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The shape of echo–signal is studied in pulsed laser sounding a sea surface. The 

expressions for the delay, width, and average power of echo–signal recorded by the lidar 
receiver in monostatic and bistatic sounding of a wavy foam–free sea surface and of a 
sea surface partially covered with foam are derived. It is shown that the configuration of 
lidar, its parameters, and foam formations substantially affect the shape of the echo–
pulse being received. 

 
Laser pulsed sounding is one of the promising methods of 

sounding of the state of the sea surface. The methods of pulsed 
sounding are based on measurements of the time delay 
between a sounding pulse and that reflected from the sea 
surface as well as measurements of the shape and width of 
reflected pulses. 

The variances of heights and slopes are the most 
important statistical characteristics of the sea surface. These 
characteristics can be measured from onboard an aircraft, 
helicopter or spacecraft in pulsed laser sounding. The variance 
of heights of the irregularities can be found from broadening 
or slope of the leading edge of the short laser pulse reflected 
from the sea surface and the variance of slopes can be found 
from the increase in the width of the trailing edge of the 
reflected pulse (see, for example, Refs. 1–5). The average sea 
level can be evaluated the average time delay of echo–signals 
(see, for example, Ref. 4).  

Laser methods, being indirect methods of measurements, 
do not give directly the characteristics of the sea surface. The 
values of these characteristics are related in a complicated way 
with the parameters of the received signal. The lidar 
configuration, the parameters of the receiver and transmitter 
of the lidar, the driving wind velocity, and the presence of 
foam on the sea surface are the most important factors 
determining the lidar return.  

 
 

1. LIDAR RETURN IN SOUNDING THE  

FOAM–FREE SEA SURFACE  

 

Let us first consider, sounding the sea surface for low 
driving wind velocity when scattering by foam formations can 
be ignored. 

We assume that:  
 

– heights and slopes of the sea surface obey the 
normal distribution; 

– the wavelength of sounding radiation lies in the 
IR range, in which the absorption by water is high, so 
that the main contribution to the echo–signal comes from 
the light specularly reflected from the air–sea interface, 
and the contribution of radiation diffusely reflected from 
the water depth can be ignored; 

– the wavelength of radiation is small compared 
with characteristic radii of curvature and the heights of 
irregularities of the sea surface; 

– the change in the sea surface configuration 
during its interaction with the light pulse can be ignored; 
and, 

– the sounding pulse width is large compared with 
the period of the carrier frequency. 

 
Attempts to derive the general analytic formula for 

the average (over the ensemble of randomly rough 
surfaces) power of the echo–signal under these conditions 
result in very cumbersome expressions. Therefore, below 
the echo–signal is modeled for two most important cases: 
vertical sounding when the transmitter and receiver are 
collocated and sounding along the slant paths.  

In vertical sounding, when the source and receiver 
are collocated, assuming that the heights and slopes of 
the sea surface obey the normal distribution, we have for 
the average power of the echo signal Ps(t) received from 

the sea surface under the above–enumerated conditions5 
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Γ(K) is the gamma function, Dk(x) is the parabolic 

cylinder function, F is the focal length of the receiving 
lens, Δ is the displacement of the photodetector plane 
with respect to the focal plane, P0 is the transmitted 

power, Ft is the curvature of the phase front at the 

aperture of the laser transmitter, σ and γxy
2  are the 

variances of heights and slopes of the randomly rough 
surface S, a is the effective size of the photodetector, rr 

and rt are the effective radii of the receiving and 

transmitting apertures, L is the distance from the center 
of the observation sector lying on the sea surface to the 
lidar, k is the wave number, and V2 is the Fresnel 
reflectance. We assume the refractive index of water n to 
be constant over the illuminated shot on the sea surface,  

so that V2 = ( ) 
n – 1
n + 1 

2
. 

In the derivation of Eq. (1) we assumed the Gaussian 
shape of the sounding pulse and the Gaussian approximations 
for the directional patterns of the transmitter and receiver.6  

In the case in which the field–of–view angle of the 
receiver is much larger than the angular divergence of the laser 
transmitter and sea waves are isotropic (b = 0), formula (1) 
agrees well with the results given in Ref. 4.  

Taking even the first term in Eq. (1) into account, we 
can obtain a good approximation for the slightly anisotropic 
sea waves.  

In bistatic sounding along the slant paths, when the 
transmitter and receiver are separated, we have for the average 
power of the echo–signal (assuming shading of some sea 
surface elements by others to be negligible)5 
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θt and θr are the angle of radiation incident on the surface 

and the observation angle, respectively (they are counted off 
from the normal to the underlying surface); Lt and Lr are 

the distances from the center of the observation sector to 
the transmitter and receiver.  

We assume in Eq. (2) that θt and θr differ slightly, so 

that V2(θ) ≈ V2 (θ is the local angle of radiation incident on 
the sea surface).  

In the limiting case as σ2, γxy
2  → 0, Eq. (2) 

transforms into the expression for the power received from 
the flat specular surface.  

In monostatic sounding (the transmitter and receiver are 
collocated, Lt= Lr = L and θt = θr = θ) we have for the delay 

and width of the echo signal7 (for σ2 n (Ct + Cr)
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Formulas (3) and (4) are valid for both vertical and slant 

monostatic sounding.  
For sounding in the nadir direction, when the sea waves 

are isotropic ( γx
2  = γy

2  = γ2 ) and the angular divergence 

of laser transmitter is much smaller than the field–of–view 
angle of the receiver (Cr n Ct) Eqs. (3) and (4) agree well 

with the results given in Ref. 4.  
As follows from Eq. (4), the width of the received signal 

depends on the rms value of the sea surface slopes. Figure 1, 

which shows the dependence of 
τs
2

τs
2 (x = 0)

 on the parameter 

x = 
αt

2
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2

 , can be used to determine the domain in which this 

effect is important. Calculations were performed with the 
following values of the parameters: C t  

–1/2 = 102 m, σ = 1 m, 

τt = 10–8 s, and αr . αt. Curve 1 is for θ = 10°, curve 2 is for 

θ = 40°, and curve 3 is for θ = 60°. 
 

 
 

FIG. 1 Echo–signal width for the case of sounding the sea 
surface without foam. 
 

The width of the received signal substantially 
decreases in the domain in which the rms value of sea 
surface slopes becomes comparable with the angular 
divergence of laser transmitter (in the domain in which x is 
noticeably different from zero). 

 
2. LIDAR RETURN IN SOUNDING THE SEA  

SURFACE COVERED WITH FOAM  

 
The sea surface is covered with foam at high wind 

velocities. To take radiation reflected from the sea surface 
into account, it is necessary to know the relative fraction of  

the surface covered with foam as a function of the wind 
velocity and reflection characteristics of foam.  

Covering of the ocean surface with foam has been 
studied in a number of works in which the empirical 
relations for the relative fraction of the sea surface covered 
with foam and whitecaps have been derived. In Ref. 8 the 
results of investigation of the sea surface state have been 
analyzed and the statistical dependences of the relative 
fraction of the sea surface covered with whitecaps Sw and 

foam Sf on the wind velocity have been refined. 

We assume that sections of foam lie on the slopes of 
the waves and are Lambertian reflectors.8-12  

The model of the echo–signal being received from the 
sea surface partially covered with foam because of the fact 
that the echo–signals received from the sections of foam–
free and foam–covered sea surfaces are added together 
incoherently, can be represented in the form 

 
P(t) = (1 – S0) Ps(t) + S0 Pf(t) , (5) 

 
where P(t), Ps(t), and Pf(t) are the average powers received 

by the lidar when sounding the sea surface partially covered 
with foam, foam–free, and continuously covered with foam, 
respectively;  S0 = Sf = Sw.  

We will use two models of the sea surface 
continuously covered with foam: the model of the flat 
Lambertian surface and the model of the randomly rough 
locally Lambertian surface whose distribution of slopes is 
the same as the distribution of the wave slopes.11,12  

Below the echo–signals are modeled for two most 
important cases: vertical sounding, when the transmitter 
and receiver are collocated and sounding along the slant 
paths. We consider that all assumptions enumerated in 
Section 1 are valid. 

When the sea surface covered with foam is vertically 
sounded, the transmitter and receiver are collocated, and the 
sea waves are slightly anisotropic, we derive the following 
expression for the average power of the echo–signal13,14: 
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For the model of a randomly rough locally Lambertian 

surface,13,14 we have C3 = 
1
π S0 AQB and ~z = z, where QB is 

the function depending on γxy
2  (Refs. 13 and 14). 

For the model of a flat Lambertian surface, we have 

C3 = 
1
π S0 A and ~z = z(σ = 0) . 

Figures 2 and 3 show the calculational results of the 
shape of the echo pulse received from the sea surface for 
various velocities of the driving wind U. The values of 
P(t)

C1
.C2

 were calculated for the models of a randomly rough 

locally Lambertian surface (solid curves) and of a flat 
Lambertian surface (dashed curves) with the following 

values of the parameters: L = 10 km; αr = 2.9.10–2; 

τt = 10–8 s and αt = 8.7.10–3 (Fig. 2); τt = 10–9 s and 

αt = 10–3 (Fig. 3); U = 2 (curve 1) and 14 m/s (curve 2) 

(Fig. 2); and, U = 14 m/s (Fig. 3). 
 

 
 

FIG. 2. Echo–signal shape for the vertical sounding when 

τt = 10–8 s and αt = 8.7.10–3. 

 

 
 

FIG. 3. Echo–signal shape for the vertical sounding when 
τt = 10–9 s and αt = 10–3.  

 

Hereafter the values γx
2  and γy

2  were calculated 

using the Cox–Munk formulas,15 and  the quantities So and 

σ were calculated from the following expressions4,8: 
 

S0 = 0.009 U3 – 0.3296 U2 + 4.549 U – 21.33 ; σ = 0.016 U2. 

It can be seen from the figures that the presence of 
foam on the sea surface for the high wind velocity affects 
the amplitude and the shape of the echo–pulse. For the 

laser beam with αt = 8.7.10–3 the echo–pulse amplitude 

depends weakly on the model of foam (solid and dashed 
curves are superimposed in Fig. 2). For sufficiently narrow 
laser beam with αt = 10–3, the echo–pulse shape depends 

strongly on the model of foam (see Fig. 3). 
For bistatic slant sounding the sea surface covered 

with foam for the average power of the echo–signal 
(assuming the shading of some surface elements by the 
others to be negligible), we have16 
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For the model of the randomly rough locally 

Lambertian surface,16 we have b3 = S0AQ and R = 1, where 

Q is the function of θt and θr γxy
2  (Ref. 16). 

For the model of a flat Lambertian surface, we have 

b3 = S0Acosθt cosθr ω–1/2 , R = α0/α, and α0 = α(σ = 0) . 

The second term in formula (7) (corresponding to the 
contribution of the sections of the foam–covered surface to 
the echo–signal) is the same (without terms Kt and S0) as 

the expression for the echo–signal received from flat6,17 or 
randomly rough18 Lambertian surfaces. 

 

 
 

FIG. 4. Echo–signal shape for the case of slant sounding. 
 
Figure 4 shows the results of calculation of the echo–

signal shape received from the sea surface covered with foam 
for different velocities of the driving wind U when sounding 
along the slant paths. Calculations were performed for the 
model of a randomly rough locally Lambertian surface (solid  
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curves) and of a flat Lambertian surface (dashed curves) 

with the following values of the parameters: θt = θr = 30°, 

Lt = Lr = 10 km, αr = 2.9.10–2, τt = 10–10 s, αt = 10–3, 

and U = 14 (curve 1) and 18 m/s (curve 2). 
It can be seen from the figure that not only the 

presence of foam but also the model of foam used in 
calculations affects the amplitude and shape of the echo–
signal when sounding along the slant paths. The model of 
foam affects strongly only for narrow laser beams when 
the illuminated spot size on the surface being sounded 
becomes comparable with the height of irregularities. 

In the case of lidar sounding the surface covered 
with foam the echo–pulse delay T and its width τ2 are 
determined by the formulas13,14,16 

 
T = TsKs + TfKf ; (8) 

 
τ2 = τ2

s Ks + τ2
f Kf , (9) 

 
where Ts,τs and Tf,τf are the delays and widths of the echo–

pulses in sounding the foam–free sea surface and the surface 
continuously covered with foam. 

In the particular case of sounding in the nadir 
direction we have 
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For the model of a flat Lambertian surface we have  
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Tf and τ are given by formulas (10) and (11) for σ = 0. 

The quantities Ts and τ are given by formulas (3) and 

(4) for the case of vertical sounding. 
Figure 5 shows the results of calculation of the width 

of the echo–signal received from the sea surface for various 
driving wind velocity. Calculations of τ2 were performed for 
the model of a randomly rough locally Lambertian surface 
(solid lines) and of a flat Lambertian surface (dashed lines) 
with the following values of the parameters: 

L = 10 km, αr = 2.9.10–2, αt = 10–3, and τt = 10–9 s.  

It can be seen from the figure that the echo–pulse 
width depends on both the driving wind velocity and the 
employed model of foam. However, the latter dependence is 
manifested only for high driving wind velocity alove. 

 
 

FIG. 5. Echo–signal width for the case of sounding the 
sea surface partially covered with foam. 

 
Generalizing the results of the investigations, we can 

draw the following conclusions5,7,13,14,16: 
a) the shape of lidar return received from the sea 

surface depends strongly on the lidar configuration 
(monostatic or bistatic sounding and sounding in the nadir 
direction or along the slant paths), the relation of the 
parameters of radiation of a lidar (angular divergence and 
the spot size of radiation on the sea surface), and statistical 
characteristics of the wind–driven sea waves (rms values of 
slopes and heights of irregularities of the sea surface); 

b) the presence of foam on the sea surface affects 
strongly the echo–signal amplitude for all operating 
conditions of a sounding system (monostatic or bistatic 
sounding and sounding in the nadir direction or along the 
slant paths); 

c) the effect of the model of foam on the echo–signal 
is manifested, as a rule, only for the high driving wind 
velocity and sufficiently narrow laser beams (when the 
illuminated spot size on the surface being sounded becomes 
comparable with the rms height of irregularities); and, 

d) the effect of the atmosphere on the echo–signal 
depends in a complicated way on the operating condition of 
the sounding system and on the model of foam. Atmospheric 
turbidity sharply reduces the effect of foam on the echo–
signal shape for pulsed sounding. 

In conclusion we note that the same investigations of 
the average power recorded by the receiver for the case of 
continuous exposure and of the average illumination in the 
image plane of the lidar receiver, when sounding the foam–
free sea surface and that covered with foam, were carried 
out in Refs. 19–22. 
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