(p—dw) < g (19)

0 otherwise

where 4 = 0.2, ¢w is the wind direction, and
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Ll />
| Fr@yas= [  F@p=1. (20)
. 2

The wave energy spectrum for selected values of wind friction velocity are shown in Fig. 2.

w* =56.cm/s 20
6 24N\
16

log[S (cm?/rad/cm)]

-5 -4 -3 -2 -1 0 1
log[k (rad/cm)]

Figure 2. Wave energy spectra for indicated values of wind friction velocity w*

The instances of wave energy spectra are indexed by i = 1 to N, with each instance composed of
j=1to M random wave numbers k;, wave phase angles y;, and wave angles ¢. Wave numbers
are limited to the range

log(kmin) = —2.108log(w*) — 0.267 and (21)
21
kmax = max [kz, max (f_D' V10 kmin)] , (22)

where D (cm) is the beam diameter and typically f= 2. Random wave numbers are drawn from
the uniform distribution

]}j € [ln(kmin):ln(kmax)] (23)
with
The extent L of the wave numbers is

L= [ln(kmax) - ln(kmin)] . (25)
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Random wave phase angles are drawn from the uniform distribution
Y; € [0, 2m] (26)

and random wave angles are drawn from the uniform distribution

b€ |ow—5.0w+35]. @27

5.0 WAVE GEOMETRY

The wave geometry for each instance i = 1 to N determines the location of intersection of the laser
beam with the surface of the water, and the normal of the water surface at that location. The wave
geometry depends on the location (x, y) and time ¢z. At each time ¢, the laser and observer are at
locations 7, and 7, respectively. The direction k;, of the laser beam is given or calculated from a
target location 7ip with

~ FT - FL
kj = ———. (28)
t v — 7l
A location 7 along the laser beam is therefore
F:FL+di€L, (29)

where d is the distance along the beam from the laser source.

Each instance 7 has a set of random parameters (ki;, yi;, and ¢;;), with each parameter having M
members, typically on the order of 5 to 20. These parameters generate the full wave spectra

S(kijs i) = S(kij)F (1) - (30)

Each instance also has M angular frequencies a(ki;) calculated using Eq. (4) and phase functions
Wiy, t) =9 + a)(kl-,j)t + ki j [x cos(d)i,j) + y sin (qbl-,j)] (31)

A given ocean surface instance i has wave components, each with a specific wave number £;},

wave phase y;;, and wave direction ¢;; (allowing only directions where F(¢) is non-zero) [2],
resulting in wave height 7;;,

ni‘j(x, v, t) = \/2 S(ki,jr ¢i,j) Aki,j Ad)i,j COS{LIJL'J'(X, v, t)} . (32)

Adding the set of these wave components, spanning the ranges of wave number and direction,
provides a good approximation of a sea state, with total wave height
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M
ni(x,y,t) = Z \/2 S(kij, ¢ij) ki j Ady; cos{¥; ;(x,y,0)} .
=

(33)

Because the wave numbers span many orders of magnitude, obtaining a representative sea state
using a reasonable number of components requires reformulation in terms of the logarithm of the

wave number,

ki = In(k;),
so that

Using these expressions, Eq. (33) for the wave height becomes

M
ni(x, v, t) = Z \/2 S(ki,j' ¢i,j) ki,j Aki,j A¢i,j COS{lpi,j (x, v, t)} .
=1
The extents of the wave number and angle, from Egs. (25) and (27), respectively, yield
- L
Aki']’ A¢i,j = MTE .

The total wave height then is

21l ~
ni(x,y,t) = 57h Z\/S(ki,j' bij) kij cos{¥;;(x,y,0} .
=

The wave slopes are

M

dn;(x,y,t) 21 3/ _

e = - /—M Z ’S(ki,j, bi ;) k' cos(¢; ;) sin{®;;(x,y,0)}
]:

and

M
dn;(x,y,t) 2L 3/, . .
LD - B [5s 00) 1 si) sft (5.0)
y M

resulting in normal N; to the wave

8
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— dni/ _ dr/i/ 1

1 () 4 (M)

The maximum wave height is

M
’27TL
Nimax = 72 \/S(ki,j: ¢i,j) ki,j . (42)
=1

The maximum slopes are

M

dn; _ ’ZnL 3/,

AXmax A M ; S(ki'f' ¢i.j) ki COS(fl-')i,j) (43)
M

dn; /27TL 3

d_ylmax N 2 S(kijobij) ki jsin(is) (44)
Jj=1

resulting in a maximum water surface slope of

dn; 2 (dn; ?
7 = [{— — . 45
Nimax (dx max) + <dy o (45)

The intersection of the laser beam with the water surface is the first occurrence when the height of
the beam is equal to the height of the water. Setting

d _ MNimax — Lz +D
i,min — E
Lz

: (46)

step along d = (dimin + [ D) using Eq. (29), where [ is an integer starting at zero, until 7, <
n;(x,y,t). Then iterate to find the location (x;w, yiw) where n;(x,y,t) = 7,(d) . This yields the
intersection location

Tiw = (i Vi M (i Viw £) ) - (47)

Next, check for obscuration by the water surface of the reflected ray to the observer. The direction
to the observer is

Ei,o = M . (48)
7o = 7o |
9
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If the slope of the direction to the observer,

. 3
ko = Lot , (49)

k120x+k10y

is greater than the maximum water surface slope, then no obscuration is possible. If obscuration
is possible, step along

F = Fi,w +d iel'lo (50)

with d a multiple of D/2. Obscuration occurs when 7, < 1;(x, y,t) and the reflected beam does
not illuminate the observer. Stepping terminates at this point or when 7, > 7); max and there is no
longer a possibility of obscuration.

6.0 BRDF

Each instance has a BRDF calculated from the BRDF model. If the reflected beam is obscured,
the BRDF is zero for that instance. If there is no obscuration, the BRDF is calculated from models
of either a whitecap or a smooth water surface. The presence of a whitecap determines which
model is relevant. These models are detailed in the following two sections.

6.1 Whitecap Presence and BRDF

In general, the fraction of whitecaps over a large extent of water increases with wind speed, and
there are several empirical models for this fraction. Wu [10] gives the fraction Fwc as

Fyc = min(1.0,1.7 x 107¢ - W375), (51)

where Wio has units of (m/s). The whitecap fraction increases until the wind speed is
approximately 35 m/s (hurricane force), at which point the water surface is entirely covered in
whitecaps.

Each instance of the probabilistic water BRDF model calculates a specific intersection of the laser
beam with the water surface. Therefore, a fraction of whitecaps is not appropriate for this model.
Instead, an acceleration criteria proposed by Chen [11] determines if a whitecap is present at the
location of intersection. Whitecaps occur at or near the crest of a wave, when the vertical
acceleration is less than —0.39 g. Using the wave height given by Eq. (38), the vertical acceleration
of a wave is

f ’2 L
nlc(i}thy t) U i Z z(kl])\/S(kU,(ﬁU) kl] COS{‘PU(X Y, t)} (52)

Simulations of whitecap formation as a function of wind speed using Eq. (52) yielded lower
fractions than those given by Eq. (51). Therefore, the whitecap model includes the additional
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feature of feathering, or blending, the whitecap with the surrounding smooth water surface. Chen
[11] presents an involved method for feathering. A more tractable model, inspired by that of Chen,
is the probability of a whitecap Pwc, given by

1 71, <—039g
M +ag .
={—  -0.39 < — .
0 —a g <fij

The value of o depends on the wind speed and was determined from simulations of the fraction of
whitecaps as a function of « for fixed wind speeds. Linear fits of the fraction as a function of wind
speed determined the value of « at which the fit equals the fraction given by Eq. (51) for that wind
speed, yielding

a=-—0.0022 w* + 0.4448, (54)

where w* has units of cm/s. The whitecap fractions from Eq. (51) and simulations using Egs. (53)
and (54) are shown in Fig. 3.

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04 °

Whitecap Fraction

1.E-05

1.E-06
0 20 40 60 80 100

Wind Friction Velocity (cm/s)

Figure 3. Whitecap fraction calculated from Eq. (51) — solid line — and simulations using Eqs. (52)
to (54) — circles

If a whitecap is present at the location of intersection of the laser beam with the water surface, the
BRDF f;wc is Lambertian and given by

frwe = % [0.22 exp{—1.75(max(4,0.6) — 0.6)}], (55)

where A is the wavelength in microns [12,13,14].
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6.2 Smooth Water BRDF

If a whitecap is not present, then the BRDF for smooth water is appropriate for that instance. The
smooth water BRDF is a faceted model, similar to the Maxwell-Beard BRDF model for materials
[15]. The surface is composed of facets smaller than the beam diameter, with a distribution of
normals peaked about the global normal. Reflections from the laser source to an observer are
specular reflections from correctly aligned facets. The smooth water BRDF £, sw is

1
cos 0; cos 0, cos*¢

frow =7 psw () p(©) 66,6, ), (56)

where the angles are illustrated in Fig. 4, psw is the water specular reflectance, p is the wave slope
probability function, and G is the shadowing function [16]. The geometry of smooth water BRDF
for a wave instance is shown in Fig. 4. The wave normal is N;, which usually does not align with
the global vertical N, H is the half-angle between the incident and reflected directions, and the
other angles are indicated.

)

Incident N;

H

Reflected

Smooth wave surface

N; — normal of surface

/ H - half-angle, normal of specular \

reflection facet

Figure 4. Directions and angles for smooth water BRDF

For laser and observer locations 7, and 7, respectively, and laser beam-water intersection location
1; w for instance i, from Eq. (47), the incident and reflected direction vectors are

n — ri,w

‘75 = ——— and (57)
171, = 7wl
f= o Ttw (58)
||To - ri.w”
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Note that the subscript i for wave instance is implicit in this section to avoid confusion with the
angle of incidence 6.

The half-angle vector H of the wave facet reflecting light from the laser to the observer is

H= (59)

| 0
~| =

+
+

Since the smooth water BRDF uses a facet model, H is also the normal of the facet specularly
reflecting the laser beam.

The angles of incidence and reflectance relative to the wave surface normal are
cosf; =V,-N; and cos6,=V.-N; . (60)
The angle of incidence relative to the facet normal is

cos(=V.,-H=V.-H. (61)

The normal-incidence reflectance pn of the water surface is

= () @

where 7 is the index of refraction. The index is known at wavelengths from 200 nm to 200 um as
a function of salinity [17, 18], and is approximately 1.33 at 1 pum, resulting in p, = 0.020. The
water reflectance for unpolarized light is approximated by [19]

psw(§) = pn + (1 = pn)(1 = cos 0)°. (63)
The Nakajima-Tanaka shadowing function G (8;, 6,) is
02 =534%x10"3 Wy, , (64)

cos 6; cos 0,

and v, = ——— ,
" o1 —cosb,

(65)

Vi =

B 041 —cosb;

F(v) = 1 M —erfc(v)| , and (66)
2] Vw2
1
G (67)

T1+ Fv)+FOy,)

Here, the units of Wi are (m/s) and the maximum value of G is 1.
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The wave slope probability function has two factors, the Gaussian first-order term po and the
correction for kurtosis and skewness pis. The wave slope probability function also depends on the
wind direction, with upwind and crosswind horizontal direction unit vectors W, and W,
respectively. If the wind direction is at an angle ¢w with the local x-axis, then

W, = (cos ¢y, sin Py, 0) and W, = (— sin ¢y, cos ¢y, 0) . (68)

The upwind and crosswind half-angles are

H—(H- W)W, . H—-(H-W,)W,
g, o DWW g o = (W)W, (69)
A — (H - W)W | — (H - W)Wy |
with corresponding normals
I Y GRAY A (R-W)W
N, =— (A VKC)VKC and N, = — (A VK“)VE“ : (70)
N — (N - W)W | N — (N - W)W, |
The wave normal variances are
cosé, = Hy "N, cosé. = H.-N,, and cosé=H-N;. (71)

The Gaussian first-order term is

2 2
Po L exp {—1 (EL2+ EL)} L exp {—% (U*+ Cz)} , (72)

T o Oy O 2 \ogy 0.2 T2 Oy O
with
U= E—u and C = i . (73)
O-u O-C

The variances [4] are

(0.0033 Wyo+0.2 666)}

(1 - e (- s5g0m)) vl (5 1 )
P\ 36.8188/) " |\D (1.3261 W, + 6.2780)

2 _
oy =M, (0.0240 W10+0.4-956)} (74)

vexp (- 31es) ere| (5 1 )
P\ 368188/ " |\D (7.0628 W, + 24.2598)

and
Wio 1 1 (0.0021 W;¢+0.2965)
1- ——2 _\lerf <_ )
) { eXp( 35.1072)}er C{ D (1.2156 Wy, + 11.3065) }
O—C - C (75)

(0.0241 W10+0.5021)}

vep (- 33073 ) ere : )
P\ 7351072/ *"\\D (7.0596 W, + 24.4595)
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with 1/e? beam diameter D (m), wind speed Wio (m/s), and large spot limits M for variances
Mu = 000316 W12_5 and (76)
M. = (0.003 + 0.00192 W;,5) . (77)

The correction for kurtosis and skewness is

1 2 1 3 1 4 2
pks=1—EC21(C _1)_€C03(U —3U) + ﬁczxo(c —6C* +3)

1 1 (78)
+ 7622(C7 = DW? = 1) + 704 (U* — 6U% +3)

where ¢21 =0.01 — 0.0086 W12, co3 =0.04 — 0.033 Wias, ca0 = 0.40, c2o = 0.12, and cos = 0.23 [1].
The wave slope probability function is

p(§) = Do * ks - (79)

7.0 CALCULATION SUMMARY

The following steps are required to implement the probabilistic water BRDF model for
engagement scenarios involving reflections of laser beams from water surfaces. An engagement
scenario consists of laser and observer locations at discrete times, and the laser aim point or
direction at these times.

First, set the static parameters for the engagement scenario. These are the wind speed and direction
(typically a wind friction velocity or a speed at a given height above the mean surface with
direction aligned to a global axis), the water depth if close to shore, and the number of wave
numbers M for each instance and the number of instances N. While the beam diameter may vary
with time, the effect of this variation is slight so fix the beam diameter to a representative or
minimum value. Calculate the wind speeds using the equations in Section 3.

Next, for each instance, draw random values for the wave numbers, phase angles, and angles, and
calculate the wave energy spectra using the equations in Section 4. These wave energy spectra
apply to all locations and times of the engagement scenario.

Finally, at each time and observer location, calculate the intersection location of the laser beam
with the water surface and the normal of the water surface at this location for each instance using
the equations in Section 5. Use this location and normal to calculate the BRDF using the equations
in Section 6. Accumulate the BRDFs at each time and observer location over all instances, and
then calculate the statistics of the BRDF. These statistics are typically the mean and standard
deviation. These statistics are the probabilistic water BRDF for that time and observer location.

8.0 EXAMPLE RESULTS
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The probabilistic water BRDF model obviously has many inputs, so generalizing the model is not
possible. However, illustrating some general trends with examples is feasible. This section uses
a base engagement scenario with variations. The base scenario has a wind friction velocity w* =
8 cm/s (light breeze), wind direction ¢w = 0° (along the x-axis), laser beam diameter D = 15 cm,
angle of incidence & = 30°, and angle with the wind direction ¢ = 0°. The number of wave
numbers M = 5 and the number of instances N = 50.

An example of the wave heights resulting from this base scenario are shown in Fig. 5 both as a

function of distance for selected times, and as a function of time at a fixed location. The waves
are semi-periodic with distance and time, as expected.

w*=8cm/s D=15cm

Height (cm)
o
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Distance (m)
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Figure 5. Illustrative wave height (a) as a function of distance at indidated times and (b) as a
function of time for the base engagement scenario.

In general, the water BRDF has a maximum in the specular reflection direction with a Gaussian
distribution around this maximum. This distribution has both in-plane and out-of-plane
components. Therefore, using these two components to illustrate the water BRDF is convenient.
This concept of in-plane and out-of-plane is also applicable to the empirical water BRDF detailed
in Section 9.

In-plane refers to the plane of incidence, defined by the global normal direction (vertical) and the
direction of incidence or reflection. In general, this is the x-z plane if the engagement scenario
aligns the laser and aim point in this plane. Out-of-plane refers to the plane perpendicular to the
plane of incidence and containing the direction of reflection. It is therefore perpendicular to the x-
z plane and at an angle & to the vertical.

With the x-z plane as in-plane, and & the angle of incidence, & the in-plane angle of reflection,
and ¢ the out-of-plane angle of reflection, the incident direction is

k; = (=sin#;,0,cos6,) , (80)
the in-plane reflected direction is
k, = (sin#6,,0,cosb,) , (81)
and the out-of-plane reflected direction is
k, = (sin; cos ¢,., cos 0; sin ¢,., cos 6; cos ¢,.) . (82)

The in-plane and out-of-plane BRDF for each instance of the base engagement scenario are shown
in Figs. 6, and the average BRDFs are shown in Fig. 7. Also shown in Fig. 7 is the flat wave
BRDF, the BRDF assuming no wave geometry. The instances of BRDF span a significant range
in both angle of reflection and magnitude. These ranges result from variations in the wave normal
at the location of intersection with the laser beam. In-plane variations account for the increase in
the magnitude of BRDF in Fig. 6(a) as the angle of reflection increases. This increase in angle
results in smaller cosine terms in the denominator or Eq. (56) and greater specular reflectance in
Eq. (63). Out-of-plane variations account for the range in angle of the maximum BRDF in Fig.
6(b) and for the decrease in magnitude in both Figs. 6(a) and 6(b).
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Figure 6. All instances of the (a) in-plane and (b) out-of-plane BRDF for the base engagement
scenario.

Both the in-plane and out-of-plane average BRDFs in Fig. 7 are well behaved, with maximums at,
or close to, the specular reflection angle. The maximum of the average is less than that of the flat
wave BRDF, while the width is greater, as expected from the instances shown in Fig. 6.
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Figure 7. Average of the BRDF instances (solid line) and flat wave BRDF (dashed line) of the (a)
in-plane and (b) out-of-plane instances of the base engagement scenario.

The variation with wind friction velocity is shown in Fig. 8. The maximum BRDF decreases
rapidly with increasing wind velocity. This decrease is inversely proportional to the wind friction
speed and is greater than an order of magnitude over the range.
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Figure 8. Average (a) in-plane and (b) out-of-plane BRDF for the base engagement scenario with
the indicated wind friction velocities.

An aspect of water BRDF not usually present in faceted BRDF models is shown in Fig. 9. A
“secondary” BRDF peak occurs at angles of reflection near 80°. This is due to large wave normal
variances in Eq. (72) and small cosine terms in the denominator of Eq. (56). Increasing wind
friction velocity and angle of incidence makes these “secondary” peaks more pronounced.
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Figure 9. Average BRDF for the base engagement scenario at the maximum wind friction velocity.

The variation with laser beam diameter is shown in Fig. 10. There are no definite trends with beam
diameter, other than a possible slight increase in maximum BRDF with increasing beam diameter.
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Figure 10. Average (a) in-plane and (b) out-of-plane BRDF for the base engagement scenario with
the indicated laser beam diameters at 5 cm increments.

The variation with angle of incidence is shown in Fig. 11. As expected from Egs. (56) and (63),
the maximum BRDF increases with increasing angle of incidence, with the increase being
particularly steep at large angles of incidence.
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Figure 11. Average (a) in-plane and (b) out-of-plane BRDF for the base engagement scenario with
the indicated angles of incidence.

Finally, the dependence on angle with respect to the wind direction is shown in Fig. 12.
Dependence of the in-plane BRDF is slight, while the out-of-plane BRDF shifts slightly with
increasing angle.
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Figure 12. Average (a) in-plane and (b) out-of-plane BRDF for the base engagement scenario with
the indicated angles relative to the wind direction in 15° increments.

9.0 EMPIRICAL WATER BRDF MODEL

An empirical water BRDF model provides an alternative to employing the full probabilistic water
BRDF model detailed in previous sections, with a corresponding decrease in computational time.
It also offers a set of stable BRDF values, without the variations that occur when re-computing a
probabilistic value.
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The empirical water BRDF model has in-plane and out-of-plane components, as introduced in
Section 8. The laser, water intersection, and observer locations are 7, 7y, and 7, respectively.
The water surface has normal 7 = (0,0,1). The incident direction k; is

~ T, — 1
i = % (83)
|7, — 1w
and the specular reflection direction is
kr=2(Rk)A—k;. (84)
The in-plane and out-of-plane normals are
i xk R
ﬁin = ,\—Ar and ﬁout =k, X ﬁin . (85)
|n X kr|
The direction to the observer is
- To — 1
ko = H (86)
ITo — Tw

The components of this direction in the two planes are

=~ 'IEO - ('IEO ' ﬁin)ﬁin ~ EO - (EO 'ﬁout)ﬁout
koin = 7= ———— and koo = 1= — : (87)
oan |k0 - (ko : nin)ninl oout |k0 - (kO ) nout)noutl

The angles between the direction to the observer and the specular direction in the two planes (&
for in-plane and ¢ for out-of-plane) are

cos 6, = (0,0,1)  kpin and cos ¢, =k, kg out - (88)

The probabilistic water BRDF model generates results as a function of wind friction velocity, laser
beam diameter, and angle of incidence. The average in-plane BRDF is f,.(6,) with standard
deviation ug, (6,); the average out-of-plane BRDF width is o(0) with standard deviation u4(0); and
the average out-of-plane peak offset is A &) with standard deviation us(€). For an observer
location,

0; + 6,
o= o(0) cos( ) 0, i (89)
a(0) cos(6;) 6, >0,
with BRDF at this location of
N r = 6 z
£0) = £(6,) exp [— (=9 ] . (90)
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Typically, 6= 0 in Eq. (90). The in-plane BRDF and out-of-plane width and peak offset values
and standard uncertainties provide the basis for Monte Carlo simulations. Alternatively, the
uncertainty in the BRDF at the observer location is

[uml fr(e»l l ¢>r ua<0>l l ¢r “6(9) (91)

fr ﬁ"(gr 0'(0)

10.0 CONCLUSIONS

Reflections of incident laser beams by water are a potential concern. Surface waves complicate
the BRDF of water, as they depend on the prevailing wind speed and direction and introduce a
probabilistic aspect into modeling the BRDF of water. The model of water BRDF presented here
accounts for waves over many length scales. A probabilistic wave energy spectra models those
with wavelengths longer than the diameter of the incident laser beam to yield a water surface
normal at the location of incidence. This normal changes with location and time according to the
wave energy spectra. Facets with a slope distribution function model the shorter wavelengths.
The BRDF depends primarily on the wind speed and locations of the laser, intersection of the laser
beam with the water surface, and observer. Examples of BRDF as a function of wind speed and
angles show that the BRDF is significant only close to the specular direction and for small wind
speeds. An empirical model for more rapid calculations has in-plane and out-of-plane components
with values based upon results from the probabilistic model.
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