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Introduction

In the twenty-first century, the life of mankind is unthinkable without the wide-
spread use of satellite methods, tools, and technologies both in the field of science
and technology, and in everyday life. In the field of earth sciences, their use has
made it possible to move from episodic observation of fragments of processes
occurring in the World Ocean to studying it as a whole on a global scale in almost
real time.

In the last two decades in the field of marine sciences and technologies, a new
direction has emerged and is intensively developing, which is called operational
oceanography. It is based on the synthesis of remote sensing and mathematical
modeling together with the processing and presentation of observation data in real
time in a user-friendly form. Operational oceanography relies on the extensive use
of information obtained from satellite observing systems operating in the optical
and radio ranges.

In remote sensing from spacecraft, information is “read” from the sea surface.
The main provisions of the theory of scattering of electromagnetic waves at the
ocean–atmosphere interface, as a component of the general theory of wave scat-
tering on a rough surface, were formulated in the early 70s of the twentieth century.
But the advances in scattering theory remain useless for ocean remote sensing tasks
until reliable input data is obtained in the form of detailed and accurate statistical
characteristics of the sea surface. The problem of wave scattering on a rough
surface is one of the most difficult problems in mathematical physics. As applied to
sea surface sensing, it becomes even more difficult because the sea surface is
mobile.

Interpretation and possibilities of using remote sensing data are largely deter-
mined by models linking the topographic characteristics of the sea surface with
processes in the boundary layers of the atmosphere and ocean. The field of
short-period surface waves is very sensitive to such factors as wind, internal waves,
current, stratification of the atmospheric boundary layer, upwelling, concentration
of surfactants (both biogenic and technogenic), etc. Changes in the characteristics
of the field of short-period surface waves create a fundamental possibility of remote
monitoring of processes occurring in the atmosphere and ocean.
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Correct interpretation of remote sensing data requires detailed information about
the rough surface that forms the reflected signal. The first three chapters describe
the statistical and spatial–temporal characteristics of the sea surface, focusing on the
effects associated with the nonlinearity of sea surface waves. The analysis widely
uses the data obtained by the authors on the stationary oceanographic platform
of the Marine Hydrophysical Institute, installed in the Black Sea. The next seven
chapters analyze how wave nonlinearity affects the formation of the reflected signal
from the sea surface.

Chapter 1 analyzes the adequacy of the existing models of the probability
density function of the sea surface elevations to the real wave field. The analysis is
based on field measurements. The limitations and possibilities of using the
probability density function of sea surface elevations, built on the basis of truncated
Gram–Charlier series, are considered. The limitations are due to the fact that in real
calculations, it is possible to use a relatively small number of members of the series,
the coefficients of which are determined from the estimates of statistical moments.
The use of truncated Gram–Charlier series results in negative values in probability
density function models. A new approach is proposed that allows preserving the
advantages of the Gram–Charlier distribution and reducing its disadvantages. It is
noted that numerous attempts to construct the probability density function of sea
surface elevations on the basis of hydrodynamic and kinematic models have not yet
made it possible to adequately describe the wave field. This is due to the fact that
there are a number of physical factors, such as inter-wave interaction, kinematic
nonlinearity of waves of finite amplitude, mechanisms leading to the appearance of
a group structure, and a number of others. When constructing hydrodynamic and
kinematic models, as a rule, only one of these factors is taken into account.

In Chap. 2, sea surface slope variability is analyzed using 2D laser inclinometer
measurements. The increased attention that is currently paid to the study of slopes is
due to the fact that they are the main characteristic of the sea surface, which
determines the processes of reflection and scattering of electromagnetic waves by
the sea surface. The problem with studying slope variability is that the main con-
tribution to their dispersion comes from short waves, whose characteristics are
technically difficult to measure in the field. The most effective measurement tool
that does not disturb the sea surface and has a high spatial resolution is a laser
inclinometer. A series of experiments carried out on a stationary oceanographic
platform yielded a number of interesting results.

The variability of slope characteristics in situations when slicks and ripples are
simultaneously present on the sea surface are investigated. It is shown that in slicks
the probability distribution is close to the Gaussian distribution, and in wind waves
with increasing wind, the deviations from it increase. The process of changing the
structure of the sea surface is not monotonic. The most abrupt changes in slope
cumulants are observed in the transition from a smooth surface to a rough one;
further changes are reduced mainly to a relatively slow increase in slope dispersion
with an increase in wind speed. In artificial and natural slicks, the values of
cumulants of the third and fourth orders of the two-dimensional distribution of
slopes are close to each other and do not depend on the wind speed. The statistics
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of artificial and natural slicks differ from each other only in the dynamics of change
in the variance of slopes, which is probably caused by differences in the physical
processes that lead to their appearance.

In contrast to the distributions of the slope components, the distribution of the
slope modulus in strongly differs from the model obtained under the assumption
that the field of surface waves is linear. Regression dependences describing the
relationship between the cumulants of the slope module and the wind were
constructed based on the measurement data with a laser inclinometer.

Chapter 3 explores the spatial and temporal characteristics of sea waves. These
studies are related to the recently emerged opportunity to obtain optical images
of the sea surface with high spatial resolution and low time shift. The sequences of
images allow calculating the phase velocities of surface waves, which are then used
to reconstruct the current field and bathymetry of the coastal zone. When inter-
preting remote sensing data, it is necessary to take into account the nonlinearity of
sea waves.

To study the spatio-temporal relationships, field experiments were carried out
using arrays of string sensors of sea surface elevations. It was found that on the
scales of dominant waves, the coherence in the longitudinal (relative to the general
direction of wave propagation) direction decreases faster than in the transverse one.
This effect cannot be explained in terms of a linear model.

The differences between laboratory and sea wind waves of the decimeter range
are revealed. The difference lies in the fact that longitudinal coherence in laboratory
waves is preserved at distances of up to 1–2 wavelengths, and in marine conditions,
it disappears at much shorter distances (about half the wavelength). The effect of the
rapid disappearance of coherence in the sea should lead to a weakening of the
mechanisms of wave–wave interaction, which are realized due to the fulfillment
of the synchronism condition.

Models are constructed that describe the phase relations and the quadratic
coherence function in a multicomponent wave field.

Chapter 4 analyzes the shape of an altimeter radio pulse reflected from a quasi-
Gaussian rough surface. The effect of changes in skewness and kurtosis of the
rough sea level elevations observed in the field on the accuracy of sea level
reconstruction is estimated. The deviations of the statistical moments of its eleva-
tions from the values corresponding to the Gaussian distribution resulting from the
nonlinearity of sea surface waves lead to a change in the shape of the reflected
altimeter pulse. Its leading edge is shifted, the position of which determines the
travel time of the signal from the satellite to the sea surface and back, i.e., an error
occurs in determining the sea level.

An important characteristic limiting the range of geophysical problems solved
using altimetry data, along with their accuracy, is the spatial resolution. The use of
synthetic aperture radars has significantly improved spatial resolution. In this sit-
uation, another physical factor must be taken into account. Remote sensing of sea
surface level and significant wave height is performed under the assumption that
surface elevation statistics are constant within the radar illuminated area.
A fundamental property of sea waves is their group structure. If the dimensions
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of the irradiated area of the surface are comparable to or less than the wavelength
of the wave group, the assumption of constancy of statistics ceases to be fulfilled,
which leads to errors in reconstructing the surface level and significant wave height.
The level determination error is proportional to the significant wave height. To
ensure that the relative error in determining the significant wave height is no more
than 10%, it is necessary that the following condition be met: the length of the
section for which it is calculated should be more than twice the length of the wave
group.

Chapter 5 discusses the features of Bragg (resonant) scattering of radio waves by
the sea surface, caused by the presence of long surface waves. On the sea surface,
there are always waves whose length is longer than the length of the Bragg waves.
Therefore, short Bragg waves propagate along a curved surface, as a result of which
the local angle of incidence changes. Situations when sounding is carried out in the
centimeter and millimeter ranges are considered. The analysis of the effects created
by long waves is carried out on the basis of data from direct field measurements
of the sea surface slopes, carried out using a laser inclinometer. Quantitative esti-
mates of the change in the backscattering cross section for sounding on horizontal
and vertical polarization are obtained. The analysis took into account the deviations
of the statistical distributions of the sea surface slopes from the Gaussian distri-
bution. An important difference between the presented results is that they are
obtained on the basis of calculations based on the data of direct field measurements
of the sea surface slopes.

Chapter 6 discusses the possibility of determining the physicochemical charac-
teristics of the sea surface from the data of active radio sounding in the microwave
range. The main factor hindering the implementation of this approach is the
dependence of the scattered radio signal on the sea surface roughness level varying
over a wide range. Changes in the radio signal caused by changes in the spectrum of
short waves are much greater than those caused by variations in temperature or
salinity. To reduce the influence of this factor, it is proposed to use the polarization
ratio. The sensitivity of the polarization ratio to changes in temperature and salinity
is of the same order of magnitude as the sensitivity to these parameters of radio-
metric measurements. The advantage of passive sensing devices is their small size
and lower cost. The advantage of active methods is the significantly higher spatial
resolution.

Chapter 7 analyzes the accuracy of determining the statistical moments of sea
surface slopes using optical scanners and lidars installed on spacecraft. Both
methods are indirect, and the measurement accuracy is determined by the cor-
rectness of our ideas about the formation of an optical signal.

When using optical scanners, the calculation of the statistical moments of slopes
is carried out by selecting seven parameters by minimizing the discrepancies
between the empirical probability densities calculated from the images and the
Cox–Munk model. The accuracy limitations are caused by two factors. The first
factor is the measurement errors of the bidirectional reflection direction function
in situations where sunlight is reflected toward the spacecraft by surface elements
whose slopes have a low probability density. In this case, a significant contribution
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to the formation of optical images is made by physical mechanisms associated with
the scattering of sunlight by the atmosphere, as well as with the penetration of
sunlight under the atmosphere–ocean boundary and scattering in the water column.
The condition that the optical image is formed only as a result of specular reflection
is no longer met.

The second factor is related to the choice of the bidirectional reflection direction
function, which includes the model of the probability density function of the sea
surface slopes. For a nonlinear wave field, which is the field of sea waves, the slope
probability density is approximated by a two-dimensional Cox–Munk model based
on truncated Gram–Charlier series. The Cox–Munk model allows to correctly
describe the slope probability density function in a limited range, beyond which the
slope distribution distorts, negative values appear. Calculating the truncated dis-
tribution is a source of error.

In vertical laser sensing, slope dispersion calculations are performed under the
assumption that the slope distribution is Gaussian and isotropic. Unaccounted for
deviations of the slope distributions from the Gaussian distribution lead to a sys-
tematic error of 11–14%. The calculated values of the variance of the slopes turn
out to be underestimated. The anisotropy of sea surface slopes, which cannot be
measured with vertical sounding, leads to an error that also systematically under-
estimates the variance values. This error is on average less than 3%.

The influence of the duration of the probe pulse on the accuracy of determining
the variance of the slopes is considered. It is shown that for the correct determi-
nation of the slope dispersion, it is necessary that the duration of the sounding
pulses exceeds a certain characteristic time scale, which depends on the significant
wave height. To measure the variance of slopes with a relative error of less than 5%,
it is necessary that the duration of the probe pulse be twice the time scale equal to
the time the laser pulse travels a distance equal to the significant wave height.

Chapter 8 analyzes the contribution to the variance of sea surface slopes from
different wavelengths. Remote sensing data (radar, radiometric and optical mea-
surements) as well as in situ measurement data (laser inclinometers, string sensors,
wave floats) were used. An integrated approach made it possible to construct
dependences, the dispersion of the sea surface slopes, created by waves in the range
from the main energy-carrying waves to waves of a given length. It is shown that
this dependence can be described by a power function. It is also shown that the
contribution to slope dispersion from waves longer than 10 m is less than 20%.

Chapter 9 presents the results of a study of the variability of the ocean–atmo-
sphere interface as a surface reflecting light. In the course of complex experiments,
laser sounding of the sea surface from a stationary oceanographic platform was
carried out simultaneously with measurements of its elevations and slopes and was
accompanied by measurements of wind speed. It was found that the parameters
characterizing specular reflection flares are stochastically related to the parameters
of short gravitational and gravitational–capillary waves. Dependencies are con-
structed connecting the optical characteristics of the sea surface with its dynamic
parameters and with the wind speed. Laser sensing makes it possible to reliably
register structural anomalies appearing on the sea surface, created by an
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inhomogeneous and unsteady wind, sea currents, internal waves and Langmuir
circulations, man-made pollution, and atmospheric precipitation.

Interesting results were obtained during the local upwelling period. In contrast to
large-scale upwellings, with local upwelling, the level of sea surface roughness can
decrease. This effect is the result of two oppositely directed processes affecting the
roughness of the sea surface. When upwelling, cold, clear water rises to the surface.
A decrease in the temperature of the surface layer of the sea leads to a decrease in
the level of roughness, a decrease in the concentration of surfactants leads to its
growth. In local upwelling, the second process may prevail.

Chapter 10 analyzes the physical limitations of the accuracy limit for surface
wind speed measurements. The remote measurement of air flow parameters over the
sea is based on the dependence of the sea surface roughness on the wind speed.
Changes in roughness lead to changes in the power of the radio signal reflected
from the sea surface, which are recorded on the satellite. The factor limiting the
accuracy of remote determination of wind speed is the ambiguity of the relationship
between the level of roughness and wind speed. In contrast to the standard
approach, which compares the measurements of the wind speed from the spacecraft
and from the buoy, here we investigate the direct relationship with the wind speed
of the characteristics of sea surface waves that form the radio signal. It is shown that
in the range of 4–15 m/s, it is possible to restore the wind speed with an accuracy of
± 1–2 m/s. If the wind does not exceed 4–5 m/s, with one-parameter wind
recovery, the error becomes many times higher than with in situ anemometry. One
of the reasons for this is the fluctuations in the levels of the spectral density of
ripples with the appearance of burnishing zones (slicks). There is an additional fatal
error, the existence of which is associated with the space–time inhomogeneities
of the wind.

Some issues related to the influence of nonlinear effects in the field of sea surface
waves on the results of remote sensing of the ocean in the radio and optical ranges
were considered in a number of articles published in various journals. But to date,
there is no monograph summarizing this problem. This book is geared for advanced
level research in the general subject area of remote sensing and modeling as they
apply to the coastal marine environment. It is of value to scientists and engineers
involved in the development of methods and instruments of remote sensing,
analysis, and interpretation of data. It will be useful for students who have decided
to devote themselves to the study of the oceans.
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Chapter 1
Statistical Distributions of Sea Surface
Elevations

1.1 Introduction

In 1849, Stokes published a paper [28], which showed the kinematic nonlinearity
of finite amplitude surface waves, but for a long time it was the linear model that
remained the main model describing the field of sea surface waves. In the framework
of the linear model, the surface wave field is represented as a sum of a large number
of independent sinusoidal components, whose amplitudes are random variables, and
the phases are randomly distributed with equal probability in the interval (0, 2π).
It follows from the linear model that both the surface elevation and its slopes are
subject to Gauss distribution [21].

Active research into the non-linearity of the sea disturbance began in the early
second half of the last century. It was shown theoretically that interaction between
the components of the wave field leads to deviations in the distribution of its char-
acteristics from the Gauss distribution [20, 25]. The work [17] seems to have shown
for the first time experimentally that the distribution of the sea surface elevations is
more consistent with the Gram-Charlier distribution thanwith the Gauss distribution.
Field measurements confirmed deviations of statistical distributions of sea surface
elevations from the Gauss distribution [2, 8].

Sea surface waves are slightly nonlinear, so deviations from Gauss distribution
are small [9, 15, 34]. This allows classifying their distributions as quasi-gaussian
distributions. Such distributions are described by probability density functions based
on Gram-Charlier series [16], application of which has a number of features [32] that
will be considered in this chapter.

Interest in the study of the statistical distribution of sea surface elevations is linked
to the need to address a number of practical problems. Deviations from the Gaussian
distribution influence the accuracy of sea surface level recovery when probing from
spacecraft [10, 37], error of remote determination of significant wave height [3],
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2 1 Statistical Distributions of Sea Surface Elevations

generation of infrasonic hydroacoustic radiation by sea surface [23, 35], generation
of microseisms [7], probability of rogue waves [1, 11, 22] and others.

1.2 Possibilities and Limitations of the Gram-Charlier
Distribution

The 2D problem of potential waves spreading along the surface of uncompressible
inviscid liquid with the depth h is considered. In undisturbed state the liquid.

Currently, there are a large number of models built under various physical
hypotheses and approaches that describe the probability density functions of sea
surface elevations [5, 6, 12, 13]. But the principal method in the analysis of wave-
form measurements data [34] and in the description of the sea surface in the applica-
tions related to electromagnetic wave scattering is the distribution based on truncated
Gram-Charlier series [4, 19, 26].

Let us consider the possibilities and limitations of using the Gram-Charlier distri-
bution to describe the surface waves. It should be noted that the approach developed
here will be fair for both the sea surface elevations and its slopes.

Let x—a random value. We introduce the notations μn is the moment of
distribution of the order n; P(x) is probability density function. Then

μn =
∞∫

−∞
xn P(x)dx (1.1)

If the mean value of a random value x is zero, then the first six cumulants of its
distribution are connected with the moments of distribution by relations

λ1 = 0
λ2 = μ2

λ3 = μ3

λ4 = μ4 − 3μ2
2

λ5 = μ5 − 10μ3μ2

λ6 = μ6 − 15μ4μ2 − 10μ2
3 + 30μ3

2

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(1.2)

Since the Gauss distribution moments are described by the ratios

μ2n = (2n)!
2nn! μ

n
2,

μ2n+1 = 0, n ≥ 1,

}
(1.3)

then the condition is fulfilled for his cumulants
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λn = μn, n = 2
λn = 0, n > 2,

}
(1.4)

Deviation of the values of senior random variables x (n > 2) from zero values is
a sign of process non-linearity.

Gram-Charlier distribution based on a known decomposition in series by derived
function [16],

PN (x) = 1√
2π

exp

(
−1

2
x2

)
(1.5)

Derived functions PN (x) are defined by an expression

dn

dxn
PN (x) = (−1)nHn(x) · PN (x) (1.6)

where Hn(x) is Hermit’s polynomials that have the property of orthogonality

∞∫

−∞
Hn(x) · Hm(x) · PN (x)dx =

{
0 npu n �= m
n!, npu n = m

(1.7)

With this approach, the density of the distribution can be represented

PG−C(x) = PN (x) ·
∞∑

m=0

λmHm(x), (1.8)

where λn is the coefficients determined from the observation data.
When modeling the probability density function of parameters (such as elevation,

slope) of the sea surface, the Edgeworth shape of type A of the Gram-Charlier series
[14] is used. The probability density function can be written in the following form

PGC(x) =
exp

(
− x2

2λ2

)
√
2πλ2

⎡
⎣1 +

λ3H3

(
x√
λ2

)

6λ 3/ 2
2

+
λ4H4

(
x√
λ2

)

24λ 2
2

+
λ5H5

(
x√
λ2

)

120λ 5/ 2
2

+ λ6 + 10λ2
3

720λ 3
2

H6

(
x√
λ2

)
+ · · ·

⎤
⎦ (1.9)

Cumulant λ2 is a variance for a random value x . The first six polynomials of
Hermit are described by the expressions
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H0 = 1
H1 = x
H2 = x2 − 1
H3 = x3 − 3x
H4 = x4 − 6x2 + 3
H5 = x5 − 10x3 + 15x
H6 = x6 − 15x4 + 45x2 − 15

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(1.10)

In experiments, statistical moments not older than the fourth order are usually
defined, so only the first five (including zero) members of the series are used when
modeling the probability density function. For cumulant that satisfy the condition
n > 2, we will introduce normalization λ̃n = λn/λ

n/ 2
2 . Then the model of the

probability density function is written in the form of

P̃GC(x) =
exp

(
− x2

2 λ2

)
√
2π λ2

[
1 + λ̃3

6
H3

(
x√
λ2

)
+ λ̃4

24
H4

(
x√
λ2

)]
(1.11)

where cumulant λ̃3 and λ̃4 are skewness and kurtosis. Thus, a truncated Gram-
Charlier series is used to simulate the probability density function of sea surface
elevations.

Enter the designation η is surface elevation. The main drawback of the model
P̃GC(η) is that it can only be used in a limited range of sea surface elevations, when it
η does not exceed some critical value ηcr whichwewill define below.A clear example
of limitations in the use of the model (1.11) is, as shown in Fig. 1.1, the appearance
of negative values of the function P̃GC(η) [34]. Distortions occur in the region of
small values of the probability density function, but they can be of great importance
in applications related, for example, to ocean remote sensing from spacecraft [26].
Also note that similar limitations in the use of models based on truncated Gram-
Charlier series are observed when describing statistical distributions of sea surface
slopes [29].

The boundary of the zone of occurrence of negative values of the function P̃GC(η)

is the smallest by module root of the equation P̃GC(η) = 0. We denote this root
of the equation as ηb. The considerable dispersion of statistical moments of sea
surface elevations observed in field studies determines the need for calculation the
values ηb not by averaged but by actual values of cumulative λ̃3 and λ̃4. The results
of calculations based on the measurement data obtained from the oceanographic
platform [34] are shown in Fig. 1.2.We can see that negative values in approximation
(1.11) at

∣∣η/√
λ2

∣∣ < 3 appear regardless of the significant slope values ε = √
λ2/L0.

Situations when P̃GC(η̃) < 0, at
∣∣η/√

λ2

∣∣ < 3 are not observed.
The absence of negative values does not yet mean that the model P̃GC(η) corre-

sponds to the field of distribution of sea surface wave elevations. Comparison of
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Fig. 1.1 Probability density
function P̃GC (η)
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Fig. 1.2 Boundary of
negative values appearance
in the sea surface elevation
probability density function
P̃GC (η)

0.0050
2

3

4

5

0.01 0.015ε

bη

the sea surface elevation histograms with the model calculations has shown that the
model of the probability density function P̃GC(η) is only valid in the region where
the condition is fulfilled [34].

η < ηcr ≈ 2.5
√

λ2 (1.12)

1.3 Combined Distribution Model

Anew approach to the construction of the probability density function of quasi Gaus-
sian processes in the field of surface waves, called the combined model, is proposed
in the paper [33]. Originally, the combined model was intended for description of sea
surface slopes. It is based on the synthesis of the Gauss distribution and the distri-
bution built on the basis of truncated Gram-Charlier series. Within the range (1.12),
the combined model corresponds to the Gram-Charlier distribution, while outside
this range it approximates the Gaussian distribution. The general requirements that
the model describing the distribution of sea surface elevations must satisfy are the
following: single modality, the presence of no more than two inflection points, and
the absence of negative values in the whole range of variation of random value [36].

The combined probability density function of the sea surface elevations can be
presented as follows

PC(η) =
exp

(
− η2

2 λ2

)
√
2π λ2

{
1 +

[
λ̃3

6
H3

(
η√
λ2

)
+ λ̃4

24
H4

(
η√
λ2

)]
F

(
η√
λ2

)}

(1.13)

where the function F
(
η/

√
λ2

)
acts as a filter.
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In the range (1.12), in which the model P̃GC(η) well describes the probability
density function of elevations of the sea surface, the function F(η) is close to one, at
higher values |η| it tends to zero. For compactness of mathematical expressions let
us introduce the dimensionless parameter

η̃ = η/
√

λ2. (1.14)

The two-parameter function has been selected as a filter F

F(η̃) = exp
[−(|η̃|/d)

n] (1.15)

where parameter d defines an area within which F(η̃) ≈ 1, the parameter defines
the speed at which the function F tends to zero outside this area.

The combined model PC(η̃) must satisfy the condition of “smoothness”, i.e. the
derivative dPC (η̃)

dη̃
must not change in a jumpy way. The nature of the function PC(η̃)

behavior in the vicinity of points |η̃| = d determines the parameter n. As it grows n,
the function F(η̃) approaches a rectangular window

F(η̃) =
{

1 i f |η̃| ≤ d
0, i f |η̃| > d

(1.16)

which causes the function PC(η̃) to break at points η̃ = ±d. In the limit, the n → ∞
transition from the Gram-Charlier distribution to the Gaussian is done in a jumpy
way.

The density function of the probability of sea surface elevations reduction rapidly
with growth |η̃|. To define the upper boundary of the range, in which the parameter
n is set, let’s consider the behavior of the function fC(η̃) = 1

PC (η̃)

d PC (η̃)

dη̃
. The type

of the function fC(η̃) is shown in Fig. 1.3. The diagonal coming from the upper
right corner corresponds to the dependence 1

PG (η̃)

d PG (η̃)

dη̃
= −η̃, where PG(x) =

1√
2π

exp
(
− x2

2

)
—the Gauss distribution of a random value x, the dispersion of which

is equal to one. With the growth of the parameter n, as follows from Fig. 1.3, local
peaks appear in the vicinity of points η̃ = ±d [33].

Select the condition of absence of local extrema in the function fC(η̃) as the distri-
bution smoothness criterion PC(η̃). If changes in statistical characteristics occur
within the limits corresponding to their standard deviations from the mean, the
function fC(η̃) has no local extrema when n ≤ 3.5.

The range of variation of n parameter are limited by two factors. The first factor:
at small values of n there are deviations of distribution PC(η̃) from the distribution
PGC(η̃) in the range (1.12), inside which the distribution PGC(η̃) well describes the
data of field measurements. The second factor: outside the range (1.12), negative
values in the distribution PC(η̃) may appear.
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Fig. 1.3 The behavior of the

function fC
(
ξ̃
)
at different

values of the parameter n:
curve 1—n = 1; curve
2—n = 3.5; curve
3—n = 10; curve 4—−η̃
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It should be noted that the combined model may also have negative values if
the parameter d is incorrectly selected. An example of such situation is shown in
Fig. 1.4, when negative values appear in the model PC(η̃) if d = 4.5 and d = 4.
When decreasing d, negative values do not appear in the combined model. In the
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Fig. 1.4 Fragments of the probability density function of the elevation of the excited surface P(η̃):
solid curves—combined model: 1—d = 3; 2—d = 3.5; 3—d = 4; 4—d = 4.5; dashed line is
Gaussian distribution; dotted line isGram-Charliermodel, calculation at λ̃3 = 0.17 and λ̃4 = −0.18
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Fig. 1.5 Combined model filters F(η̃) calculated at n = 3.5. The dashed line shows the level
F(η̃F ) = 0.707

range |η̃| ≥ 3 the combined model is close to the Gaussian distribution and is
positive everywhere.

We enter a parameter η̃F corresponding to the cutoff frequency in filters, which
is determined by a condition accepted in radio engineering F(η̃ = η̃F ) = 0.707.
The filters F(η̃) constructed at n = 3.5 and different values of the parameter d are
presented in Fig. 1.5. At the n = 3.5 the relation of parameters η̃F and d is described
by the equation

η̃F = 0.74 d (1.17)

The choice of parameter d is determined by the deviation of the simulated distri-
bution from the Gaussian distribution. The larger the deviation is, the narrower the
Gram-Charlier model is valid in the narrower range and, accordingly, the parameter
d values should be lower. Since the model (1.11) based on a truncated Gram-Charlier
series is fair within the range (1.12), the parameter value is d naturally assumed to
be 3, which corresponds η̃F ≈ 2.5.

1.4 Sea Surface Cumulant Variability

The works [20, 25] have shown that deviations from Gaussian distribution caused
by weak nonlinearity of sea surface waves depend on the significant slope of the sea
surface. The significant slope can be defined as [14]

ε = √
λ2/L0 (1.18)

where L0 is the dominant wavelengths. Sometimes instead of the significant slope,
a similar parameter is used—steepness.
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υ = HS/L0 (1.19)

where HS is a significant wave height that equals the average height of the 1/3 highest
waves [15]. The significant height of thewaves is defined as HS = 4

√
λ2, respectively

ε = (1/4) υ (1.20)

Earlier it was shown that for the Gaussian distribution all odd statistical moments,
third order and above, are equal to zero. The even statistical moments of the random
n order with dispersion equal to one are equal (2 n) !/(2nn !) at n > 2. The unam-
biguous values of statistical moments (or cumulants) of the Gauss distribution make
them an effective tool for analyzing nonlinear processes in the wave field.

The conclusion based on mathematical modelling [20] that sea surface elevation
cumulants depend on a parameter ε has been confirmed experimentally under labo-
ratory conditions [14]. A series of laboratory experiments showed that cumulants
up to and including order eight were indeed dependent on the significant slope. The
exception was a fourth order cumulant (kurtosis), for which no dependence on the
parameter ε was no revealed. Let us take a closer look at the changes in cumulants
λ̃4, λ̃5 and λ̃6.

According to the data from measurements in field conditions at low wind speeds
and small fetch, the range of variation λ̃4 is from −0.45 to +0.45 [18]. At significant
wave height greater than 4.5m, the values λ̃4 aremostly in the range−0.4 ≤ λ̃4 ≤ 0.4
[15].

Interest in studies of variability λ̃4 has increased in recent years due to the fact
that in experiments conducted in the Pacific Ocean, it was found that the ratio of
maximum height of the waves to significant height increases with growth λ̃4, i.e., the
probability of abnormally large waves increases [22]. Anomalous waves have several
names: freak waves, rogue waves, etc. Such waves include waves whose height is
more than twice as high HS [8]. Theoretical analysis of nonlinear dynamics of the
field of knoidal waves also showed that the increase in the coefficient of λ̃4 leads to
an increase in the probability of abnormal waves [24].

According to measurements made on the oceanographic platform, with wind
speeds ranging from 0.8 to 15 m/s, the values λ̃4 are mostly in the range −0.4 ≤
λ̃4 ≤ 0.8 [34]. The oceanography platform was installed in the Black Sea at a depth
of 30 m. Measurements were made both under long fetch length when the wind blew
from the open sea and in conditions of short fetch with coastal wind (length about
1 km). During the measurement period, the significant slope values ε varied within
the limits of

0.0013 < ε < 0.018 (1.21)

Wave records, randomly distributed over time, were carried out by sessions, the
duration of which, usually, was 100min. During statistical analysis, the wave records
were broken down into 10-min fragments, each of which had its wind speed deter-
mined at the same time interval. For the same fragments the wave spectrum was
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calculated, by which the frequency of dominant waves ω0 was determined. Then,
using the dispersion equation for gravitational waves, the length of the dominant
waves L0 was determined and the significant slope was calculated.

Variability of cumulative values λ̃4 determined from the measurement data on the
oceanographic platform λ̃4 when the significant slope of the sea surface ε changes
is illustrated in Fig. 1.6. The lower boundary of the range in which this parameter
λ̃4 changes is close to the boundary of the range in which this parameter changed in
earlier field experiments [15, 18], the upper boundary is markedly higher.

According to laboratory experiments, the values λ̃4L vary between −0.4 and −
0.1 [14], i.e., they lie within the range in which the kurtosis changes under field
conditions. Hereinafter, in order to distinguish the parameter estimates obtained in
the field and laboratory experiments, the latter will be denoted by a lower index L .

Except for thework [32]we could not findworks inwhich, for the field conditions,
sea surface elevations cumulants of the fifth and sixth orders were defined. We will
compare the results obtained in this work with data from laboratory experiments
[14].

The dependence of the fifth order cumulant on the significant slope ε obtained
under field conditions is shown in Fig. 1.7. The cumulant λ̃5 is weakly correlated
with the change in the significant slope ε. The correlation coefficient between the
parameters λ̃5 and ε is equal to 0.145. For the data array analyzed here, the half-width
of the confidence interval for the zero correlation level at 97.5% is equal to 0.096.
Thus, there is a weakly expressed growth λ̃5 trend with increasing significant slope.
This trend corresponds to a linear regression

λ̃5 = 0.096 + 38.1 ε (1.22)

with a standard deviation of 0.51 [32].
The regression equation linking the parameters λ̃5L and ε which, according to

laboratory experiments, looks like [14]

λ̃5L = −110 ε (1.23)

Fig. 1.6 Dependence of the
cumulant λ̃4 of sea surface
elevation cult on the
significant slope ε
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Fig. 1.7 The dependence of cumulant fifth order λ̃5 on significant slope ε. Points—data of field
measurements; curve 1—regression (1.22); curve 2—regression (1.23); vertical lines show values
λ̃5L spread

is very different from Eq. (1.22). The coefficient at parameter ε in regression (1.23)
is 2.9 times higher than in regression (1.22) and has the opposite sign. Probably,
it is connected with that at carrying out of laboratory experiments the top limit of
change of an significant slope reached values close to 0.5 that is three times higher
than the maximum value of a slope received in field measurements. At the same
time, significant cumulative changes λ̃5L were observed in the range of values ε

greater than the maximum significant slope values obtained in field measurements
(see Fig. 1.2) (see Fig. 1.7 [14]). In the range (1.21), in laboratory conditions, there
was a large variation in the values of cumulants; in Fig. 1.8, this variation is shown
by vertical lines.

The results obtained in field conditions show that changes in the sixth order of
cumulative changes λ̃6 with changes in the significant slope ε are uncorrellable.
The value of the correlation coefficient between the parameters λ̃6 and ε below the
confidence value for zero correlation level with 97.5% confidence. In laboratory
experiments, the regression equation linking the parameters λ̃6L and ε.

λ̃6L = −5000 ε2 (1.24)

The parameter changes are shown in Fig. 1.8 [32].
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Fig. 1.8 Variability of the sixth order cumulant λ̃6 and λ̃6L . Points—field measurement data; curve
1—regression (1.24); vertical lines show the value λ̃6L spread

1.5 Testing of the Gram-Charlier Distribution

To determine whether models P̃GC(η̃) can be used to describe the distribution of sea
surface elevations, we compare it to the empirical probability density. As an empirical
probability density, we will use a histogram normalized by the sampling length and
the discharge width PE (η̃). The discharge width is selected as 0.2 in the calculations
PE (η̃). The duration of the waveform was 10 min. To build the histograms, we used
the same array of data that was used for the above mentioned analysis of simulants
λ̃4, λ̃5 and λ̃6.

Let us use the standard procedure of checking the hypotheses that the sample
belongs to some distribution law [34]. We use a procedure based on the criterion of
Kolmogorov’s consent. As the null hypothesis, let us assume that

PEN (η̃) = PE (η̃)

1 + λ̃3
6 H3(η̃) + λ̃4

24 H4(η̃)
= 1√

2π
exp

(
− η̃2

2

)
(1.25)

i.e., we assume that the empirical distribution of the sea surface elevations
transformed according to (1.25) corresponds to the Gaussian distribution. The
correspondence between PEN and PG is estimated by the confidence probability

Pv
(
D

√
N > δ

)
≈ P(δ) = 2

∞∑
n=1

(−1)n−1 exp
(−2 n2δ2

)
(1.26)
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where D = max|PEN (η̃) − PG(η̃)|; δ = D
√
N—criterion of Kolmogorov’s

consent; N—number of measurements.
To build statistical estimates, independent observation (measurement) data are

needed, so empirical distributions PE were built on measurement data obtained with
a discrete periodicity equal to or greater than half of the dominant wave period. The
lengths of the dominant waves in the oceanographic platform area did not exceed
60 m during the research period. The frequency of the dominant waves f0 during
this period satisfied the ratio f0 ≥ min( f0) = 0.16 Hz. The discreteness of the wave
measurements was chosen as 1/(2min( f0)) = 3.1 s.

Calculation of Kolmogorov’s consent criterion from an array of data, including
1850 ten-minute waveform measurement sessions, showed that δ = 5.7. The corre-
sponding value of the confidence probability Pv ≈ 0. We conclude that the null
hypothesis of correspondence of the sea surface elevation distribution to the model
(1.11) does not agree with the measurement data and should be rejected.

Thus, the analysis shows that there are deviations in the empirical density of
probabilities of sea surface elevations from the model (1.11), which should lead to
errors in its use. Let us estimate these errors. For this purpose, let us analyze the
relative error

O(η̃) = PE (η̃) − P̃G−C(η̃)

P̃G−C(η̃)
(1.27)

The function O(η̃) averaged by all measurements is shown in Fig. 1.9. When
changing η̃ within the range −3 < η̃ < 3, the values of function O(η̃) lie within the
range from −0.02 to 0.07. Outside the specified range, the values of this function
sharply increase [34].

Another characteristic determining the possibility of the model (1.11) for the
analysis of the sea-wave field is the standard deviation of individual estimates of the
function O(η̃)

Fig. 1.9 Average value of
relative error of the model
functions of probability
density O(η̃)—
O(η̃)—the
standard value of relative
error
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Fig. 1.10 RMS values of the
relative error of the model
probability density functions
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O(η̃) =
√(

O(η̃) − O(η̃)
) 2

(1.28)

As can be seen from Fig. 1.10, in the range −1 ≤ η̃ ≤ 1 standard deviation is
small, 
O(η̃) < 0.08.

Condition O(η̃) < 0.3 is met in the range −2.5 < η̃ < 2.5. Outside the specified
range |η̃|, the function O(η̃) grows rapidly, which determines the limitations of the
model use (1.11).

1.6 Statistical Models of the Nonlinear Wave Field

There are a large number of models built within various physical hypotheses and
approaches that describe the density function of probabilities of sea surface elevations
[5, 6, 12, 13, 27, 30, 31, 36]. Let us consider some of them.

In recent years, an approach that combines statistical and dynamic methods has
become common in the modelling of surface wave distribution [12]. Within the
framework of this approach, a probability density function is constructed in the form

PH (η̃) = 1√
2π

|1 − υ η̃| exp(−υ η̃) exp

(
−1

2
η̃2 exp(−2υ η̃)

)
(1.29)

where υ =
√

λ̃2k—dimensionless parameter associated with the significant slope of
the ratio

υ = 2 π ε (1.30)
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3 and λ̃H

4 the significant slope ε

At aspiration of a parameter υ to zero the model approaches to Gaussian
distribution.

The principal disadvantage of themodel PH (η̃) is the following. Themodel PH (η̃)

is one-parameter. As a consequence, between the cumulants.

λ̃H
3 =

b∫

−b

η̃3 PH (η̃) dη̃ (1.31)

λ̃H
4 =

b∫

−b

η̃4 PH (η̃) dη̃ − 3 (1.32)

and the significant slope ε there is an unambiguous functional dependence, which as
shown above is not observed in field experiments. Cumulants calculatedwith its help,
as shown in Fig. 1.11, strongly depend on the limits of integration.With the growth of
parameter b, they quickly go beyond the range determined in the experiments [15]. It
should be noted that cumulants calculated for the distribution of Gram-Charlier, with
the expansion of the integration limits are close to the values given in its construction.

Here for the convenience of comparison of the values of cumulants calculated by
the model (1.29) with the data of field measurements in the construction of Fig. 1.11
instead of the parameter υ we used the significant slope ε.

The model PH (η̃) built at different values of the significant slope is presented in
Fig. 1.12. The left part of the figure clearly illustrates the behavior PH (η̃) at low
values |η̃|, the right part—at high values.

Another widely used method is based on the known model [28] describing the
waveform of finite amplitude. The elevation of the sea surface at a point x created
by each component of the wave field, can be recorded as a series

η(x, t) = a cos X + a2k

2
cos 2X + 3a3k2

2
cos 3X + · · · (1.33)
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Fig. 1.12 Functions of the probability density of sea surface elevations PH (η̃)

where a is amplitude; t is time; X = kx − ωt + φ; k i ω is wave number and cyclic
frequency; φ is phase. The amplitudes of the first order components are assumed to
be distributed according to the Raleigh law, and the phases are evenly distributed.

The model of distribution of surface elevations for the Stokes wave in the third
order approximation has the form [13].

PS(η̃) = exp
(−h

/
2
)

√
2π

[
ϑ√
R

+ 9

8

λ2k2

N

ϑ

R−5/ 2
+ 5 λ2k2

8 NR−3/ 2

]
(1.34)

where

N = 1 + 1

2
λ2 k

2 (1.35)

R = 1 + √
λ2 k η̃ + 3

4
λ2k

2η̃2 (1.36)

ϑ = N

[
1 − 2

√
λ2 k η̃ + 3

8
λ2 k

2 η̃2

]
(1.37)

h = N 2

[
η̃ − √

λ2 k η̃3 + 1

2
λ2 k

2 η̃4

]
(1.38)

Recently, within the framework of approximation of the second order of Stokes
model, a simpler algebraic expression for the function of probability density of eleva-
tion has been proposed [31]. Without conducting a detailed analysis of the procedure
for constructing these models, it should be noted that they, like the models PH (η̃)

[12], have fundamental shortcomings due to the fact that they are one-parameter. As
a consequence, the third and fourth order cumulants calculated from thesemodels are
unambiguously linked, which contradicts the data of in situ measurements [15, 34].
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1.7 Conclusion

The wide range of tasks related to ocean remote sensing requires detailed description
of the characteristics of the sea surface. One of the characteristics of the sea surface
that needs to be refined to improve the accuracy of remotely sensed parameters is
the probability density function of elevations of the wave-covered sea surface.

At present, the main model in the applications related to the scattering of elec-
tromagnetic radiation at the ocean-atmosphere boundary remains the models of sea
surface elevation distributions based on the truncated Gram-Charlier series. This
model takes into account the weak nonlinearity of the sea surface wave field and
describes its deviations from the Gaussian distribution.

The advantage of Gram-Charlier distributions is that in their construction the
series coefficients are calculated on the basis of empirically determined statistical
moments. Its application does not require additional conditions other than the stan-
dard conditions of statistical analysis, such as stationarity and homogeneity. The
drawback of Gram-Charlier distributions is that when constructing them, informa-
tion about statistical moments not older than the fourth order is usually available.
Accordingly, a truncated Gram-Charlier series is used, which allows to describe a
distribution of a random value only in a limited range of its changes. Outside this
range, the probability density functions of the surface elevations are strongly distorted
and may even have negative values.

There are numerous attempts to construct the probability density function of sea
surface elevations based on hydrodynamic and kinematic models. However, they
have not yet made it possible to adequately describe the wave field. This is due to
the fact that there are a number of physical factors such as wave-wave interaction,
kinematical nonlinearity of waves of finite amplitude, mechanisms leading to the
appearance of a group structure and a number of others. In building such models, as
a rule, only one of them, which determine the nonlinearity of sea surface waves, is
taken into account.

This chapter deals with a new approach that preserves themerits of the distribution
of Gram-Charlier and reduces its shortcomings. Initially, this approach was proposed
to simulate sea surface slopes whose distributions belong to the quasi Gaussian class.
The physical basis is that the nonlinearity of the sea surface field is weak, which
in some cases allows to use a linear model of the wave field, which corresponds
to the Gaussian distribution. A combined model is built that in the range of sea
surface elevation, where the Gram-Charlier distribution is true corresponds to this
distribution, and tends to the Gaussian distribution outside the specified range.

It should be added that although the approach to probability density function
construction considered here was developed for the sea surface wave field, it can
also be implemented for other weakly nonlinear processes.
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Chapter 2
Statistical Distributions Sea Surface
Slope

2.1 Introduction

The problem of electromagnetic wave scattering on a rough surface is one of themost
difficult in mathematical physics. In the annex to the ocean-atmosphere boundary
wave scattering, this problem becomes even more difficult, since the sea surface is
mobile and its statistical characteristics are still not sufficiently studied. If the surface
is simple enough, it can be described using different models: sinusoidal, saw-like,
hemispheric or cylinder irregularities, etc. When the irregularities are caused by
natural causes (in particular sea surface), an approach that uses statistical description
of both the surface itself and the reflected radiation in the form of random fields is
necessary.

Remote sensing techniques for studying sea surface slope are now widely used.
Sounding is carried out in both the optical band [6, 4, 7] and the radio band [21, 3, 10].
The measurement data obtained in this way are indirect. The physical mechanisms
that form the reflected field depend on the ratio of the wavelengths of the surface and
the probing electromagnetic wave [5, 30] (Plant 2002). The correctness of the results
obtained from remote sensing depends on a priori models describing the structure of
the sea surface [31]. In order to develop remote sensing tools, direct measurements
of sea surface slope are necessary.

Opticalmethods using laser sensors are themost effective for directmeasurements
of slope [17, 24]. They do not disturb the surface wave field and allow to measure
the slope on the scale of capillary waves, which is impossible with the use of meters
in contact with the surface.

Chapter 2 describes the results of a series of marine experiments to study the vari-
ability in the statistical characteristics of sea surface slope using a two-dimensional
laser clonometer.
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2.2 Two-Dimensional Laser Slopemeter

The principle of operation of the two-dimensional laser slopemeter is based on the
measurement in two planes of the laser beam deflection angles from the vertical
when passing from under water of the rough water-air interface [17].

The optical scheme of the laser slopemeter used in experiments on the oceano-
graphic platform is shown in Fig. 2.1 [35, 15].

The radiation source is a laser (1) located in the underwater part of the instrument.
The wavelength of the laser beam is 0.63 µm. The laser is installed in an airtight
container. The laser beam, reflected from the mirror (2), passes through a protective
glass (3) and, crossing the sea surface, hits a lens assembled from two identical
lenses (4). The focal length of the lens (4) is 600 mm. The beam is projected onto a
matte screen (5) and concentrated by the lens (6). The photoconverter is a television
camera (8). The camera is equipped with an interference filter (7) at a wavelength of
0.63 µm.

The angle of deviation of the laser beam from the vertical is determined by the
local inclination of the sea surface at the point where the beam crosses it. The area
of the laser spot on the undisturbed sea surface is about 2 mm2.

Fig. 2.1 Optical scheme of
the laser slopemeter
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Fig. 2.2 Dependence of skewness of upwind component of slope λ0,3 on wind speedW: points—
experimental estimates, line 1 regression in the experiment [2]; lines 2, 3 and 4 regression and
standard deviation from it in the experiment [35]

The advantage of the laser slopemeter over contact devices is that the laser beam
provides measurement of the slope in a small area without disturbing the structure
of the investigated wave field. It allows to measure the slope produced by capillary
waves, which in marine conditions is not available to contact sensors. The wave
crest collapse and foam appearance limit the possibilities to study the slope by laser
slopemeters at high wind speeds.

Calibration of laser slopemeters is performed under laboratory conditions. Laser
slopemeter used in experiments on oceanographic platform had the following main
characteristics

• measured sea surface slope range ±30°;
• measurement error—0.2°;
• measurement discreteness—0.02 s;
• the range of permissible wave heights—up to 1 m.

There is a fundamental limitation in the use of laser slopemeters, due to the fact
that the distance from the sea surface to the surface of the device can not be large.
If this distance is large, the laser beam that has crossed the sea surface may not get
into the lens of the photoreceiver.
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2.3 Statistical Characteristics of Sea Surface Slope

2.3.1 Distribution of a Weakly Non-linear Wave Field

The slope of the sea surface are the first spatial derivatives of its elevations. When
analyzing sea surface slope, the Cartesian coordinate system is usually used, with
one of its axes oriented in the direction coinciding with the wind direction. Let us
denote the elevation of the surface as η(x, y, t), where x and y are coordinates in the
horizontal plane. Let’s assume that the slope components

∂η

∂ x
= ξu,

∂η

∂ y
= ξc (2.1)

are oriented respectively along and across the general wind direction (upwind and
crosswind components). Hereinafter, for all slope characteristics, the index u corre-
sponds to the upwind component and the index c to the crosswind component. If there
is no lower index, the expression is true for both slope components. The components
are ξu and ξc related to the slope module ξm (or the full slope) by relations:

ξu = ξm cosα; ξc = ξm sin α; ξm =
√

ξ 2
u + ξ 2

c (2.2)

where α—the azimuthal direction of slope.
When making in situ measurements with a two-dimensional slopemeter it is very

difficult to install the instrument so that its orientation coincides with the general
direction of wave propagation. To determine the upwind and crosswind components
of the slope, the instrument rotates its coordinate system. The rotation of the coor-
dinate system is performed by an angle at which the correlation coefficient between
the orthogonal components of the slope is equal to zero. The dispersion ratio of the
two orthogonal components reaches its maximum or minimum [8].

Field studies carried out using different types of equipment have shown that
surface waves are a weakly nonlinear process, the distribution of their slope are
quasi-gaussian [6, 21, 2, 14]. For approximation of the probability density function
of such processes, models constructed with the use of Gram-Charlier series are
usually used.

The Gram-Charlier rows are based on a known decomposition in series by derived
function

PN (x) = 1√
2π

exp

(
−1

2
x2

)
(2.3)

The derivative functions PN (x) are defined by the expression

dn

dxn
PN (x) = (−1)nHn(x) · PN (x) (2.4)
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where Hn(x) is Hermit’s polynomials are of the order n, which have the property of
orthogonality:

∞∫

−∞
Hn(x) · Hm(x) · PN (x) dx =

{
0 at n �= m
n!, at n = m

(2.5)

In a weakly nonlinear wave field, the probability density function of slope is
described by the expression

PG−C(ξ̃c, ξ̃u) = 1

2π
exp

[
−1

2

(
ξ̃ 2
c + ξ̃ 2

u

)] ⎧
⎨
⎩

∑
i, j

Ci, j Hi (ξ̃c)Hj (ξ̃u)

⎫
⎬
⎭ (2.6)

where ξ̃c = ξu/

√
ξ 2
c i ξ̃u = ξu/

√
ξ 2
u is normalised values of slope, ξ 2

c and ξ 2
u are the

variance of crosswind and upwind components of slope. Thus positive ξu correspond
to waves facing downwind, while negative ξu are waves facing upwind.

For certainty, we will consider that the first index of the coefficient Ci, j corre-
sponds to the slope in the crosswind direction, and the second—to the upwind direc-
tion. The coefficientsCi, j , where one of the indices is equal to zero, coincide with the
coefficients of one-dimensional distribution of the corresponding slope component.
The coefficients with Ci, j both indexes not equal to zero are mixed. The order of
mixed coefficients of the two-dimensional series is equal i + j .

2.4 Dependence of Slope Statistics on Wind Speed

The sea surface slope measurements analyzed in Chap. 2 were obtained from
the stationary oceanographic platform of the Marine Hydrophysical Institute
(Sevastopol). The platform has been located in the coastal zone of the Black Sea near
the Southern coast of Crimea near the village of Katsiveli. The minimum distance
from the platform to the shore is about 500 m. The depth at the place where the
platform is installed is 30 m. The research results obtained on the oceanographic
platform are compared with those obtained in different regions of the world ocean.

Estimates of the variance of slope components obtained in four independent exper-
iments are given in Table 2.1. In the first experiment [2], the results of which have
so far been widely used in remote sensing applications, the slope characteristics
were determined at wind speeds of 0.7–14.8 m/s under open sea conditions. In the
second experiment [6], statistical estimates of slope were obtained from the analysis
of 24,000 images with the optical scanner POLDER (POLarization and Direction-
ality of the Earth Reflectances) installed on the spacecraft. The third experiment
[8] was conducted in the estuary of a river flowing into the Strait of Georgia. The
slope were measured with a laser slopemeter aboard a slow moving vessel. A total
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Table 2.1 Variance of sea surface slope components at different wind speeds

Parameter Regression equation Source

ξ2c 0.0026 + 0.00188 W ± 0.002 Cox and Munk [2]

ξ2u 0.00034 + 0.00304 W ± 0.004

ξ2c 0.003 + 0.00185 W ± 0.0005 Bréon and Henriot [6]

ξ2u 0.001 + 0.00316 W ± 0.0005

ξ2c 0.0008 + 0.00166 W ± 0.002 Hughes et al. [8]

ξ2u 0.0015 + 0.00231 W ± 0.002

ξ2c 0.0014 + 0.00162 W ± 0.004 Zapevalov [35]

ξ2u 0.0041 + 0.00205 W ± 0.005

of 9 series of measurements were made at wind speeds of 4.8–8.2 m/s. The fourth
experiment was carried out on an oceanographic platform [35], which included 276
series of measurements with a laser slopemeter. The experiments were conducted at
wind speeds of 0.6–14.3 m/s.

The regression equations obtained by the same methods are close to each other.
At the same time, the variance sensitivity of the slope components to wind speed
changes determined by a laser slopemeter is slightly lower than that obtained from
optical images. The reason for lower values is as follows. Reflection of sunlight from
the sea surface is determined by the slope created by all the waves present, while
when measured by a laser slopemeter, the spatial resolution is limited by the size of
the laser spot on the surface.

The variability of the third and fourth cumulants of the sea surface slope and
their relation to the wind speed are shown in Table 2.2. Cumulants are marked with
λi, j . The indexation introduced earlier for the coefficients Ci, j in Eq. (2.6) is saved,
the first index corresponds to the crosswind component of slope, the second index
corresponds to the upwind component. The average value of the slope in any direction
is zero. When calculating cumulants λi, j in work [2] a priori, it was assumed that the
distribution of the crosswind component of the slope is symmetrical, i.e.

λ3,0 = λ1,2 = λ1,3 = 0 (2.7)

Note that the condition (2.7) is not always met with relatively short measurement
sessions at a point or when restoring slope from the optical image of a small area
of the surface. This occurs in a situation where the surface current is directed at an
angle to the wind direction, or as a result of changes in the wind direction, since the
timing of adjustment of the waves of different lengths to the changed meteorological
conditions is different.

According to data [2, 8] the kurtosis of the upwind component of the slope does not
dependon thewind speed andhas an averagevalueof 0.23with a standarddeviationof
±0.40. The estimates obtained on the oceanographic platform λ0,4 mainly lie within



2.4 Dependence of Slope Statistics on Wind Speed 27

Table 2.2 Cumulants of the third and fourth order of slope of the sea surface

Parameter Source

Zapevalov [35] Cox and Munk [2], Hughes et al. [8]

λ0,3 0.04 – 0.019 W ± 0.16 0.04 – 0.032 W ± 0.12
0.224 – 0.039 W ± 0.006

λ1,2 −0.010 ± 0.12 0
0.016 ± 0.024

λ2,1 0.0005 ± 0.09 0.01 – 0.0083 W ± 0.03
0.0086 ± 0.03

λ3,0 0.036 ± 0.15 0
0.030 ± 0.05

λ0,4 0.43 – 0.0369 W ± 0.12 0.23 ± 0.41
0.40 ± 0.15

λ1,3 −0.012 ± 0.32 0
0.008 ± 0.03

λ2,2 0.17 ± 0.27 0.12 ± 0.06
0.15 ± 0.08

λ3,1 −0.05 ± 0.26 0
0.31 ± 0.059

λ4,0 0.28 ± 0.29 0.40 ± 0.23
0.51 ± 0.29

the area of 0.23 ± 0.40, however, a weak dependence on wind speed is observed
(Fig. 2.3). The correlation coefficient is equal to−0.38 with 95% confidence interval
equal to 0.1. Relationship of the parameter λ0,4 with wind speed is described by
linear regression, shown in Table 2.2 (Fig. 2.2).

Values skewness λ3,0 and kurtosis of λ4,0 crosswind component of slope do not
depend on wind speed (Figs. 2.4 and 2.5). They, as well as for cumulants λ03 and

Fig. 2.3 Dependence of the
kurtosis of the upwind
component of slope λ0,4 on
wind speed W:
points—experimental
estimates, line 1 regression
in the experiment [35]; lines
2, 3, 4 mean value and
standard deviation in the
experiment [2]
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Fig. 2.4 Skewness of
crosswind component of
slope λ3,0: points is
experimental estimates, line
1 is average value, lines 2, 3
are standard deviations [35]

Fig. 2.5 Kurtosis of λ4,0
crosswind component of
slope: points are
experimental estimates, lines
1, 2, 3 are mean value and
standard deviations [35]

λ0,4, are characterized by a significant variation. The skewness changes within the
limits from−0.46 to 0.54, the kurtosis changes within the limits from −0.26 to 1.47
The average value is λ3,0 close to zero and equals 0.036 at a standard deviation of
0.15. Average value of an kurtosis equals 0.28 at a standard deviation of 0.29.

Despite a good match between the average values of statistical characteristics, the
variation of data in the fourth experiment is noticeably higher. This variance probably
reflects the characteristics of coastal shelf dynamics and is caused by geophysical
factors, in addition to common causes. These factors include the frequent presence
of strong surface currents, the presence of several swell systems (most often two or
three) in addition to wind waves, as well as features of the wind velocity field near
the sea-land border.
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The relatively small discrepancy between the results obtained from aerial
photographs of the sea surface in the sun’s glitter zone and those obtained from
point measurements with a laser slopemeter suggests in favour of the hypothesis of
the ergodicity nature of the sea wind wave. This means that it is possible to use the
results of studies of the local characteristics of the slope to build models describing
the formation of sea surface images in remote sensing.

2.5 Anisotropy of Sea Surface Slope

One of the most important characteristics determining the spatial structure of surface
waves is the three-dimensional indicator introduced in Longuet-Higgins [19]. It is
equal to the ratio of mean-square values of slope in crosswind and upwind directions.

γ =
√

ξ 2
c /ξ 2

u (2.8)

For waves with long ridges the parameter γ is close to zero, for waves with short
ridges it is close to one.

In practice, other characteristics similar to the three-dimensionality indicator,
describing the anisotropy of slope, are applied. The works [2, 8] used a parameter
γ ′ = ξ 2

u /ξ 2
c associated with a γ simple algebraic ratio. The data presented in these

papers indicate that the dependence of the parameter γ ′ on wind speed is weak.
Similar results were obtained in experiments on an oceanographic platform. The
values of the three-dimensional indicator determined in these experiments are shown
in Fig. 2.6 [35].

Fig. 2.6 Dependence of the
three-dimensional indicator
γ on wind speed W
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The three-dimensional indicator γ is slightly dependent onwind speed. The corre-
lation coefficient between parameters γ and W is 0.34. A positive correlation sign
indicates that as the wind velocity increases, the values of the parameter γ on average
increase slightly, i.e. the values of the standard-square values of the upwind and
crosswind components of slope approach.

For the data onFig. 2.6 of the three-dimensional indicator γ in the range ofweather
conditions from calm to wind speed 13 m/s its average value is 0.8. For comparison,
we note that the values of the parameter γ ′ determined by aerial photographs [2] lie
within the range from 1 to 1.8. The average value of the parameter γ ′ is 1.34, which
corresponds to γ = 0.86.

2.6 Modeling the Probability Density Function of the Slope
of the Sea Surface

2.6.1 Opportunities and Limitations of Distributions Based
on Truncated Gram-Charles Series

To date, many models describing the scattering of acoustic and electromagnetic
radiation from the sea surface have used its representation as a random moving
Gaussian surface. A model for the mirror reflection points of a random moving
Gaussian surface has been proposed in work [19]. Subsequently, the author himself
noted the limitations of its application, in particular, this model does not allow to
describe the sun’s glitter shift in the presence of wind waves [20]. However, in the
absenceof detailed informationon short surfacewaves inmanypractical applications,
the ocean boundary is described as a random moving Gaussian surface [7].

Based on direct measurements of slope, it was shown that the sea surface is not
strictlyGaussian. This is also confirmed by the results of remote sensing in the optical
range [6, 36]. In the Gaussian model, it is also impossible to explain the inequality of
backscatter cross-sections during radiosounding towards and in the wind direction
[1].

Estimates of statistical sea surface slope moments from different principles indi-
cate that their distribution belongs to the class of quasi-Gaussian distributions [6, 2,
14] (Su et al. 2002). When modeling the probability density function of similar
processes, approximations based on the Gram-Charlier series are used. Let us
consider how effective is the use of the Gram-Charlier series for describing the
distributions of the slope components.

In the field, measurements of senior statistical moments of sea surface slope
are associated with large errors. The Gram-Charlier series coefficients are calculated
from empirical estimations of statistical moments (or cumulants), so only a truncated
Gram-Charlier series can be used to simulate sea surface slope distributions. In
experiments, statistical moments up to and including the fourth order are determined.
Taking into account (2.7), instead of Eq. (2.6), for the probability density function
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of slope the equation in the form proposed in the paper [2] is used

PG−C(ξ̃c, ξ̃u) = 1
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(2.9)

Approximation of the probability density function must meet several require-
ments. In particular, it must have such an important property as negativity. Themodel
(2.9) has an imperfection because in certain range of slope it leads to negative proba-
bilities (Tatarskii 2003). Let us define the boundaries of negative values in Eq. (2.9).
For this purpose let’s consider one-dimensional probability density functions of slope
components
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(2.11)

Two series of calculations were made. The first series used the average character-
istics of skewness and kurtosis slope published in Cox and Munk [2]. Calculations
showed that for the crosswind component of the slope, at λ3,0 = 0 and values λ4,0

given in Table 2.2, the roots of the equation P (1c)
G−C(ξ̃c) = 0 are absent. However,

negative valuesmay exist for P (1u)
G−C(ξ̃u). The type of functions P

(1u)
G−C(ξ̃u) at character-

istic values of skewness and kurtosis of the upwind component is shown in Fig. 2.7.
Negative values of the function P (1u)

G−C(ξ̃u), appear in the range of large positive values
ξ̃u .

The skewness of the upwind component of slope depends on wind speed, so the
values ξ̃u = ζb at which the function P (1u)

G−C(ξ̃u) becomes negative should also depend
onW (Fig. 2.8).

In constructing Fig. 2.8, we used the linear regression dependence λ3,0 on W
proposed in the paper [2], this dependence is shown in Table 2.2. Within the frame-
work of the assumption that the dependence λ3,0 = λ3,0(W ) can be extrapolated to
the region of higher wind speeds (measurements were made at≤15m/s), the analysis
was extended to the wind speed range up to 20 m/s. To take into account the large
variation λ0,4 observed in the field experiments, the calculations were performed at
several kurtosis values.

Considerable variation and lack of correlation between the cumulants λ0,3 and
λ0,4 create the need to determine the values ζb not by averages but by actual values
of skewness and kurtosis. In addition, as noted above, it is not uncommon to see
situations when measured with a 2D laser slopemeter λ3,0 �= 0. This leads to the
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Fig. 2.7 Probability density functions of upwind component of slope in the form (2.11): a, b—
λ0,4 = 0.4; c, d—λ0,4 = 0.2; curves 1–4 correspond to values λ0,3 equal to 0, −0.2, −0.3, −
0.5

Fig. 2.8 Dependence of the
boundary of negative values
ζb appearance in
approximation (2.11) on
wind speed W: curves 1–4
are obtained with values λ0,4
equal to 0.4, 0.3, 0.2, 0.1
respectively
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Fig. 2.9 Boundaries ζb of
negative values appearance
in the approximations of the
probability density function
of slope components: points
are upwind component of
slope, circles are crosswind

appearance of negative values in the approximation of the probability density function
of the crosswind component of the slope. The results of calculations based on the
actual values of cumulants are shown in Fig. 2.9.

An array of 276 measurement sessions was used to calculate the parameter ζb.
In 25 cases for upwind component of slope and in 30 cases for crosswind value ζb
were lower than 4. The appearance of values ζb < 4 is observed at both high and
low wind speeds. This applies to both the upwind and crosswind component of the
slope. If ξ̃u, < 3 and ξ̃c, < 3 the slope probability density functions (2.10) and (2.11)
are non-negative at all wind speeds.

It should be added that since the variance of slope increases with the wind speed,
the slope range in which approximation (2.9) can be applied changes accordingly.
For crosswind component of slope at wind speed of 5 m/s the application range of
this approximation is ±0.31, at 10 m/s is ±0.45; for upwind component at the same
wind speeds ±0.40 and ±0.52 respectively.

Although the application of the Gram-Charlier series to describe the distribution
of sea surface slope is very attractive from a theoretical point of view, the practical
application of approximation in the form of (2.9) is not possible in all hydrometeo-
rological situations (Tatarskii 2003; Lebedev et al. 2014). The problem of building
an analytical model of the probability density function of slope based on empirical
estimates of the first four statistical moments remains open.

2.7 The Longuet-Higgins Model

The longwave components of the wind wave spectrum strongly influence the char-
acteristics of short wind waves [23]. The paper [20] considers a number of factors
affecting the distribution of seawave slope. He showed that themain one is the ampli-
tude modulation of short waves by a long wave, which may lead to a skewness of
slope consistent in magnitude and sign with those observed in the experiments. The
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physical mechanism that leads to changes in the amplitudes of short waves along
the longwave profile is the orbital velocity induced by it. The skewness of slope
distribution is also caused by viscous attenuation of short waves, but the effect is
small and can be neglected.

Let us represent the surface wave field as a superposition of short 2D waves and
a one-dimensional long wave. We will consider that the long wave, which has an
amplitude A, frequency ω0 and wave number K, modulates the amplitudes of short
waves with some phase shift φ0. By setting the direction of the long wavelength
propagation along the abscissa, the surface elevation can be represented as:

η(x, y, t) = A cos(Kx − ω0 t) + η(s)(x, y, t) [1 + M cos(Kx − ω0 t − φ0)]
(2.12)

where η(s)(x, y, t)—component of the surface elevation caused by short waves;
M—modulation depth. The slope of the surface along the long wave direction are
described by the expression:

ςx (x, y, t) = −AK sin(Kx − ω0 t) + ς(s)
x (x, y, t) [1 + M cos(Kx − ω0 t − φ0)]

− η(s)(x, y, t) MK sin(Kx − ω0 t − φ0) (2.13)

Let us accept the following assumptions: the amplitudes of short waves are much
smaller than the amplitude of the dominant wave; the main contribution to the vari-
ance of slope give short waves; the modulation depth is less than one. Then the last
term in (2.13) can be neglected, and we obtain:

ςx (x, y, t) = −AK sin(Kx − ω0 t) + ς(s)
x (x, y, t) [1 + M cos(Kx − ω0 t − φ0)]

(2.14)

The considered field of sea surface slope is a superposition of long wave and short
wave slope. Short wave slope modulated by the long wave. Let us consider that in
the absence of modulation the short wave slope are subject to the normal distribution
law. In this case, the probability density function is described by the expression [33].

PM(ςx ) = 1
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where
(
σ (s)
x

)
2 is the variance of the slope of short unmodulatedwaves;φ = Kx−ω0 t

is the phase of the long wave. Note that the expression (2.15) can also be obtained in
amore general case, when φ it is a random, slowly changing value, evenly distributed
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over the interval [0 , 2π ]. Thus, the considered model of sea surface slope leads to
conditionally normal distribution.

Let us estimate how the modulation depth affects the variance σ 2
M , skewness AM

and kurtosis EM of the distribution (2.15). To simplify the expressions, we introduce
a dimensionless parameter S = AK

σ
(s)
x
. After bulky tabs, which are omitted here, we

get:

σ 2
M = [

σ (s)
x

] 2
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2
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2

)
(2.16)

AM = −3MS sin φ

σ 3
m

(2.17)
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8 + S2M2

2
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1
2 + sin2(φ)

)]

σ 4
m

− 3 (2.18)

The influence of the depth of modulationM on the values of parameters AM and
EM shown in Fig. 2.10. The graphs are drawn for the values S ≤ 0.5. The condition
S < 0.5 corresponds to the fact that a greater contribution to the variance of slope
give short waves.

Since the slope of the long wavelength in the crosswind direction is zero, it is
necessary to accept in these expressions that S = 0. This, in particular, leads to a
zero value of skewness of the crosswind component of the slope.

Fig. 2.10 Relations of
skewness AM and kurtosis of
EM slope distribution to the
modulation depth M
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The conclusion that can be drawn from the analysis is that modulation not only
leads to skewness in the distribution of the upwind component of the slope, but also
changes the fourth moment of both components.

2.8 Two-Component Conditional-Normal Distribution

In the paper [33] an analytical model of the probability density of sea surface
slope was proposed, which allows to take into account the deviations observed in
field experiments from the normal law of distribution. The model consists of two
components with different weights,

PN−M(x) = ε N (x,m1, σ1) + (1 − ε) · N (x,m2, σ2) (2.19)

where each component is described by an expression

N (x,m j , σ j ) = 1

σ j

√
2π

exp

[
−

(
x − m j

)
2

2σ 2
j

]
(2.20)

wherem j and σ j are parameters of the j-th summand ( j = 1, 2); ε is dimensionless
parameter.

Model parameters (2.19) are calculated on the basis of a system of conditions to
be met by its statistical momentum μi

⎧
⎪⎪⎨
⎪⎪⎩

μ1 = 0
μ2 = 1
μ3 = A

μ4 = E + 3

(2.21)

where A and E are set values for skewness and kurtosis. A special feature of the
calculation is that there are five unknown parameters, we have only four conditions
for moments. One of the parameters is free and should be set based on additional a
priori considerations. As a free parameter, we use ε. Given the type of distribution
(2.19), the values ε can be selected from a half-open interval [0.5, 1].

It follows from condition (2.21) that the statistical moments μi are both central
and initial. The general expression for them is as follows:

μi = ε μi,1 + (1 − ε)μi,2 (2.22)

where

μi, j =
∫

[x − εm1 − (1 − ε)m2]
i N (x,m j , σ j ) dx (2.23)
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the i-th moment for the j-th component.
Based on the known properties of normal distribution [11], after simple transfor-

mations we obtain the following analytical formula:

μi

=
[i/2]∑
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(2 · k − 1) !! · C2k
i · (m1 − m2)

i−2k
[
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1 + (−1)i−2kεi−2k (1 − ε)σ 2k
2

]

(2.24)

Taking into account (2.22), to find the distribution parameters (2.19) it is necessary
to solve a system of four algebraic equations:
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(2.25)

Let’s consider two situations when A �= 0 and A = 0. In the first situation, a
sequential exclusion of parameters from the system of Eq. (2.25) can be obtained
algebraic equation of 6-th degree relative to m2

2
ε3 − 2ε2 + 2ε − 1

ε3
m6

2 + 4
2ε − 1
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A m3

2 − 3E m2
2 + ε

1 − ε
A2 = 0 (2.26)

Once defined m2 other parameters can be found by the formulas

m1 = −1 − ε

ε
m2 (2.27)
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(2.28)

σ2 =
√
1 − 2 − ε

3 ε
m2

2 + ε A

3 (1 − ε)m2
(2.29)

For the second situation (A = 0), corresponding to a crosswind slope component
or a upwind component in weak winds, the solution is simpler. In this case m1 =
m2 = 0, and from (2.25) we find

σ1 =
√
1

ε

{
1 − (1 − ε) ·

[
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ε

3(1 − ε)
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]}
(2.30)
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σ2 =
√
1 ±

√
ε

3(1 − ε)
E (2.31)

The necessary conditions that the model (2.19) must meet are as follows: it must
be non-negative, single-mode, and have no more than two inflection points [33]. To
verify that themodel (2.19) corresponds to the distribution of slope components in the
real wave field, it has been compared with the empirical probability density function
PE obtained from the histogram of sea surface slope components. Comparison was
carried out for both crosswind and upwind slope components. For the upwind slope
component, two histograms corresponding to wind speeds of 3 and 10 m/s were
constructed (Fig. 2.11). It is clearly seen that there is a deviation of the empirical
distribution from theGauss distribution. The deviation increaseswith thewind speed.

Fig. 2.11 Model PN−M
(solid line) and empirical PE
(points) probability density
functions of upwind
component of sea surface
slope, Gauss distribution is
dashed line
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Fig. 2.12 Model
PN−M (solid line) and
experimental PE (points)
functions of probability
density of crosswind
component of sea surface
slope, Gauss distribution is
dashed line
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The models presented in Fig. 2.11 are PN−M built with the following parameters:
ε = 0.61; ppiW = 3m/cm1 = 0.0542,m2 = −0.0847, σ1 = 0.8807, σ2 = 1.1572;
ppi W = 10 m/c m1 = 0.2857, m2 = −0.4469, σ1 = 0.8239, σ2 = 1.0839.

The skewness and kurtosis of the crosswind component of the slope do not depend
on wind speed. From Fig. 2.12 we can see that the probability density function
obtained in the experiments does not correspond to the Gaussian distribution; in the
peak area the values PE are noticeably higher. At the same time, themodel PN−M is
in good agreement with model PE . The parameters of the model shown in Fig. 2.12
have the following values PN−M : ε = 0.61, σ1 = 0.8414, σ2 = 1.269.

Comparison with the data of the field measurements shows that the model (2.19)
describes well the real distributions of the upwind and crosswind components of
the slope at ξ̃u < 3.5, ξ̃c < 3.5. It has no disadvantages typical of models
based on truncated Gram-Charlier series. Its own disadvantage is the big volume
of calculations.

The question of the probability of large slope needs further analysis. It is neces-
sary to develop special methods aimed at investigation of the “tails” of the slope
components distribution and to carry out corresponding field experiments.

2.9 Sea Surface Slope Module

When analyzing quasi-vertical laser data, it is often assumed that its slope are subject
to Gauss distribution [7]. Let us consider the correctness of this assumption. We will
assume that the average values of the slope component are equal to zero and the
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correlation coefficient between ξu and ξc equal to zero. In this case two-dimensional
probability density ξu and ξc is described by the expression:

P(ξu, ξc) = 1
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ξ 2
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c
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[
−1

2
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ξ 2
u

ξ 2
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+ ξ 2
c

ξ 2
c

)]
(2.32)

Let’s move from Cartesian to polar coordinate system. Taking into account (2.2),
and considering that two-dimensional probability densities of slope in the Cartesian
and polar systems of coordinates P(ξu, ξc) and P(ξm, α) binding by the equation

P(ξm, α) = ∂(ξu, ξc)

∂(ξm, α)
P(ξu, ξc) (2.33)

where ∂(ξu ,ξc)

∂(ξm ,α)
= ξm—Jacobian is, we get it
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The expression (2.34) after integration by angle α allows determining the prob-
ability density function ξm . If you introduce normalization ξ̃m = ξm√

ξ 2
u +ξ 2

c

, it is not

difficult to show that in this case the only parameter that defines the distribution type
ξ̃m is the three-dimensional indicator γ
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where I0—the Bessel function is zero order.
Let’s analyze the slope module distribution ξm in two limit cases, when γ = 1

and when γ = 0. If γ = 1, then the slope module is subject to the Relay distribution.

Assume that σ0 =
√

ξ 2
u =

√
ξ 2
c then the slopemodule distribution can be represented

as follows
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]
(2.36)

The variance σ 2
0 and variance of the slope module ξ 2

m are related by the

ξ 2
m =

(
2 − π

2

)
σ 2
0 (2.37)

The average value of the slope module ξ̄m is determined by the expression
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ξ̄m =
√

π

2
· σ0 (2.38)

where the coefficient of variation comes from
√

ξ 2
m/ξ̄m = 0.52 (2.39)

The skewness and kurtosis of the Relay distribution are equal AR = 0.631 and
ER = 0.245 accordingly.

The situation that γ = 0 corresponds to a two-dimensional wave field. In this
case, the slope module is subject to the distribution of the random value module,
distributed according to the normal law with the mathematical expectation equal to
zero

pmN (ξm) = 2√
2π ξ 2

u

· exp
(

− ξ 2
m

2 ξ 2
u

)
(2.40)

For the variance and mean value of the slope module, the ratios are fair

ξ 2
m = π − 2

π
ξ 2
u (2.41)

ξ̄m =
√

2

π
ξ 2
u (2.42)

of which it follows,

√
ξ 2
m/ξ̄m = 0.76 (2.43)

Skewness and kurtosis of the slope module have the following values AmN =
0.995 and EmN = 0.869.

Calculated from the measurement data the values of the three-dimensional indi-
cator γ lie in the range from 0.66 to 0.95 [34]. If the slope components ξu and ξc
are subordinate to the distribution (2.32), the values of the skewness and kurtosis of
the slope module should have values lying in the interval between the distribution
coefficients (2.36) and (2.40), closer to the estimates of coefficients corresponding
to the distribution (2.36).

Experimental coefficients of skewness andkurtosis of the sea surface slopemodule
determined at different wind speeds are presented in Fig. 2.13. Practically all esti-
mates of the coefficient Am lie in the interval between AR and AmN . However, their
distribution within this interval does not correspond to what could be expected from
the three-dimensional indicator data analysis, assuming that the slope distribution is
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Fig. 2.13 Dependence of skewness Am and kurtosis Em of the sea surface slope module on wind
speed W . The dashed lines show the regression (2.44) and (2.45) respectively
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described by the Gauss distribution. The estimates Am are not grouped in close prox-
imity AR , there is a clear dependence Am from wind speed, which was not observed
in the three-dimensional indicator γ (see Fig. 2.6).

The skewness dependence of the slope module on wind speed is approximated by
the linear regression equation

Am = −0.025 · W + 0.97 (2.44)

with standard deviation ±0.068. The correlation coefficient of parameters Am and
W is—0.79.

Kurtosis Em vary widely. At wind speed less than 4 m/s and at wind speed greater
than 11 m/s the values go Em beyond the area which is limited by parameters ER and
EmN . For the kurtosis, as well as for skewness, there is a well-defined dependence
on wind speed. This dependence is described by the linear equation

Em = −0.091 · W + 1.23 (2.45)

with standard deviation ±0.23. Correlation coefficient of parameters Em and W is
−0.82.

Another parameter that characterizes the slope module distribution is the coeffi-

cient of variation
√

ξ 2
m/ξ̄m (Fig. 2.14).With increasingwind speed its value on average

decreases. The correlation coefficient between the parameters
√

ξ 2
m/ξ̄m and W is −

0.54. The regression equation, describing the relationship between the parameters√
ξ 2
m/ξ̄m and W, has the form:

Fig. 2.14 Dependence of

variation coefficient
√

ξ2m/ξ̄m
on wind speed W. The bar
line shows the regression
(2.46)
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√
ξ 2
m/ξ̄m = −0.0023 · W + 0.57 (2.46)

Standard deviation is ±0.012.
The coefficient of variation values determined in the experiments lie in the range of

0.52–0.59. The lower limit of this range is the same as the value corresponding to the
Relay distribution, the upper limit is much lower than the value 0.76 corresponding
to the distribution (2.40).

Thus, all parameters characterizing the statistical distribution of the sea surface
slopemodule (skewness, kurtosis, coefficient of variation) turned out to be dependent
on wind speed. If the two-dimensional probability density of the slope components
ξu and ξc is described by the expression (2.32), then, as shown above, the only
parameter on which the skewness and kurtosis of the slope module depend is the
three-dimensional indicator γ . Let’s consider how the parameters Am , Em and γ are
related, in the real wave field (Fig. 2.15).

When constructing Fig. 2.15, the estimates of the three-dimensional indicator
obtained at wind speed less than 4 m/s were highlighted. As will be shown below,
the weak wind regime has a number of features associated with the appearance of
slicks on the sea surface. From Fig. 2.15 it follows that the variations of the three-
dimensional indicator observed in field conditions do not have a noticeable effect on
the skewness and kurtosis of the slope module.

The nature of changes in the mean slope modulus ξ̄m and standard deviation
√

ξ 2
m

with increasing wind speed are shown in Fig. 2.16. The dependencies on wind speed,

Fig. 2.15 Dependence of
skewness Am and kurtosis of
the slope module Em on the
three-dimensional indicator
γ . Symbol + indicates
estimates obtained at wind
speeds below 4 m/s
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Fig. 2.16 Dependencies of
parameters ξ̄m and σm wind
speedW. Solid
lines—regressions (2.47) and
(2.48), accordingly, dashed
lines—regressions (2.49) and
(2.50) accordingly

0.00

0.05

0.10

0.15

0.20

0.25

0 5 10 15
0.00

0.05

0.10

0.15

mξ

2
mξ

W, m/s

for both parameters are similar, with increasingwind speed their values are as follows

ξ̄m = 6.9 × 10−3 · W + 0.129 ± 0.015 (2.47)

√
ξ 2
m = 3.41 × 10−3 · W + 0.074 ± 8.8 · 10−3 (2.48)

Regression Eqs. (2.47) and (2.48) are constructed for the whole range of wind

speeds in which measurements were made. Correlation coefficients ξ̄m and
√

ξ 2
m for

parameters and with wind speed are 0.85 and 0.80, respectively. It also follows from
Fig. 2.16 that the slope characteristics change differently in different ranges

ξ̄m =
{
20.2 × 10−3 · W + 0.0917, W ≤ 4 m/s
5.03 × 10−3 · W + 0.143, W > 4 m/s

(2.49)
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√
ξ 2
m =

{
11.3 × 10−3 · W + 0.0513, W ≤ 4 m/s
1.89 × 10−3 · W + 0.0863, W > 4 m/s

(2.50)

The fastest growth ξ̄m and
√

ξ 2
m is observed at wind speeds of up to 4 m/s. In

the linear regression equation at ξ̄m , the coefficients at W calculated for two wind
velocity ranges, W ≤ 4 m/s and W > 4 m/s, differ fivefold. Even greater difference

is observed for the parameter
√

ξ 2
m , its growth rate differs eight times.

Summarizing the analysis of data from in situ studies of the sea surface slope
module variability conducted on the oceanographic platform, we note the following.
Under weather conditions varying from calm to wind at a speed of 14 m/s, the
coefficients characterizing the slope module distribution vary widely: from Am 0.57

to 0.99; Em—from −0.01 to 1.38;
√

ξ 2
m/ξ̄m—from 0.52 to 0.59. The values of the

coefficients Am , Em and
√

ξ 2
m/ξ̄m have a high level of correlation with wind speed

(correlation coefficients, respectively, are equal to: −0.79, −0.82, −0.54). At any

wind speeds, there was no situation when all three coefficients Am , Em and
√

ξ 2
m/ξ̄m

at the same time approached the values corresponding to the Relay distribution (2.36)
or the random value module distribution, distributed by the normal law (2.40).

Variability of sea surface characteristics in low winds
Weak winds are most favorable for monitoring the processes occurring in the

upper ocean and the atmosphere by remote sensing. Studies of sea surface roughness
variations have shown that not only smoothing bands but also reinforced roughness
bands often appear on the surface as a result of internal waves. Studies carried out
from a moving vessel using contact equipment in the coastal part of the Black Sea
have shown that in these situations, the short-wave energy in the slick decreases by
3–6 dB, immediately after the slick increases by 2–4 dB compared to the background
level and then decreases again to the background level [35]. Similar phenomena are
observed in the open ocean [25].

2.10 Statistics of Sea Surface Slope in Areas of Slicks
and Ripples

On the sea surface, there are often areas where short waves are partially or completely
suppressed, these areas are commonly called slices. The physical mechanisms
causing the appearance of slicks are very diverse [27]. Slicks may occur as a result of
natural processes or anthropogenic impacts on the marine environment. The appear-
ance of natural slicks is caused by surface current variations created by internal
waves, wind speed reduction below the threshold value at which ripples are gener-
ated, Langmuir circulation, films of biogenic substances, etc. Anthropogenic slicks
are usually produced by an oil spill. Slicks created by different physical mechanisms
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have different sizes, configuration and speed of movement that, usually, allows to
define the nature of their origin on the basis of visual observations.

Data from sea surface slope measurements performed in situations where natural
slicks and ripple areas were simultaneously visually observed on the surface were
divided into two groups [35]. The first group included statistical moments of the two-
dimensional distribution of slope obtained in situations where the slopemeter was
in the slick area, these data are presented in Table 2.3. The second group includes
statistical moments obtained in ripple zones between slicks (Table 2.4). The fifth
column of Table 2.3, which contains data on statistical moments of slope in artificial
slick, contains data from the work [2]. The artificial slick was formed by a spill on
the sea surface mixture consisting of 40 percent used crankcase oil, 40% Diesel oil,
and 20% fish oil.

The data presented in the tables allow to reveal characteristic features that distin-
guish the statistics of slope in the areas of slicks and ripples. Coefficients of propor-
tionality in regression equations describing the dependence of variance of upwind
and crosswind components of slope on wind speed, for smoothed and rough surfaces
were close to each other. These coefficients are approximately 3–4 times higher than
in similar regression equations for pure wind waves in moderate and strong winds.

Data from sea surface slope measurements suggest that in weak winds, in situa-
tions where slicks are observed on the sea surface, the structure of the sea surface
changes much more drastically than in the subsequent stages of wind wave develop-
ment [12]. The conclusion is also confirmed by the fact that in addition to variance,
some statistical parameters undergo characteristic changes in the transition from one
hydrodynamic situation to another. The effect is clearly shown in slicks (statistical
moments of slope are given in Table 2.3): at calm the coefficients of kurtosis λ0,4 and

Table 2.3 Statistical characteristics of sea surface slope in the slick zone

Parameter Smooth slices,W <
0.8 m/s

Slices from internal
waves, 0.8 < W <
1.7 m/s

Slices from internal
waves, 1.7 < W
< 3.0 m/s

Artificial slices
[21], 1.8 < W <
10.8 m/s

1 2 3 4 5

ξ2c × 103 1.72 ± 0.5 1.05 ± 0.2 −10.51 + 6.92 W;
±0.94; r = 0.96

3.3 + 0.8 W;
±2; r = 0.80

ξ2u × 103 2.6 ± 1.2 1.9 ± 0.4 −12.63 + 8.73 W;
±1.5; r = 0.94

4.6 + 0.75 W;
±2; r = 0.75

λ0,3 −0.13 ± 0.11 −0.19 ± 0.22 −0.09 ± 0.24 0.02 ± 0.05

λ1,2 0.16 ± 0.05 0.06 ± 0.01 0.05 ± 0.14 0

λ2,1 0.14 ± 0.03 0.01 ± 0.02 0.03 ± 0.07 0.00 ± 0.02

λ3,0 −0.15 ± 0.20 −0.06 ± 0.20 0.01 ± 0.21 0

λ0,4 0.14 ± 0.39 0.15 ± 0.60 0.32 ± 0.51 0.26 ± 0.31

λ2,2 0.04 ± 0.19 −0.06 ± 0.13 0.08 ± 0.16 0.10 ± 0.05

λ4,0 0.14 ± 0.52 −0.02 ± 0.30 0.32 ± 0.45 0.36 ± 0.24
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Table 2.4 Statistical characteristics of sea surface slope in the ripple zone

Parameter Jubilee between slices
0.8 < W < 2.0 m/s

Jubilee between slices
2.0 < W < 3.3 m/s

A pure windstorm
4.0 < W < 11.0 m/s

ξ2c × 103 −4.27 + 6.09 W; ± 1.71; r = 0.88 8.56 ± 4.35 −.46 + 2.61 W;
±3.1; r = 0.82

ξ2u × 103 −7.00 + 9.96 W; ± 2.35; r = 0.84 13.85 ± 5.45 2.82 + 3.02 W;
±3.01; r = 0.86

λ0,3 0.06 ± 0.23 −0.04 ± 0.21 −0.02 ± 0.27

λ1,2 0.00 ± 0.12 −0.03 ± 0.12 −0.01 ± 0.12

λ2,1 0.02 ± 0.10 0.02 ± 0.09 −0.00 ± 0.09

λ3,0 0.07 ± 0.13 0.11 ± 0.19 −0.10 ± 0.19

λ0,4 0.40 ± 0.42 0.37 ± 0.41 0.48 ± 0.51

λ2,2 0.23 ± 0.32 0.09 ± 0.15 0.09 ± 0.13

λ4,0 0.33 ± 0.48 0.31 ± 0.41 0.35 ± 0.42

λ4,0 are equal to 0.14, and in light wind they increase to 0.32. This is only slightly less
than in the same wind speeds in ripple zones between slicks, where λ0,4 = 0.37 and
λ4,0 = 0.31. The observed changes in sea surface characteristics can be explained
by the fact that as the wind increases the nonlinearity of waves increases [32], and
as a result the deviation from the Gaussian distribution increases.

The symbol in r Tables 2.3 and 2.4 indicates the correlation coefficient.
The data in Table 2.3 show that the process of changing the structure of the sea

surface does not develop monotonically. The sharpest changes in most of the slope
distribution parameters occur in the transition from a smooth surface to a rough one,
and further changes are mainly due to the relatively slow growth of slope variance
with increasing wind speed. The pure wind stage starts with wind speeds of 4–5 m/s,
the distribution parameters for this stage (in the range of 4 ≤ W ≤ 11 m/s) are given
in the last column of Table 2.4.

2.11 Characteristics of Sea Surface Slope in Natural
and Artificial Slicks

Along with natural slices, it is often necessary to observe technogenic slices on the
sea surface. As a rule, anthropogenic slicks are caused by sea pollution with oil
products. The effect of ripple suppression by surfactants is widely used to control
pollution by remote sensing devices installed on spacecraft [9, 26].

We will compare our registered surface structure changes in natural slicks created
by internal waves or calm weather conditions with published data on statistical slope
moments in oil slicks. For this purpose, we use the published data on the slope
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Fig. 2.17 Behaviour of total

variance of slope
(
ξ2c + ξ2u

)

in slices. Points are
measurement data in natural
slicks; straight lines 1, 2 are
their linear approximations
built at different wind
speeds; line 3 is linear
regression for oil slicks [2];
line 4 is linear regression of
slope of rough surface [35]
(shaded area of standard
deviations)
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characteristics in artificial slicks, which were formed by spill on the sea surface of
oil products in a mixture with fish oil [2].

The differences between the statistical characteristics of slope in natural and oil
slicks (they are presented in Table 2.3) are significant [12]. At wind velocities above
1.7 m/s, the growth of slope variance in natural slicks is approximately 10 times
faster than in artificial slicks (Fig. 2.17). Oil slices may continue to exist even at
wind speeds of 10–11 m/s, while natural slices associated with internal waves tend
to disappear at W = 4–5 m/s.

The values of the third and fourth order moments of the two-dimensional distri-
bution of slope in artificial and natural slicks turned out to be almost the same and
independent of wind speed. It means that statistics of artificial and natural slicks
differ from each other only by the growth rate of slope variance with wind gain.
Comparison of the data in Tables 2.3 and 2.4 shows that the rate of change in the
slope variance with wind gain in artificial slicks was much lower than in the rough
surface areas.

The reasons for the difference in changes with increasing wind speed of the
variance of slope in natural and oil slicks are probably due to differences in the
physics of their formation. Natural slicks were of dynamic origin (calm slicks that
appear as the wind friction tension decreases, or slicks caused by orbital currents in
internal waves), while artificial “film” slicks appear as a result of changes in surface
tension [16].

2.12 Conclusion

The slope statistics of the sea surface, determined from the measurement data at the
point by a laser slopemeter and from photographs of sun’s glitter were close. This
indicates that it is possible to use the measurement data from the laser slopemeter
of the local wave field characteristics to build models describing the formation of
sea surface images during remote sensing. The proximity of the slope characteristics
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determined from optical images of the sea surface and from point measurements also
indicates the validity of the ergodic hypothesis for a process such as the sea wind
wave.

The analysis of possibilities and limitations of description of sea surface slope
distribution by means of truncated Gram-Charles series has been carried out. In the
area of large values of slope, which are of interest for remote sensing tasks, negative
values of the models of the probability density function appear. The boundary of
negative values appearance has been calculated using the data of directmeasurements
of slope.

It is shown that the real distribution of the slope module differs significantly from
the model one obtained under the assumption that the slope components are subject
to the Gaussian distribution. Regression dependencies describing the relationship of
slope module cumulants to the wind are constructed by the laser slopemeter.

Variability of slope characteristics in situationswhere slicks and ripples are present
on the sea surface simultaneously has been studied. It is shown that the slope variance
in natural slicks in weak winds can have values of the same order as those of wind
waves, but in slicks the probability distribution is close to the Gauss distribution, and
in wind waves with wind reinforcement the deviations from it increase. The process
of sea surface structure change is non-monotonous. The most abrupt changes of
slope aggregates are observed in the transition from a smooth surface to a rough one,
further changes are mainly reduced to relatively slow growth of slope variance with
increasing wind speed.

It is established that in oil and natural slicks the values of third and fourth order
cumulants of two-dimensional distribution of slope are close to each other and do
not depend on wind speed. Statistics of oil and natural slicks differ from each other
only by the dynamics of changes in the slope variance. At wind speed above 1.7 m/s,
the growth of the slope variance in natural slicks with the growth of wind speed
increases approximately 10 times faster than in artificial slicks.

The increased attention paid to the study of sea surface slope is due to the fact that
they are the main characteristic of the sea surface, when modeling the interaction
processes of electromagneticwaveswith the sea surface. The problem of studying the
slope variability is that themain contribution to their variance ismade by short waves,
whose characteristics are technically difficult to measure under field conditions. The
cycle of experimental studies conducted on the oceanographic platform described in
Chap. 2 provides a notable contribution to solving this problem.
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Chapter 3
On the Dispersion Relation of Sea Waves

3.1 Introduction

The multi-channel optical systems installed on modern satellites allow receiving
images of the sea surface with high spatial resolution, which allows restoring its
relief on scales smaller than the dominant waves [19]. Small temporal lag image
sequences make it possible to determine the phase velocity of surface waves and,
based on these data, to estimate the current velocity and bathymetry of the coastal
zone [20, 47]. Navigational and specialized ship and shore-based radars are used to
provide operational information on the current field [9, 13]. Signals from the ridges
of long surface waves are clearly visible on radar images, which makes it possible
to use series of sequential images to determine current velocity [14].

When interpreting remote sensing data, the question of spatial-temporal relation-
ships in thewavefield, nonlinear effects and dispersion relation disturbances becomes
very important. The remote methods of determining the velocity of the current are
based on the assumption that in the absence of a current for gravity waves in deep
water the dispersion relation is fair [7]

ω2 = gk (3.1)

where ω is an angular frequency; g is gravitational acceleration; k is wave number.
For the first time, the dispersion relation disorder in field conditions for gravity

waves in deep water was experimentally shown [44]. This result was obtained on the
basis ofmeasurements of an array of spacedwave sensorsmounted on fixed supports.
The dispersion relation disturbances were later confirmed in a series of laboratory
and field experiments [26, 27, 38, 39, 50]. A number of physical mechanisms lead
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to dispersion relation disorders. These include: kinematic nonlinearity, presence of
bound components, wave-wave interactions, impact of longer waves on short waves,
etc. [11, 18, 22, 34, 35].

One of the important characteristics of the wave field, describing its space-time
structure, is the spreading function that describes angular distribution ofwave energy.
The bulk of information on the frequency-angle characteristics of surface waves was
obtained with the help of wave buoys of “heavy-pitch-roll” type [4, 32, 40, 42, 45].
Significantly fewer studies have been carried out using a high resolution directional
array consisting of string sensors [2, 10, 52].Multi-pointmeasurements providemore
detailed estimates of frequency and angle characteristics, but are technically more
complex and require significantly higher financial costs.

This chapter analyses the spatio-temporal structure of the sea surface wave from
in situ measurements and builds models to describe it.

3.2 Wave Measurement Equipment and Measurement
Conditions

The results of field studies presented in this chapter are obtained from the oceano-
graphic platform of theMarine Hydrophysical Institute. The oceanographic platform
provides unique opportunities for complex studies of processes occurring near the
water-air interface and at the interface itself [21, 30]. It is installed on the Black
Sea near the Southern coast of Crimea, near the village of Katsiveli. The minimum
distance from the platform to the shore is about 500 m. The depth at the place where
the platform is installed is 30 m. For characteristic wavelengths in the measurement
area, this depth corresponds to the “deep water” condition, and the influence of the
seabed on wind waves and swell can be neglected.

The requirements to the waveguide equipment during contact measurements in
support of remote sensing tasks are primarily determinedby the scale of surfacewaves
scattering electromagnetic radiation. For satellite oceanography tasks, both short-
wave wavelength studies corresponding to centimetre and decimetre wavelengths
[3] and long-wavelength studies are of interest [5, 51].

String resistive wave gauges are widely used in field research. The devices of
this type allow to measure waves in a range of scales from basic energy-bearing
waves with lengths about 100 m, up to ripple waves with length about 1 cm [50].
The gauge of this type is a section of uninsulated wire that vertically crosses the
water-air interface. Sensors made of nichrome wire were used in experiments on an
oceanographic platform. The choice of material for the sensors was determined by
the requirements of mechanical strength, anticorrosive properties and high electrical
resistance.

A oceanographic platform mounted on the seabed, like any other physical object
crossing the ocean-atmosphere boundary, causes disturbances in the surface wave.
A number of measures have been taken to avoid, as far as possible, the impact of
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disturbances generated by the supports of the ocean platform on the measurement
results. Wave measurements were made only from the sea side of the platform.Dl�
yctanovki appapatypy icpol�zovalic� vyctpely, pozvol��wie ydalit�
ot opop oblacti, v kotopyx ppovod�tc� volnogpafiqeckie izmepeni�. The
flow in the area of the oceanographic platform, as a rule, is directed along the shore,
so the influence of the wave disturbances created by the platform supports in the
measurement area was insignificant with the chosen arrangement of the equipment.

Several types of tooling were used to accommodate the waveform string sensors.
Special tooling, mounted at the end of the six-meter boom, made it possible to
install an array of sensors consisting of a waveguide and four differential slopemeters
with bases from 1 to 5 cm (two slopemeters each in orthogonal directions). On
the same equipment was installed a one-dimensional wave gauge array, consisting
of five wave gauges. The minimum distance between the gauges was 8 cm, the
maximum—240 cm. The design of the grid attachment made it possible to change
its orientation in the azimuthal plane. This made it possible to consistently determine
the characteristics of the sea wave, both in the direction of wave propagation and in
the orthogonal direction [49].

Another type of used wave grids is the “cross” (two-dimensional array), which
allows synchronous measurements of spatial and temporal characteristics in two
mutually perpendicular directions. The maximum distance between the gauges was
45 cm, the number of gauges was equal to 5. Aswith one-dimensional arraymeasure-
ments, the azimuthal orientation of the two-dimensional array could be adjusted to
the direction of the waves.

In the case of small waveguide arrays, the design of the stringline sensor rigging
had both surface and underwater booms. The booms were attached to a vertically
oriented bar. The diameter of the rod was 50 mm. String sensors were stretched
between the above and below and were sprung from their lower ends by rubber
shock absorbers [50].

For the study of spatial and temporal characteristics on the scale of long dominant
waves, portable boomswith a length of 6mwere used. They allowed to place thewave
gauges in such a way that the radius-vectors binding them were oriented along or
across the main wave propagation direction. The use of man-portable booms allowed
measurements to be made in storm conditions, with wind speeds up to 25 m/s. The
maximum distance between sensors was 20 m [15].

3.3 Measurements of the Quadratic Coherence Function
on the Scale of the Dominant Waves

When measuring an array of wave gauges, the spatial and temporal structure of
the sea surface elevations is determined by the wave field cross-spectrum X( f, �L).
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The level of linear statistical coupling in the spectral region at two points of space
Y1 = (x1, y1) and Y2 = (x2, y2) separated by a vector �L is described by a quadratic
coherence function.

R2( f, �L) = Co2( f, �L) + Q2( f, �L)

S1( f ) S2( f )
(3.2)

where f = ω
/

(2π) is frequency; Co( f, �L) = Re
(
X( f, �L)

)
is co-spectrum;

Q( f, �L) = Im
(
X( f, �L)

)
is quadrature spectrum; S1( f ) and S2( f ) is surface eleva-

tion spectra measured in points Y1 and Y2. If the wave field is homogeneous, then
equality S1( f ) = S2( f ) = S( f ) is fair.

It should be noted that in the theoretical analysis of the wave fields it is more
convenient to use an angular frequency ω, while in the analysis of experimental data
it is more convenient to use the frequency f . In this chapter, depending on the context,
we will use either, ω or f .

To analyze the azimuthal characteristics of the sea surface waves, we introduce
the concept of longitudinal and transverse coherence (let us denote respectively the
quadratic coherence functions as R2

↑ and R2
⊥), which we define as coherence along

and across the main wave propagation direction. We also introduce the notion of
coherence anisotropy

AR( f, L) = R2
⊥( f, L)

R2
↑( f, L)

. (3.3)

where L—distance between the sensors.
Characteristic changes in the longitudinal and transverse quadratic coherence

functions are shown in Fig. 3.1. Measurements were made at low wind, when its
speed U was equal to 2 m/s, and at strong wind U = 10 m/s. Quadratic coherence
functions are constructed on the basis of measurements by resistive string wave
gauges, spaced at 0.4 m and 2.4 m. Measurements were made on an oceanographic
platform [17]. The values of the quadratic coherence function that exceed the level
of 0.2 are significant with the probability of 99.7%.

Dashed vertical lines on each graph show: the peak frequency in the elevation
spectrum of the sea surface f0, as well as the frequency

√
2 f0 and 2 f0, respectively.

The behavior of the functions R2
↑( f, L) and R2

⊥( f, L) defined for the two orthogonal
directions in weak and strong winds is similar, with increasing frequency level of
coherence decreases.

Let’s analyze how the coherence level changes when the vector �L angle θ

changes. To determine the angular characteristics of surface waves, we use the phase
spectrum φ( f, L , θ) = arctan

(−Im(X( f, L , θ))
/
Re(X( f, L , θ))

)
. The azimuthal

dependencies of the coherence level R2( f = f0, L , θ) and the phase shift modulus
|φ( f = f0, L , θ) |, determined at the frequency of the dominant waves, are shown in
Fig. 3.2 [50]. The resulting estimates correspond to the three spacing between gauges,
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35.2, 41.4 and 60 cm. The maximum phase shift values correspond to the main
wave propagation direction, while the minimum values correspond to the orthogonal
direction.

In composing Fig. 3.2, the data obtained using an array consisting of six string
gauges. Five sensorswere located at the tops of a regular pentagon inscribed in a circle
with a radius of 35.2 cm, the sixth was in its center. This arrangement of the gauges
in the lattice allows to obtain 15 independent spatial and temporal estimates, which
are divided into three groups corresponding to three distances between the gauges.
For each pair of gauges it is possible to compare two estimations of coherence and
phase shift determined for forward and reverse directions, so for each group it is
possible to construct 10 estimations evenly distributed in the range 0°—360 in 36°
increments.

Despite the fact that the values of the quadratic coherence function change
within small limits, it is clearly seen that in the main wave propagation direction
the function values R2( f = f0, L , θ) are lower than in the orthogonal direction.
The average deviation of the position min

(
R2( f = f0, L , θ)

)
from the position

max(|φ( f = f0, L , θ) |) as well as the position max
(
R2( f = f0, L , θ)

)
from the

position max
(
R2( f = f0, L , θ)

)
is 11° and 17°, respectively [50].

The experimental manifestations of nonlinearity of wind waves usually include
deviations of phase velocity estimates from the values predicted by the linear spectral
theory, as well as deviations from the linear dispersion relation of the position of the
space-time spectra maxima [11, 46]. Under field conditions, deviations from linear
theory are usually observed at values of dimensionless frequency

� = f
/
f0, (3.4)

lying in the range � ≥ 2.
Based on these results, it could be expected that in the range 1 ≤ � < 2 the

quadratic coherence function will correspond to the linear model of the wave field. It
could be assumed that the level of coherence between the surface elevationsmeasured
at two points of thewave fieldwasmainly determined only by thewidth of the angular
distribution function of the wave energy and the distance between the sensors. In this
case, within the limits of linear theory at a fixed frequency with the same values
of parameter L, the level of coherence in the general direction of wave propagation
should be higher than in the transverse direction.

The results of field studies presented in this chapter (in particular, those presented
in Fig. 3.1) indicate that the linear model of the wave field does not allow even a
qualitatively correct description of the coherence dependence on the direction on
scales close to the scale of dominant waves [48]. The data of the field measurements
showed that within the range 1 ≤ � < 2 the character of the anisotropy of the
coherence determined according to (3.3) changes. At fixed distances at frequencies
close to the frequency ft of dominant waves, the coherence is higher ft in transverse
direction than in longitudinal direction AR > 1. At higher frequencies above a
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certain transition frequency, the anisotropy of the coherence changes in the opposite
direction, i.e. AR < 1. This behavior of coherence anisotropy was observed in all our
experiments under different weather conditions and at different distances between
the wave gauges.

The estimation of anisotropy transition frequency ft from one type to another
was calculated based on the results of synchronous measurements of the quadratic
coherence function in longitudinal and transverse directions. According to these
data (41 series of measurements were made), obtained for different values of the
dominant wave frequency, it was determined that the physical values of the transition
frequency ft were within the range from 0.29 to 0.78 Hz, or at a ratio 1:2.75. After
the transition frequency by parametrization (3.4) was brought to a dimensionless
form �t = ft

/
f0, the spread was reduced. The ratio of minimum to maximum �t

has entered the range of 1:2. The analysis of the measurement data showed that the
mean value of the non-dimensional transition frequency �t = 1.4 with a standard
deviation of 0.3 [17].

The obtained estimation of the change frequency of the coherence anisotropy
type practically coincides with the theoretical value of the dimensionless frequency
� = √

2. For linear gravitational waves subject to the dispersion relation (3.1),
the dimensionless frequency � = √

2 corresponds to a gravitational wave having a
length 0.5λ0. Hereλ0 is the length of the dominantwave. The scale 0.5λ0 corresponds
to the length of the second spatial harmonic of the dominant wave.

Thus, experimental studies carried out under natural conditions have shown that in
the field of sea wind waves, the spatial scale equal to half of the dominant wavelength
or corresponding frequency scale � = √

2 separates two regions radically different
from each other in terms of anisotropy of coherence.

3.4 Comparison of Results of Field and Laboratory
Experiments

This subsection compares the coherence loss rate in the direction ofwave propagation
as determined in laboratory and field experiments. Forwaves subject to the dispersion
relation (3.1), the ratio

ω2L

g
= k L = 2π L

λ
(3.5)

In the analysis of space-time characteristics of a wave field observed in different
conditions it is expedient to use dimensionless parameter [37].

ε = L
/

λ (3.6)
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The parameter ε corresponds to the distance measured at wave lengths λ. Param-
eterization (3.6) is convenient both for generalization of measurement results and for
theoretical analysis, as it allows to exclude the explicit frequency dependence and,
accordingly, to reduce the number of variables.

By analogy with the correlation radius, let us introduce a parameter εx for the
longitudinal quadratic coherence function where the coherence level drops below a
certain set value. We will assume that this value is 0.5, i.e. R2

↑(ε0.5) = 0.5.
Experimental studies on a fixed oceanographic platform have shown that values

ε0.5 varywidely from0.17 to 0.64 [16]. The average value ε0.5 is 0.32. Close estimates
of the parameter ε0.5 for longitudinal coherence are derived from data from the field
experiment [44]. Thevalues ε0.5 calculated from thegraphs of the quadratic coherence
function given in this publication are in the range 0.13–0.32.

Similar studies conducted under laboratory conditions [26, 27] showed that values
ε0.5 differed markedly from those obtained under field conditions. Measurements
were carried out in a ten meter tray with bases L equal to 8, 12, 16, …, 64 cm,
which is very close to the values of bases in the experiment described above on a
stationary oceanographic platform. The air flow was created with the help of wind
turbine generator, its speed was equal to 10, 12.5, 15 m/s. It was found that in a
laboratory experiment significant coherence values were recorded at frequencies up
to 8–9 Hz. Estimates of the parameter ε0.5, defined from Fig. 9 in [26, 27], had values
ε0.5 = 1.1 at air flow rate of 10 m/s and ε0.5 = 2.1 at air flow rate 15 m/s.

Among the available sources, only one other work devoted to the study of coher-
ence in a largewind-water tunnel was found [29]. The illustration in this work (Fig. 7)
made it possible to determine that under conditions of a large wind-water tunnel on
small bases 3 and 10 cm the ε0.5 are close to the level 0.65, i.e., lower than in the tray
but higher than in the sea. The wind-water tunnel in which the measurements were
made was 40 m long.

The field measurement data analyzed here covered a wide range of dominant
wave sizes from 2 to 35 m, with the parameter ε0.5 values not exceeding the 0.15–0.5
interval. In laboratorymeasurements,where it is difficult to create longwaves, shorter
wavelengths of 0.2–0.6 m were generated. The generalized results of calculations
of estimates ε0.5, on the data obtained in the field and laboratory experiments, are
presented in Fig. 3.3.

When conducting experimental studies in trays it is difficult to study the char-
acteristics of wind surface waves in the orthogonal direction to the wind velocity
vector. Apparently, no data on laboratory studies of transverse coherence could be
found among available publications.

Thus, the comparison of experimental data obtained under different conditions
showed the difference between laboratory and sea waves of decimeter and meter
ranges. This difference is that longitudinal coherence in short laboratory waves is
preserved at distances of 1–2wavelengths, while in sea waves disappears at distances
of less than half the wavelength.

The possibility of using the results of laboratory research in the interpretation of
sea-wave measurements should be investigated on a case-by-case basis. This fully
applies to the study of spatial and temporal relationships in the wave field. A faster
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Fig. 3.3 Dependence of
estimates ε0.5 on the
frequency of dominant
waves f0 in natural (•) and
laboratory (+) experiments
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loss of coherence in short-period sea waves may be caused by the orbital motions
of the dominant wind waves and swell. The angular distribution of the waves in
the trays is narrower than in the sea, and as will be shown below, as the angular
distribution expands, the level of coherence decreases. In addition, there are other
factors in the sea that lead to a decrease in the level of coherence. Such factors are
turbulent fluctuations in surface current, variations in wind speed and direction, and
the group structure of sea waves.

3.5 Modeling of the Quadratic Coherence Function

3.5.1 Angular Distribution Effect of Wave Energy

Let’s consider a spatially homogeneous, stationary wave field, which is a superpo-
sition of noninteracting waves. Cross-spectrum of the wave displacements in two
points connected by a vector �L , it is possible to write down as [37].

X(ω,
−→
L ) =

2π∫

0

	(ω, α) exp(i k L cos α)d (3.7)

where 	(ω, α) is the frequency angle spectrum; α is the angle between vectors �L
and �k. Let’s represent the frequency-angle spectrum in the form of

	(ω, α) = S(ω)�(ω, α) (3.8)

where �(ω, α) is the spreading function that satisfy the condition of normalization
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2π∫

0

�(ω, α)dα = 1 (3.9)

If all waves are subject to the dispersion relation (3.1), then it follows from (3.7)
and (3.8)

X
(
ω,

−→
L

)
=

∫
S(ω)�(ω, α) exp

(
i
ω2r0
g

cosα

)
dα (3.10)

or, considering (3.5) and (3.6)

X(ω, ε, αΘ) = S(ω)

2π∫

0

�(ω, α) exp(i2π ε cosα)dα (3.11)

where the parameter αΘ is determined by the angle between the vector
−→
L and the

main direction of wave propagation. Thus, expression (3.2) can be given as follows

R2(ε, α, α�) =
∣∣∣∣
∣∣

2π∫

0

�(ω, α) exp(i2π ε cos α) dα

∣∣∣∣
∣∣

2

(3.12)

By using proven models of spreading functions, the expression (3.12) allows to
construct theoretical estimates of the quadratic functions of longitudinal and trans-
verse coherence for a linearwave field, aswell as to estimate anisotropy of coherence.
In order to compare the theoretical estimates with the experimental data, we use the
most known models of the spreading function proposed in the works [6, 12, 28].

�1(α) =
{
N1 cosm α; |α − α0| ≤ π

2
0; |α − α0| > π

2

(3.13)

�2(α) = N2 cos
2s

(
α − α0

2

)
(3.14)

�3(α) = N3sech
2(β(α − α0)) (3.15)

where Ni is the coefficients determined by the condition of normalization; α0 is
the main direction of wave propagation; m, s, β are dimensionless parameters
determining the width of the angular distribution.

Parameters m, s,β are functions of dimensionless frequency �. In the region of
main energy-bearing waves, the narrowest angular distribution is observed at the
frequency of spectral peak, where � = 1. As we move away from � = 1 to both
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lower and higher frequencies, the angular distribution expands. In the model (3.14),
parameter s depends on the stage of wave field development.

The spreading functions calculated for different values of dimensionless frequency
of the model are presented in Fig. 3.4. Here the index i corresponds to the model
index. When building the model (3.14), it was assumed that it corresponds to the
stage of wave field development close to the state of a fully developed wave.

with the modeling results. To perform this procedure, we convert the spatial and
temporal scales by presenting the values of the physical distance between the wave
gauge in a dimensionless form (3.6), and use a dimensionless frequency (3.4). From
the functions of longitudinal and transverse functions of coherence, thus parameter-
ized, samples of coherence values at fixed values of non-dimensional frequency
� = 1,

√
2, 2, 3 were made and constructed as a function of the parameter ε

(Fig. 3.5). Significant with 99.7% confidence probability is the level of the quadratic
coherence function greater than 0.2. Parameterized empirical functions R2

↑(�, ε)

and R2
↑(�, ε), are compared with theoretical functions calculated on the basis of

Eq. (3.12) and models (3.13)–(3.15).
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Fig. 3.5 Dependence of longitudinal R2↑(�, ε) and transverse R2⊥(�, ε) functions of quadratic
coherence on dimensionless distance ε. Curves 1–3 correspond to theoretical estimates of the
quadratic coherence function based on models of the angular distribution function (3.13)–(3.15)

We will compare the quadratic coherence functions obtained in the experiments
Presented in Fig. 3.5 graphs show that the coherence level, both longitudinally and
transversely, decreases rapidly with growth ε. At values ε = 0.5−1.0 it drops below
the statistical security level.

A decrease in the coherence level due only to the distribution of wave energy in
the direction is illustrated by curves 1, 2 and 3 constructed for the three functions
of angular distribution (3.13)–(3.15). In the above models, the following parameters
were selected that determine the width of the angular distribution of the wave energy:
at � = 1 m = 5, s = 10, β = 1.8; at � = √

2, m = 3.2, s = 7 , β = 1.5; at � = 2
m = 1.2, s = 3, β = 0.95.

Behavior of theoretical functions R2
↑(�, ε) and R2

⊥(�, ε) in Fig. 3.5 qualitatively
corresponds to the behavior of the quadratic coherence functions constructed on the
basis of measurement data: as the dimensionless distance ε increases, the calculated
coherence values decrease rapidly. At the same time, it can be seen that there are
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systematic deviations ofmodel curves from experimental estimates. These deviations
are expressed in the fact that at� = 1 and� = √

2, the longitudinal coherence values
are higher than the measured values, while at the transverse coherence the calculated
values are, on the contrary, lower than the measured values.

The deviations observed cannot be eliminated by selecting the angle function
model or its parameters. By changing the width of the angular distribution of wave
energy, the theoretical curves can be approximated to the experimental values for only
one of the two directions (either longitudinal or transverse), but the correspondence
for the other (orthogonal to it) is further reduced.

On experimental values of the quadratic coherence function R2
↑(�, ε) and

R2
⊥(�, ε) built polynomial regressions of the second order, whose coefficients are

presented in Table 3.1. Here the parameter � means the standard deviation. Empir-
ical functions of anisotropy of coherence AR(Ω, ε) were constructed using these
regression equations describing quadratic coherence functions. These experimental
functions are then used to compare with the results of modeling spatial-temporal
relationships in a wave field.

Figure 3.6 presents theoretical estimates of anisotropy of coherence built on three
single-mode models of the angular distribution function (3.13)–(3.15). The use of
different types of models leads to similar results. The principal differences between
theoretical calculations and observations are shown: none of the models of the two-
dimensional wave spectra allows to obtain the behavior of the coherence anisotropy
function close to the experimental curve. At frequency � = 1, the differences are
not only quantitative but also qualitative, since all theoretical values lie in the region
AR(� = 1, ε) < 1 and all experimental values lie in the region AR(� = 1, ε) > 1.

The isotropy of coherence i AR(
√
2, ε∗) = 1 is observed at frequency � =√

2, while all theoretical values clearly indicate anisotropy. This fact also points to
qualitative differences.

Table 3.1 Coefficients of regression R2(ε) = a0+a1ε+a2(ε)2, quadratic function of longitudinal

and transverse coherence R2⊥(�, ε) and R2⊥(�, ε)

Quadratic function coherence Polynomial coefficients Coefficients of correlation, r

a0 a1 a2 �

R2↑(� = 1, ε) 1.04 −1.50 0.72 0.09 0.87

R2⊥(� = 1, ε) 1.03 −1.04 0.19 0.06 0.91

R2↑
(
� = √

2, ε
)

1.02 −0.92 0.08 0.03 0.98

R2⊥
(
� = √

2, ε
)

1.02 −1.08 0.23 0.08 0.85

R2↑(� = 2, ε) 0.99 −0.92 0.23 0.10 0.83

R2⊥(� = 2, ε) 1.03 −2.14 1.19 0.11 0.88
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Fig. 3.6 Model and
experimental dependencies
of coherence anisotropy AR
on dimensionless distance ε.
Curves 1–3 are constructed
by models (3.13)–(3.15)
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3.5.2 Effect of the Presence of Longwave Harmonics

Let us consider a wave field consisting of free waves subordinated to the dispersion
relation for gravitational waves on deep water (3.1), and related components, which
are harmonics of the dominant wave. The phase velocity of the harmonics is equal to
the phase velocity of the dominant wave C0. It follows from (3.1) that C0 = g

/
ω0.

The harmonics of the dominant wave propagate with its phase velocity and obey the
dispersion relation

ω = C0 k (3.16)

The cross-spectrum of the simulated wave field, consisting of free and coupled
waves has the form
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X(ω,
−→
L ) =

2π∫

0

	 f (ω, α) exp

(
i
ω2L

g
cos α

)
dα

+
2π∫

0

	b(ω, α) exp

(
i
ω L

C0
cos α

)
dα (3.17)

where indexes “f” and “b” denote free and bound components; the direction α = 0 is
chosen to coincide with the direction of the vector �L . In numerical analysis we will
limit ourselves to estimating the influence of the second harmonic of the dominant
wave.

We will assume that the full spectrum of the simulated wave field is the sum of
free wave and harmonic spectra. The level of harmonics is determined by its fraction
in the full spectrum

γ (ω) = Sb(ω)
/
S(ω) (3.18)

where S(ω) = Sb(ω) + S f (ω)

By substituting the cross-spectrum X(ω,
−→
L ) presented in the form (3.17) for

expression (3.2), we obtain that the square coherence function can be described by
expression:

R2(ε) =
⎧
⎨

⎩

2π∫

0

[
(1 − γ )� f (α) cos(2π ε cos α) + γ �b(α) cos(π ε cos α)

]
d α

⎫
⎬

⎭

2

+
⎧
⎨

⎩

2π∫

0

[
(1 − γ )� f (α) sin(2π ε cos α) + γ �b(α) sin(π ε cos α)

]
d α

⎫
⎬

⎭

2

.

(3.19)

where � f (α) and �b(α)—angular distributions of free and bound components of
the wave field respectively.

It has been shown above that in field measurements on the scale of the second
harmonic show that the coherence level, defined in the longitudinal direction,
decreases faster than it follows from calculations on known models of spreading
functions. It can be assumed that the lower coherence values than those derived from
the linear wave field calculations are the result of the presence of dominant wave
harmonics.

Let’s test the validity of that assumption. For this purpose, let us use the model
(3.19). It is natural to assume that the spreading function of all harmonics repeats
the spreading function of the dominant wave. The spreading function of the free
waves expands with frequency, i.e., the spreading function of the harmonics already
expands at frequency � = 2 than the spreading function of the free waves. For
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quantitative estimations we will use the model of the spreading function in the form
(3.15). According to [6], the change in the width of the angular distribution for this
model is described by an expression

β =
{
2.44

(
�

0.95

)−1.3
, 0.95 ≤ � ≤ 1.6

1.24, 1.6 < �
(3.20)

Using approximation (3.20), for the spreading functions (3.15) we set the
following values of the parameter β: for the dominant wave and its harmonics
β = 2.28; for free waves at a non-dimensional frequency � = 2 we can accept
β = 1.24. The results of the calculations are shown in Fig. 3.7.

In a complex multicomponent wave field, representing the superposition of free
waves and harmonics, the level of coherence is influenced not only by the presence
of waves of the same frequency, propagating with different phase velocities, but also
a change in the angular distribution of wave energy, which becomes narrower with
an increase in the proportion of harmonics. It follows from Eq. (3.19) that a decrease

Fig. 3.7 Changes in the
quadratic coherence function
on the scale of the second
harmonic at different
harmonic levels

0 0.1 0.2 0.3 0.4 0.5
0.4

0.6

0.8

1

0.6

0.8

1

2
↑R

γ

γ

ε

ε



3.5 Modeling of the Quadratic Coherence Function 69

or increase in coherence when proportion of harmonics changes is also determined
by how the width of the angular distribution of free and bound waves is related.

3.5.3 Group Structure Effect

A well-known feature of sea waves is their group structure. It is believed that
its appearance is associated with nonlinear processes in the surface waves [1, 8],
including the modulating instability of Benjamin-Feira [23].

The group and phase velocities of gravitational waves satisfying the dispersion
relation (3.1) are equal to

CG = dω/dk = 1

2

√
g
/
k = 1

2
g/ω (3.21)

CF = ω/k =
√
g
/
k = g/ω (3.22)

i.e. the group speed is half as slow as the phase speed. As a result, by passing some
distance, the wave profile is transformed, which leads to a decrease in the level of
coherence in the direction of propagation.

Let us consider a nonlinear model of the wave field, assuming that the waves are
one-dimensional. Let’s assume that the waves propagate in the direction α = 0. In
this case, the spreading function can be presented in the form

�(α) = δ(α) (3.23)

where δ is the Dirac Delta Function. The envelope of a weakly nonlinear wave train
can be described by the nonlinear Schrödinger equation, whose established solution
of the equation has a form [36]

G(x, t) = dn
(
mg

(
k0x − ω0

2
t − �0

)
, q

)
(3.24)

where x—the spatial coordinate; dn—the elliptical function of Jacobi of the second
kind with the module q. Parameters ρg and q determine the shape of the envelope
and number of waves in the group, the parameter �0 determines the position of the
envelope at the initial moment.

Let us consider a case, when the one-dimensional carrier wave satisfies the disper-
sion relation (3.1) Modelled for the carrier wave with the envelope G(x, t) changes
of the surface level in the fixed point of space are given in Fig. 3.8. Calculations are
carried out at three values of the parameter q equal to 0.1, 0.2 and 0.3.
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Fig. 3.8 Modeling of
wavetrain with an envelope
described by the expression
(3.22)

-1

0

1

-1

0

1

-1

0

1

q = 0.1

q = 0.2

q = 0.3

Fig. 3.9 Changes in the
level of coherence of the
carrier wave caused by the
group structure

0.0 0.4 0.8
0.6

0.8

1.0

0.1

0.2

0.3

=q

=q

=q

)(2 ε↑R

ε

Changes in the quadratic coherence function R2
↑(ε) are shown in Fig. 3.9. The

group structure has a significant impact on the coherence level. With increasing
magnitude q, the depth of the carrier wave modulation grows and the coherence level
decreases.

Thus, taking into account the group structure of sea waves allows us to bring
together the measured and model estimates of the longitudinal coherence function,
because, as was shown above (Fig. 3.9), the decrease in coherence of the domi-
nant components with the growth of the dimensionless distance ε in the real wave
field is faster than it follows from the calculations of the known models of angular
distribution functions (Fig. 3.5).
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Numerical experimentswere also conductedwith other types ofmodels describing
the group structure of surface waves [48]. In these experiments, the correlation func-
tion of the surface elevation, rather than the envelope wave group, was defined. As
in the above described numerical experiment with the model (3.24), it was assumed
that the waves are one-dimensional. For approximation of the correlation function,
two models were used

r1(τ, 0) = exp(−ρ1|τ |) cos(ω0τ) (3.25)

r2(τ, 0) = exp(−ρ2|τ |) cos(�
ωτ) cos(ω0τ) (3.26)

where �
ω—group frequency; ρ1 i ρ1—empirical parameters.

The approximation of the correlation function in the form (3.25) is valid only
within one wave group, i.e. up to the first minimum of the envelope. This approxi-
mation corresponds to a wave spectrum with a single peak. The approximation in the
form (3.26) allows to take into account the beats typical for the correlation functions
of the wind wave and capillary wave, but it corresponds to the two-vertex spectrum
with maxima at frequencies ω0 ± �

ω.
Taking into account the difference between phase and group velocities of grav-

itational waves, mutual correlation functions were simulated, on which the wave
field cross-spectrum was built, and coherence losses corresponding to each model
of correlation function were estimated with its help. The results of the numerical
experiment confirm the conclusion that taking into account the group structure of
sea waves makes it possible to converge the measured and model estimates of the
longitudinal coherence function.

3.6 Calculation of Angular Distribution Functions

Themeasurement of the angular distribution function has been intensively carried out
for several decades now [48]. However, interest in them has not waned, as evidenced
by the large number of papers published in recent years (see, for example, [33, 41,
43]). This demonstrates the complexity of the problem and that it has not yet been
definitively resolved.

As noted above, the calculation of the angular distribution function from the
measurement data of an array of spaced sensors is based on the assumption of the
linear nature of the sea wave field. This means that the cross-spectrum of the sea-
wave field and related characteristics, such as the square coherence function and the
phase spectrum, must be determined by two factors: the dispersion relation and the
azimuthal distribution of the wave energy. If at frequencies above the frequency of
the dominant waves there are effects due to the influence of the orbital motions of
longer waves, the presence of harmonics that do not satisfy the dispersion equation
for freewaves, etc., then for the dominantwaves this assumption looked quite correct.
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The results of field studies and numerical simulations presented in this chapter
show that there are good reasons to return to the question of the fairness of the
assumptions made. There are a number of physical mechanisms that lead to changes
in space-time relationships in the surface wave field and can significantly affect the
results of calculations of the wave energy distribution along the directions.

It is natural to believe that a change in coherence caused by any physical mecha-
nism individually should not lead to a decrease in coherence below the level observed
in the experiment. However, the calculated coherence losses in the transverse direc-
tion only due to the azimuthal distribution of the wave energy turned out to be
much greater than according to the natural measurements. This suggests that the
actual angular distribution of dominant waves is narrower than it follows from
parametrization of known models [2].

At present, information on the spatial spectra of sea waves is mainly obtained
using wave buoys [25]. A way to determine the frequency-angle spectrum 	(ω, α)

from the data obtained with wave buoys was proposed in the paper [24]. To calculate
the first five decomposition coefficients in the Fourier row of the frequency angle
spectrum, the surface elevation and slope spectra in two orthogonal directions as well
as their cross spectra are used. It is based on the assumption that the spatio-temporal
characteristics of thewavefield are determinedby two factors: the dispersion equation
and the azimuthal distribution of wave energy, i.e. the same assumption is used as the
basis for the method for calculating the angular distribution on an array of sensors
spaced out in space. However, as was shown above, taking into account only these
factors is not enough to fully describe the space-time structure of the wave field.
In particular, nonlinear effects in the surface wave field lead to the appearance of
coupled components [11, 31]. This fact modifies the equations of binding spectra of
elevation and slope of the surface, which, accordingly, affects the estimations of the
values of decomposition coefficients in the Fourier function 	(ω, α).

3.7 Conclusion

The series of experiments carried out on the fixed oceanographic platform of the
Marine Hydrophysical Institute showed that spatio-temporal relationships in the sea-
wave field cannot be described within the linear model. On the scale of the dominant
waves, it was found that the coherence in the longitudinal direction (relative to the
general direction of wave propagation) was decreasing faster than in the transverse
direction. This effect may be related to the physical mechanisms that form the group
structure of surface waves. Anisotropy of coherence (ratio of the quadratic coherence
function defined in the transverse and longitudinal direction at a fixed distance)
changes its character on the scale of the second spatial harmony of the dominant
wave.

For short wave components (decimeter range) differences between laboratory and
marine wind waves have been revealed. The difference lies in the fact that longitu-
dinal coherence in laboratory waves is preserved at distances up to 1–2 wavelengths,
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and in marine conditions disappears at much shorter distances (about half the wave-
length). The effect of rapid loss of coherence in the sea should lead to weakening of
mechanisms of interwave interaction, carried out due to the implementation of the
synchronism condition.

When measuring an array of wave gauges, the loss of coherence is determined
by the angular distribution of wave energy and nonlinear physical mechanisms. If
the coherence loss due to nonlinear physical mechanisms is not taken into account
when determining the angular distribution function, the angular distribution function
calculated from the multipoint measurements will be wider than the real one.
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Chapter 4
Modeling the Shape of the Impulse
Reflected from the Sea Surface

4.1 Introduction

At present, satellite altimetry is one of the main components of space monitoring of
the World ocean. As an active method of remote sensing, satellite altimetry provides
oceanographic information regardless of weather conditions and time of day. Its
development has opened up new opportunities to study oceanological fields on a
wide range of spatial and temporal scales and has led to significant progress in our
knowledge of the dynamics of the World ocean.

In radio altimetry measurements, all sea level information along the spacecraft
track is carried by the leading edge of the reflected radio impulse [7]. In addition to
determining sea level, radio-sounding data determine two other sea surface parame-
ters: the significant wave height [14, 27] and the wind speed [9, 27]. The possibility
of remote determination of the senior statistical moments of the distribution of the
excited sea surface elevations is being investigated [13]. The angle of slope of the
leading edge allows to determine a significant wave height [7]. Changes in the distri-
bution of sea surface elevations lead to changes in the shape of the reflected radio
impulse [25, 36]. Changes in the shape of the reflected radio impulse result in errors
in determination of sea surface level and significant wave height.

Most radio altimeters installed on satellites operate at wavelengths ranging from 2
to 6 cm. They have a narrow directional pattern with a width of nomore than 3.4° (the
exception being the altimeter mounted on the Envisat satellite with a width of 5.25°).
The duration of the probing impulse varies widely from 1 to 100 µs. The impulse
reflected from the sea surface undergoes a compression procedure, after which its
duration is several several nanoseconds [8].

The main factor determining sea level measurement errors is the change in the
state of its surface [16, 36]. Usually, three error groups are distinguished [12]. The
first group includes errors due to deviation of sea surface elevation distributions from
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Gaussian distribution [2, 28]. The errors of the second group are caused by the fact
that the reflection intensity of radio waves varies along the profile of the dominant
surface wave, since the variance of sea surface slopes near the crest is higher than
in the trough [21, 29]. The third group of errors is related to the pre-processing of
recorded signals on board the satellite [16]. Here analyses the errors related to the
first group.

The main model describing the distribution of sea surface elevations in remote
sensing applications is the one based on the truncatedGram–Charlier series [13, 17];).
Its advantage is a rather compact analytical form, and also that coefficients of a series
are calculated on statistical moments of the studied parameter. The disadvantage is
that in experiments, as a rule, statistical moments not older than the fourth order are
defined.As a result, only the first five (including zero)members of theGram–Charlier
series can be used when constructing the probability density function. Models based
on the truncated Gram–Charlier series incorrectly describe the distribution of surface
elevations in the vicinity of large wave crest [35].

This Chapter analyses the influence of sea surface elevation distribution devia-
tions from Gaussian distribution on the reflected signal shape of the satellite radio
altimeter and also analyses sea surface level errors caused by non-linearity of wind
waves. It also analyses the physical limitations of increasing the spatial resolution of
spaceborne altimeter.

4.2 Brown’s Model

When the sea surface is vertically probed, the signal recorded on the spacecraft is
generated by a mirror reflection. This physical mechanism is the main one when
generating a signal for incidence angles up to 20°–25°, at large incidence angles
the main physical mechanism that generates a radio signal recorded on a satellite
is the Bragg (resonance) scattering [1, 4]. The form of the reflected altimeter pulse
is described by the Brown model representing a convolution of three functions [6].
The two functions depend on the characteristics of the altimeter mounted on the
spacecraft and the measurement conditions (orbital altitude). The third function is
determined by the properties of the sea surface, it describes the distribution of mirror
reflectionpoints along thewaveprofile. Thedependenceof the reflected radio impulse
characteristics on the characteristics of the sea surface makes it possible to solve the
reverse problem and to reconstruct these characteristics [20, 32].

Brown’s model looks like

V (t) = χ(t) ∗ s(t) ∗ q(t) (4.1)

whereχ(t) is the shape of the impulse reflected from a flat surface; s(t) is the shape of
the probing impulse; q(t) is the function associated with the density of probabilities
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of the height of the mirror reflection points; symbol * means convolution; t is time.
The Brown model was constructed under the following basic assumptions:

• The reflective surface contains a fairly large number of independent reflective
elements;

• Surface elevation statistics are constant within the radar-lit surface;
• Reflection is a process without polarization effects;
• The normalized backscatter cross section is constant for the entire illuminated

area, i.e. within the directivity diagram independent of the angle of incidence;
• The Doppler effect is negligible.

It should also be noted that mirroring takes place under the condition that the
surface wavelength is much longer than the radio wavelength. Small scale ripple,
which does not meet this condition, causes diffuse scattering, which leads to a reduc-
tion in power of quasi-mirror reflected radar signal [4]. In order to take into account
the diffuse scattering Fresnel’s coefficient is replaced by the effective reflection coef-
ficient [31]. The effective reflection coefficient varies from 0.45 to 0.50 when the
wind speed changes from 1.5 to 15 m/s [10].

Let’s consider the case where the shape of the sounding radio impulse is Gaussian.

sr (t) = 1√
2π Dr

exp

(
− t2

2 Dr

)
(4.2)

where the parameter Dr determines the width of the radio impulse. Let us assume
that probing is done at zero angle of incidence and that the directional diagram of
the altimeter antenna is described by the Gauss function. Within these assumptions,
the shape of the impulse reflected from the flat surface is as follows [17]

χ(t) = a exp

[
− ln 4 c

cos2(θ/2)h
t

]
H(t) (4.3)

where a is amplitude; c is speed of light; θ is beam width of the antenna, determined
by the level of half power; h is orbit height of the satellite; H(t) is Heaviside unit
function.

If the shape of the sounding impulse s(t) and the shape of the impulse reflected
from the flat surface are described by χ(t) expressions (4.2) and (4.3), their
convolution is described by the equation

I (t) = χ(t) ∗ sr (t) = a

2
exp

[
δ2

Dr

2
− δ t

][
1 − erf

((
δ − t

Dr

)√
Dr

2

)]
(4.4)

where δ = ln 4 c
cos2(θ/2)h ; erf(x) = 2√

π

∫ x
0 exp

(−y2
)
dy is error function.
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It follows from Eqs. (4.1) and (4.4) that the shape of the reflected impulse can be
described by a convolution of two functions, where the first function is determined
by the characteristics of the altimeter and the second function is determined by the
characteristics of the sea surface.

V (t) = I (t) ∗ q(t) (4.5)

Model (4.1) assumes that mirror reflection points are evenly distributed along the
wave profile, i.e., the function q(t) is unequivocally determined by the density of
probability of sea surface elevations P(η). From where should

q(t) = dη

dt
P(η(t)) (4.6)

Parameters η and t are related by the ratio

t = η/(c/2) (4.7)

Since the transform (4.7) is linear, the absolute values of skewness and kurtosis and
the higher cumulant distributions q(t) and P(η) are equal. Decreasing sea surface
level results in longer radio impulse altimeter return times. Positive values of the
parameter η correspond to upward direction, therefore, odd statistical distribution
moments q(t) should have the opposite sign than sea surface elevation moments. In
particular, the q(t) skewness of the distribution should have the opposite sign than
the skewness of the elevation of the sea surface P(η).

When calculating the reflected altimeter impulse shape, we will take the values of
the parameters θw,

√
Dr and h, as in the work [17], take the corresponding parameters

of altimeter installed on SEASAT-1: θ = 1.6 ◦,
√
Dr = 1.327 nsec and h = 8 ×

105 m.Replacing the values of the specified parameterswith the values corresponding
to modern altimeters does not introduce any fundamental changes.

4.3 Sea Surface Elevation Probability Density Function
Models

The Brown model was originally constructed under the assumption that the distribu-
tion of sea surface elevations is described by the Gaussian distribution. At present,
the main model of the probability density function of sea surface elevations used in
the analysis of altimetric measurements is the model PG−C(η) based on the truncated
Gram–Charlier series [13]. The model PG−C(η) describes a weakly nonlinear field
of surface sea waves and allows take into account the effects leading to the deviation
of the distribution of surface elevations from the Gaussian distribution [24].

Edgeworth’s A-type form of the Gram–Charlier series is used to describe the wind
wave field [18]
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PG−C(η) =
∞∑
n=0

an Hn

⎛
⎝ η√

η2

⎞
⎠ 1√

2π
exp

(
−1

2

η2

η2

)
(4.8)

where Hn is orthogonal Hermit polynomials of order n; an is coefficients of the series
(4.8); η2 is variance of surface elevations. It is assumed that the average value of the
surface elevation η = 0

The coefficients of the Gram–Charlier series are calculated on the basis of statis-
tical moment estimates. When measuring waves in marine conditions, statistical
moments are determined no higher than order 4. Therefore, the calculation of the
density of probabilities of sea surface elevations is limited to the first members of
the Gram–Charlier series. For calculations of forms of the reflected impulse several
forms of model are used PG−C(η) [13, 17].

P (1)
G−C(η) =

exp
(
− η2

2η2

)
√
2π η2

⎡
⎣1 + A

6
H3

⎛
⎝ η√

η2

⎞
⎠

⎤
⎦ (4.9)

P (2)
G−C(η) =

exp
(
− η2

2 η2

)
√
2π η2

⎡
⎣1 + A

6
H3

⎛
⎝ η√

η2

⎞
⎠ + E

24
H4

⎛
⎝ η√

η2

⎞
⎠

⎤
⎦ (4.10)

P (3)
G−C(η) =

exp
(
− η̃2

2

)
√
2π η2

[
1 + A

6
H3(η̃) + E

24
H4(η̃) + A2

72
H6(η̃)

]
(4.11)

where A and E are the skewness and kurtosis of the statistical distribution of the
sea surface elevations. The Hermite polynomials included in Eqs. (4.9)–(4.11) are
described by the expressions

H3(x) = x3 − 3x (4.12)

H4(x) = x4 − 6x2 + 3 (4.13)

H6(x) = x6 − 15x4 + 45x2 − 15 (4.14)

The limitation of the distributions built on the basis of truncated Gram–Charlier
series is that they allow to describe the probability density only in a limited range of
the parameter under study. In particular, as a result of comparison of model calcula-
tions and data of sea surface waves measurements, it was found that the range where
it is possible to apply the models (4.10) corresponds to the condition [35].
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∣∣∣∣η/

√
η2

∣∣∣∣ < 3 (4.15)

The functions of probability density built by the models P (1)
G−C(η) (i = 1,2,3) are

presented in Figs. 4.1 and 4.2.
At their construction it was taken into account that according to the measurements

in field conditions skewness and kurtosis lie in the following ranges [19].

−0.05 < A < 0.4 (4.16)

−0.4 < E < 0.4 (4.17)

Since the skewness and the kurtosis of sea waves do not correlate, the calcula-
tions were performed for two combinations of these parameters corresponding to
the maximum deviations from the Gaussian distribution. The values A and E were
chosen to correspond to the maximum deviations from the Gaussian distribution.

Fig. 4.1 Probability density function models of sea surface elevations. Curves 1–3 are models
P(i)
G−C (η), model number i coincides with the number of the curve; curve 4 is the Gaussian

distribution. The models P(i)
G−C (η) are constructed at A = 0.4, E = −0.4
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Fig. 4.2 Probability density function models of sea surface elevations. Curves 1–3 are models
P(i)
G−C (η), model number i coincides with the number of the curve; curve 4 is the Gaussian

distribution. The models P(i)
G−C (η) are constructed at A = 0.4, E = 0.4

If the values

∣∣∣∣η/

√
η2

∣∣∣∣ are large, all three functions P (i)
G−C(η) may have negative

values. Let us consider what these distortions of the probability density function lead
to when modeling the shape of the reflected impulse.

4.4 Reflected Impulse Shape Calculation

If the probability density P(η) is described by the Gram–Charlier distribution in the
form (4.11), then

q(t) =
exp

(
− t2

2 Ds

)
√
2π Ds

[
1 − A

6
H3

(
t√
Ds

)
+ E

24
H4

(
t√
Ds

)
+ A2

72
H6

(
t√
Ds

)]

(4.18)
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where Ds = (
4/c2

)
η2.

For the case when functions q(t) are described by the expression (4.18), the
convolution [17]

q(t) ∗ sr (t =
exp

(
− t2

2 D

)
√
2π D

[
1 − Ã

6
H3

(
t√
D

)
+ Ẽ

24
H4

(
t√
Ds

)
+ Ã2

72
H6

(
t√
D

)]

(4.19)

where the parameters of Eq. (4.19) are given as

⎧⎨
⎩

D = Ds + Dr

Ã = Aη(Ds/D)3/2

Ẽ = Eη(Ds/D)2
(4.20)

By integrating the expression on the right side term by term (4.19) we obtain the
average form of the impulse reflected from the sea surface.

V (t) = a

6
exp

[
−d

(
τ + d

2

)]
C(t) (4.21)

where τ = t−t0√
D

− d; d = ln 4
sin2(θ/2)

c
h

√
D.

C = C0 + Ẽ C1 + Ã2C2 (4.22)
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dz,
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dz,

C2 = 1√
2π

τ∫
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H6(z + d) exp
(
− z2

2

)
dz,

(4.23)

The convolution (4.19) allows the construction of a reflected impulse shape for
the three models of sea surface elevation distributions (4.9)–(4.11). To switch from
the model (4.11) to the models (4.9) and (4.10), one must assume that the coefficients
C1 and/or C2 in (4.23) are zero. Built on the model (4.19), the forms of reflected
radio impulse are presented in Fig. 4.3. The consequence of the distortions of the
density function of surface elevation probabilities caused by the use of truncated
Gram–Charlier series (as shown in Figs. 4.1 and 4.2) is not a physical effect. The
effect is that in some situations negative values appear in the calculated form of the
reflected impulse [25].

Comparison of impulse forms calculated by different models shows that the
models P (2)

G−C(η) and P (3)
G−C(η) lead to almost the same results, but sharply differ
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Fig. 4.3 The form of the reflected impulse V (i) calculated by three models of the sea surface
elevations distribution (4.9)–(4.11). Index i corresponds to the number of the curve and the model
P(i)
G−C (η) number

from the form obtained by the model P (1)
G−C(η). This points to the importance of

including the sea surface elevation kurtosis in the sea level calculation procedure.
The model P (1)

G−C(η) does not take into account the kurtosis.
As a rule, a significant wave height HS equal to the average height of 1/3 of

the highest waves is used as a criterion of surface wave energy. The significant wave

height Hs is related to the variance of surface elevations by the ratio HS = 4
√

η2[30].
Presented in Fig. 4.3 reflected impulse forms are obtained for HS = 5 m.

It is possible to eliminate the disadvantages inherent in models of such kind
P (i)
G−C(η) using a combined model, which in the range of small values of elevations
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(∣∣∣∣η/

√
η2

∣∣∣∣ < 3

)
is close to the Gram–Charlier model, outside of this range is close

to the Gaussian distribution [26].
In general, a combined model based on the truncated Gram–Charlier series can

be presented as [34].

PC(η) = 1√
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where F—is a filter, parameter p determines the number of members in a row.

The filter F should be close to one in the range

(∣∣∣∣η/

√
η2

∣∣∣∣ < 3

)
and tends to zero

outside this range. As a filter, a two-parameter function is used
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where parameter d determines the range inside which the F(η̃) ≈ 1m, parameter
determines the speed at which filter F tends to zero outside of this range. When
simulating the distribution of sea surface characteristics, it is optimal to select the
m = 3.5. d = 3.4 Note that the combined model may also have negative values if
parameters m and d are incorrectly selected.

4.5 Errors in Sea Surface Level Determination

The accuracy of altimeter sea level measurements achieved to date significantly
limits the range of oceanographic tasks that are carried out using data from space-
craft. The accuracy of altimeter sea level measurements is improved by refining the
technical characteristics of the spaceborne altimeter (use of multi-frequency altime-
ters, improvement of ionosphere and tropospheric models, use of GPS precision
positioning in space, etc.). The second way is to improve the information processing
algorithms [3, 11, 22]. It is related to deeper understanding of the processes of
reflected altimeter impulse formation as well as to new information on the structure
and variability of the sea surface.

The level of the sea surface is determined by the transit time of the radio altimeter
impulse from the satellite to the sea surface and back, which we denote as �t .
An error in the definition �t by 1 ns leads to a sea level error of 15 cm. Let us
quantify the displacements of the leading edgeof the reflected radio impulse due to the
deviation of the sea surface elevation distribution from the Gaussian distribution. The
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displacements will be calculated from the point corresponding to half the amplitude
of the reflected radio impulse, the position of which on the time axis we denote as ts .

The analysis will begin by investigating the effect of skewness on the accuracy
of level determination. Let’s consider how the position of the leading edge of the
reflected impulse is changed when skewness and the constant significant wave height
are changed. Taking into account that, as shown above, the forms of the reflected
radio impulse, built on the models of distribution of elevations of the sea surface
P (2)
G−C(η) and P (3)

G−C(η) coincide, at further analysis will be limited to the model

P (2)
G−C(η).
The results of calculations presented in Fig. 4.4 show that as skewness increases,

the leading edge of the reflected impulse shifts to the left, which corresponds to a
decrease in the time of impulse passage to the sea surface and back, the calculated
sea level increases. The magnitude of the displacement significantly depends on the
kurtosis. The error in sea surface level determination caused by the skewness of sea
surface elevations can be presented as

δA = c

2
[ ts(A, E, HS) − ts(A = 0, E, HS)] (4.26)

where E = const ; HS = const . Changes in the parameter δA with increasing
skewness are shown in Fig. 4.5. Calculations were made for two values of significant
height. It can be seen that the shift of the kurtosis in the range of negative values
leads to a change of the sign δA. As the significant altitude increases, the error of sea
level determination increases.

The analysis of sea level errors due to the deviation of the sea surface elevation
distribution from the Gaussian distribution tends to focus on skewness changes [7,
12, 28]. The analysis presented here shows the necessity to take into account the
kurtosis of waves simultaneously with their skewness.

4.6 Physical Limitations of Spatial Resolution
of Spaceborne Radio Altimeter

An important characteristic that limits the range of geophysical problems solved
using altimetric data, along with their accuracy, is spatial resolution. The use of
synthetic aperture radar has significantly improved spatial resolution [5, 23]. When
improving the spatial resolution, another physical factor that affects the accuracy of
level detection must be considered. Remote sea level determination is done under
the assumption that surface elevation statistics are constant within the radar area [6].
If the size of the irradiated surface area is comparable to the wave group length, the
assumption of constancy ceases to be fulfilled, resulting in errors in restoring surface
level and significant wavelengths. Let us estimate the errors arising in the case when
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Fig. 4.4 Displacement of
the leading edge of the
reflected radio-altimeter
impulse caused by deviations
of the surface wave
elevations distribution from
the Gauss distribution. The
significant wave height is
equal to 5 m

the length of the local area L, for which the characteristics of the wave field are
calculated, becomes comparable with the length of the wave group LG .

Modeling the Group Structure of Surface Waves
The characteristic feature of the sea surface waves field is their group structure. Let
us consider a one-dimension wave field, where t is time, x is the spatial coordinate.
Let’s represent the wave profile η(x, t) as a product of the carrier wave and envelope.
The wave profile is asymmetric, the distribution of elevations of the sea surface is
quasi-Gaussian. Let us set the carrier wave in the form [33].
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Fig. 4.5 Errors of altimetric
sea surface level
determination δA caused by
skewness A deviation from
zero; curve 1–3 corresponds
to the kurt of −0.2, 0 and −
0.2

w(x, t) = exp

[
−ρ0 sin

2

(
k0x − ω0 t

2

)]
, (4.27)

where k0 = 2π/λ0 and ω0—wave number and cyclic frequency of the carrier wave;
λ0—length of the carrier wave; the parameter ρ0 determines the skewness of the
carrierwave.Between themselves parameters k0 andω0 connected dispersion relation
for gravitational surface waves on deep water

ω2
0 = gk0 (4.28)

where g is gravitational acceleration.
The envelope groups of waves will be set in a similar (4.27) form

G(x, t) = exp

[
−ρ1 sin

2

(
k0x − (ω0/2) t

2ρ2

)]
(4.29)
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where parameters ρ1 and ρ2 determine the shape of the envelope and number of
waves in the group respectively. In the final form, the wave profile has the form of

η(x, t) = α G(x, t)
(
w(x, t) − w(x, t)

)
(4.30)

where α is the parameter that determines the wave heights; the line at the top means
averaging.

The characteristics of the group structure of waves are the average number of
waves in a group NG and the group factor FG [26].

NG = ω
/


 (4.31)

FG = 1.41σG/G (4.32)

where ω is average frequency of wave spectrum; 
 is average frequency of envelope
spectrum; σG is standard deviation of envelope from its average value; G is average
value of envelope. If to accept ω = ω0, then 
 = ω0/(2ρ2) from where should
NG = 2ρ2.

The type of wave profiles constructed by the model described by Eqs. (4.27)–
(4.30) at different values of the group factor FG is shown in Fig. 4.6. The physical
meaning of the group-width factor is similar to the depth of modulation in radio engi-
neering. (Faktop gpyppovitocti—vezde FG) The parameter values FG deter-
mined under different conditions in field experiments usually range from 0.5 to 1.
For the Black Sea, the average value of the group factor is 0.76 [26]. The presented
wave profiles are normalized to significant wave heights HS . On the abscissa axis, a
dimensionless distance measured in the wavelengths λ0 of the carrier wave is shown.

Fig. 4.6 Group structure of
surface waves. Curve
1—FG = 0.5, Curve
2—FG = 1
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4.7 Errors in the Determination of Sea Surface
Characteristics Due to the Group Structure of Surface
Waves

If the linear size of the area L for which the surface level is estimated is equal to
or less than the wavelength of the group of waves, errors of two types may occur.
First type: the average surface level in this area does not correspond to the level of
the undisturbed surface. The second type: associated with errors in calculating the
surface level caused by changes in statistical moments of surface elevation in this
area.

Synthesized aperture altimeters make it possible to determine the level of sea
surface areas with linear dimensions of several hundred meters [5], which is compa-
rable to a wave group length. The length of the wave group LG is determined by the
number of waves in the group and their length, which depends on the conditions of
wave field formation [15].

Depending on the position of the site relative to the envelope of waves, its average
level may be above or below the level of the undisturbed surface. Let’s enter the
designation �u—maximum displacement of the average level of the area up and
�d—down. Changes in parameters �u and �d depending on the ratio are L/LG

shown in the Fig. 4.7. In the case when the length of the section L is equal to the
length of the wave group or is a multiple of it, then �u = �d = 0. Calculations are
made for a significant wave height equal to 1 m. If the significant height increases,
then the parameters�u and�d increase proportionately. If the groupheights increase,
the absolute values of the parameters �u and �d also increase.

A significant wave height HS is one of the main characteristics of the sea surface
that determines its condition. Estimation of accuracy of remotely determined param-
eters of the wave field is carried out by comparing in situ measurements of wave
buoys [27]. At present, the error of parameter determination is HS brought to an
acceptable value for oceanology and is about 10% [22]. In estimating the accuracy
of significant wave height measurements, instrumental error and errors created by an

Fig. 4.7 Deviations of the
middle level �u and �d
section length L from the
level of undisturbed surface:
Curve 1—FG = 0.5, Curve
2—FG = 1
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Fig. 4.8 Dependence of the
limits of significant height
change HSL on the ratio
L/LG . Curve 1—maxHSL ,
FG = 0.5; curve
2—maxHSL , FG = 1; curve
3—minHSL , FG = 0.5;
curve 4—minHSL , FG = 1

inaccurate coincidence in space and time of surface wave characteristics measure-
ment from satellites and buoys are usually considered. If the linear dimensions of
the section for which the significant wave height is calculated are comparable to
the wavelength of the wave group, its local characteristic HSL may differ from the
average HS .

The second statistical moment of the sea surface elevations, and consequently the
significant wave heights HSL calculated for a section of length L, depend on the ratio
L/LG . A section of sizes, which corresponds to the condition, L < LG may fall both
on the region of large waves and on the region of small waves. The variance of the
surface elevations calculated for this section can be either greater or smaller than the
average value determined for the situation when L � LG . Accordingly, depending
on the position of the section relative to the group of waves, the values of significant
heights HSL are in some range from maxHSL to minHSL .

The limits in which the parameters HSL change, when the ratio L/LG changes, are
shown in Fig. 4.8. The calculation was carried out at an average value of significant
height equal to 1m. To ensure that the error of determining the significantwave height
of no more than 10% is guaranteed, it is necessary that the condition L/LG > 2.

4.8 Conclusion

The potential for the practical use of data from altimeters installed on board space-
craft is limited by the accuracy of remote measurements of the sea surface topog-
raphy achieved to date. This circumstance causes the great interest in the problem of
reducing the errors of altimetry measurements.

At present, the improvement of altimeter information quality is due to the improve-
ment of technical means of measuring the return time of the sounding radio impulse
and improvement of algorithms ofmeasurement data processing. The development of
models for reflecting radio waves from the sea surface is largely due to the improve-
ment of our knowledge about its structure and variability. Eliminating errors caused
by changes in sea surface conditions will significantly improve the accuracy of sea
level measurements.
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Calculation of the form of the reflected impulse altimeter, by means of widely
usedmodels of probability distribution function of sea surface elevations, constructed
on the basis of truncated Gram–Charlier series, has a number of drawbacks. The
disadvantages are related to the limited range of elevations that describe thesemodels.
A clear manifestation of these distortions is the appearance of negative values in the
calculated form of a reflected radio impulse.

Occurring as a result of nonlinearity of sea surface waves, deviations of statistical
moments of its elevations from the values corresponding to Gaussian distribution,
lead to change of the form of the reflected impulse altimeter. There is a shift of its
leading edge, the position of which determines the time of signal passage from the
satellite to the sea surface and back, i.e. there is an error of sea level determination.
For different values of significant surface wave heights quantitative estimates of sea
level recovery errors due to changes in the skewness and kurtosis of the surface
elevation are obtained.

Improvements in the technical characteristics of space-based radars have signif-
icantly improved spatial resolution. When the spatial resolution of radio altimeters
approaches the scales comparable to the wavelengths of a group of waves, there
are physical limitations to the accuracy of determining the characteristics of the sea
surface (level and significant wave height). Errors arise whose values depend on the
ratio of the section length to the wavelength of the wavelength group. Level errors
increase linearly with the growth of significant wavelengths. The group structure
of sea waves is also a source of errors in determining significant wave heights. To
ensure that the relative error of determining the significant wave height of no more
than 10% is guaranteed, it is necessary to fulfill the condition: the length of the
section for which it is calculated must be more than twice as long as the length of
the wave group.
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Chapter 5
Effect of Long Surface Waves
on the Bragg Scattering of Microwave

5.1 Introduction

One of the major challenges facing modern oceanography, meteorology and clima-
tology is the monitoring of surface wind fields at local, regional and global scales.
Above the sea and ocean surface the problem is solved with the help of space tech-
nology means and methods—with the help of scatterometers, which, of course, do
not directly measure the wind speed, but the power of the received radio signal,
the magnitude of which determines the wind speed [17]. The level of sea surface
roughness that determines the scattering and reflection of radio waves, along with
changes in wind speed, is influenced by a large number of factors different in their
physical nature [5]. The main elements of the sea surface that form the backscattered
signal during remote sensing from spacecraft are short surface waves. The processes
occurring in the boundary layers of the atmosphere and ocean, which are different in
their physical nature, transform the field of short surface waves, making it possible
to monitor these processes using radar equipment installed on spacecraft [3, 12, 17,
22]. The interpretation of remote sensing data requires a detailed study of the role
of each of the processes affecting the sea surface in the formation of a radio signal
recorded on a satellite.

The Bragg scattering creates surface waves whose length is comparable to that
of a radio wave [24]. Long sea waves, compared to the probing radio wavelength,
change the local slope of the surface (geometric effect) and modulate the energy of
the Bragg components (dynamic effect). The interaction of radio waves with the sea
surface is described in a two-scale model [27, 32].

The complexity of analysis of the interaction of radio waves with the sea surface is
largely due to the lack of data on the structure and variability of the thin topographic
structure of the surface itself [21]. In the absence of detailed information on its
statistical characteristics, various models are often used. These are surface wave
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spectramodels based on the solution of the kinetic equation [13] or numerical models
of the sea surface topography [26]. The Gaussian model of the surface wave field is
also used [6, 18, 25], which is constructed under the assumption that in a stationary,
spatially homogeneous wave field, all components are independent and their phases
are evenly distributed randomly.

The purpose of the studies, the results ofwhich are presented inChap. 5 (maywrite
below, togda lyqxe here), is to analyze the effect of long (as compared to the Bragg
components) surface waves on the Bragg scattering of radio waves in the opposite
direction. The analysis is based on numerical simulation using direct measurements
of sea surface slope from theMarineHydrophysical Institute oceanographic platform.

5.2 Bragg Scattering of Radio Waves by the Sea Surface

When the sea surface is probed at angles of incidence exceeding 20–25°, the inter-
action of radio waves with the sea surface is determined by the Bragg scattering
mechanism. It is described in the framework of the small disturbances method [4].
If the Bragg (resonance) components of the surface wave field spread over a flat
surface, the normalized cross section can be represented as

σ 0
pp(K, θ, α) = 16 K 4

∣
∣G pp(θ)

∣
∣
2
�r

(�kB
)

(5.1)

where θ is angle of incidence, α is azimuthal angle,
∣
∣Gpp

∣
∣
2
is the Bragg scattering

geometric coefficient, which depends on the polarization of the emitted and received
signal, the index pp indicates the type of polarization (the first index shows the
polarization of the emitted signal, the second index shows the polarization of the
received signal), � is two-dimensional spectrum of sea surface elevation.

The Bragg scattering is created by waves propagating along the direction of
sounding in forward and reverse directions, i.e. the direction of propagation of these
waves is specified by conditions of

ϕB = α, or ϕB = α + π (5.2)

Therefore the folded spectrum �r

(�kB
)

is related to the directionalwave spectrum

�
(�kB

)

by [13]:
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(�kB
)

= 1
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(

�
(�kB

)

+ �
(

−�kB
))

(5.3)

The resonance condition connecting thewave numbers of the kB sea surfacewaves
and the wave numbers scattered in the reverse direction of the K radio waves is as
follows
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kB = K2 sin θ (5.4)

There are several definitions of “long” and “short” waves. Here and elsewhere,
we will consider as long those waves that satisfy the condition

λ � λB (5.5)

where λB is the length of the Bragg wave. The presence of long waves leads to the
fact that the Bragg components spread over a curvilinear surface [23], and to changes
in the local angle of incidence of radio waves. As a result, the value of the geometric
coefficient changes

∣
∣Gpp(θ)

∣
∣
2 → ∣

∣Gpp (θ − β↑)
∣
∣
2
. The Bragg wave component

becomes a function of three variables kB = kB
(

K , θ, β↑
)

. The expression describing
the local normalized radar cross section of the sea surface in the presence of long
waves takes the form

σ 0
pp(K, θ, α, β↑) = 16 K 4

∣
∣G pp(θ − β↑)

∣
∣
2
�r

(�kB
(

K , θ − β↑
))

(5.6)

where β↑ is the angle of long-wave tilt in the direction of the fall of radio.
Let us assume that the size of the radar spot on the sea surface is much larger than

the size of longwaves. This condition is generally met when sensing from spacecraft.
The effect of the long waves on the value of the signal scattered backwards can be
taken into account by averaging expression (5.6) over the whole range of angles of
the sea surface β↑ created by them. Averaging should be carried out with a weight
that determines the probability of the appearance of some or other angles β↑. Then
[27],

σ L
pp =

∫

σ 0
pp

(

θ − β↑
)

P(β↑) dβ

=
∫

16 K 4
∣
∣Gpp (θ − β↑)
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∣
2
�r

(�kB
(

K , θ − β↑
))

P(β↑) dβ↑ (5.7)

where P( β↑) is the probability density function of angles β↑.
To carry out the averaging (5.7), we transform the elevation spectrum of the sea

surface �, presenting it as an explicit function of the angle of incidence. Let us
passing on from the spectrum of wave vectors � to the spectrum of wave numbers
and directions χ(k, ϕ),

�(kx , ky)
∂

(

kx , ky
)

∂ (k, ϕ)
= χ(k, ϕ) (5.8)

where Jacobian is
∂ (kx ,ky)
∂ (k,ϕ)

= k. The spectrum χ (k, ϕ) will be appear in the form

χ (k, ϕ) = S(k)�(k, ϕ) (5.9)
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where S(k) is spectrum of wave numbers; �(k, ϕ) is spreading function which
describes angular distribution ofwave energy. Spreading functionmeets the condition
of normalization

π∫

−π

� (k, ϕ) dϕ = 1 (5.10)

Let’s replace the variables in the spectrum S(k)

S(k)
d k

dθ
= S̃(K2 sin θ ) (5.11)

where d k
dθ

= K2 cos θ . In the final form for the backscatter cross section of the sea
surface, we get

σ 0
pp = 2 K 2

∣
∣G pp(θ)

∣
∣
2 S̃(K2 sin θ)

sin θ cos θ
� (kB, ϕB) (5.12)

The resulting expression allows to estimate changes of σ 0
pp caused by the presence

of long waves on the sea surface.
We will analyze two situations where probing is done in the centimetre and

millimetre wavelength ranges. In the first situation, we will consider long waves
whose length λ1 is more than 10 cm, in the second situation, waves are long if their
length λ2 is more than 2 cm. Experimental studies of senior statistical moments of
slopes (skewness and kurtosis) created by surface waves in the range of wavelengths,
the lower boundary of which is the spatial scale λ1 or λ2, previously, have not been
conducted.

5.3 Statistical Characteristics of Sea Surface Slopes

Applications involving the scattering of electromagnetic waves on the sea surface
typically use statistical slopemoments obtained fromoptical images of the sea surface
in work [9]. When investigating the effect of long waves on Bragg radio wave scat-
tering, these data cannot be used.Mirror reflection createswavesmuch longer than the
optical wavelength. The shortest surface wavelength is determined by the process
of viscous dissipation and is equal to λdis ≈ 0.001 m [1]. Obviously, λdis much
longer than the optical wavelength. To analyze the effects created by long waves,
it is necessary to use statistical moments of slopes created by waves whose length
exceeds a certain length λ. The wavelength λ depends on the length of the probing
radio wave and is determined by the condition (5.5).
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To calculate the statistical moments of the sea surface slopes created by the waves
of a given range, we will use data from direct measurements made on the oceano-
graphic platform of theMarine Hydrophysical Institute. The oceanographic platform
has been installed on the Black Sea near the Southern coast of Crimea. The depth
of the sea at the place where the platform was installed is 30 m. For the Black Sea,
this depth corresponds to the “deep water” condition, i.e. the wave field distortions
caused by the bottom influence can be neglected [30].

The sea surface slopes on the oceanographic platform were measured using a
two-dimensional laser slopemeter. The principle of operation of the device is based
on measuring the laser beam deviation angles when passing the excited water-air
interface from under water. The recorded angle of deviation of the laser beam from
the vertical is determined by the local slope of the sea surface at the point where it is
crossed by the beam. The measurement resolution was 0.02 s, the laser spot diameter
on the undisturbed surface was about 1 mm. Measuring equipment and conditions
of measurements are described in the works [29, 30].

At the specifiedmeasurement discreteness, sea surface slope records obtainedwith
a laser gradiometer contain information on sea surface slopes in the frequency band
up to 25Hz. To eliminate the effects of high-frequency components, the original slope
records were skipped through a low-frequency filter with a filter cut-off frequency
of 4 Hz. Waves with frequencies below 4 Hz are those in the gravitational range that
satisfy the dispersion relation of

ω2 = g k (5.13)

where ω is circular frequency; g is gravitational acceleration. It follows from the
dispersion relation that the frequency of 4 Hz corresponds to a wave with a length
equal to 10 cm.

In the analysis of sea surface slope it is common to distinguish two components
oriented along ξu and across ξc the wind direction. Here and further the index u
corresponds to the upwind component of the slope, the index c corresponds to the
crosswind component. The absence of an index means that the expression is true for
both components of the slope. Let’s enter the notation ξ 2 is dispersion, A is skewness,
E is kurtosis.

Statistical moments of slopes, in upwind and crosswind directions are presented
in Fig. 5.1.

The skewness and kurtosis of the sea surface slope components created by waves
longer than 10 cm indicate a quasi-Gaussian nature of their distributions. They lie in
the same ranges as the statistical moments of slopes created by all waves present on
the surface [7, 9]. The average value of skewness of the crosswind component of the
slopes is close to zero, but in some situations there are significant deviations from
zero. The skewness of the longitudinal component increases with wind speed. The
explicit dependence of the kurtosis on wind speed is not observed.

It should be noted that in field experiments, the angle of inclination β of the sea
surface is usually not determined. Determine its slope ξ , which is the first spatial
derivative of surface elevation [7, 10, 21]. These parameters are related to each other
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Fig. 5.1 Statistical moments
of wind and crosswind slope
components, point is upwind
component; cross is
crosswind component
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by the formula

β = arctan ξ (5.14)
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Since the dip angles created by surface waves are not large, it is generally assumed
that the parameters β and ξ are numerically equal. Using this assumption introduces
an error to the scattering model. The statistical moments of slopes and angles are
shown in Fig. 5.2 [31].

According tomeasurements on the oceanographic platform for the same direction,
the relationship between statistical moments of the same order of slope β and slope
angles ξ is well described by linear regression equations Y = ax+b [31]. Numerical
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Fig. 5.2 Statistical moments of slopes ξ and angles β. Solid line is regression calculated by the
coefficients presented in Table 5.1. The dotted line corresponds to equality of statistical moments
of parameters ξ and β



104 5 Effect of Long Surface Waves on the Bragg Scattering of Microwave

Table 5.1 Coefficients of
linear regression equations
connecting statistical
moments of slope angles and
sea surface slopes

Upwind component

a b δ
√

β2 0.924 0 0.0001

A 0.889 0 0.0077

E 0.872 −0.155 0.040

Crosswind component

a b δ
√

β2 0.946 0 0.0001

A 0.916 0 0.007

E 0.869 −0.105 0.038

values of coefficients of this equation, and also values of standard deviation δ, are
shown in Table 5.1.

The difference between the statisticalmoments of the parametersβ and ξ increases
with their order. The absolute skewness value for slope angles is smaller than for
slopes, i.e. the distribution of the parameter β is more symmetrical than the distri-
bution ξ . We can also state that the peaks of the probability density functions of the
parameter are ξ sharper than those of β.

5.4 Sounding of the Sea Surface in the Centimeter Range
of Radio Wave

5.4.1 Numerical Estimates of Changes in the Length
of the Bragg Component

The estimates
√

ξ 2 obtained in the experiments allow us to determine within what
limits there is a change in the length of the Bragg component as a result of changes
in the local angle of incidence caused by long waves. When spread over an inclined
surface, created by long waves, the correlation between the length of the Bragg wave
λB and the length of the radio wave � is

λB = �

2 sin(θ ± β↑)
(5.15)

The minus sign before the angle β↑ corresponds to the situation when the slope
of the long wave is facing the radar.



5.4 Sounding of the Sea Surface in the Centimeter Range of Radio Wave 105

Table 5.2 Changes in the length of the Bragg’s components of the surfacewave field due to changes
in the local angle of incidence

Local angle of incidence
λB

(

θ±n
√

β2
u

)

λB (θ)
, n = 1, 2, 3

θ = 35° θ = 45°

θ ±
√

β2
u

0.85 1.2 0.89 1.2

θ ± 2
√

β2
u

0.75 1.6 0.82 1.4

θ ± 3
√

β2
u

0.69 2.5 0.77 1.8

The average value
√

ξ 2
u obtained for all experiments, the results of which are

shown in Fig. 5.1 is 0.13, which corresponds to
√

β2
u = 7.3◦. The ranges of the

relative variation of the Bragg wavelength at this value
√

β2
u are shown in Table 5.2.

The calculations were carried out at an incidence angle of 35° and 45°.
The angular distribution of wave energy in decimeter and longer waves is

anisotropic. The variance of sea surface slopes oriented in the wind direction is
higher than in the transverse direction. The effect of long waves on the Bragg scat-
tering character of transverse wind direction probing is less than that of transverse

wind direction probing. The average value
√

β2
u in the upwind direction is 5.9°.

Changes in the local angle of incidence at θ = 35◦ correspond to relative changes in

the length of the Bragg component
λB

(

θ±3
√

β2
c

)

λB (θ)
in the range from 0.72 to 1.9.

The sea surface elevation spectrum is a steeply falling function of wave numbers,
so even a small wavelength change leads to a significant change in the spectral
density of the surface waves at the resonant wavelength. Accordingly, as follows
from expression (5.6), there is a significant change in the normalized backscatter
cross section. When probing along the wind direction at an angle of 45°, changes in
the resonance wavelength when the angle changes β↑ by a value equal to the mean
square of the slope at wind speed of 10 m/s, lead, depending on the sign before β↑ in
the expression (5.15), to an increase in the normalized cross-section of the backscatter
by 89% or a 35% reduction compared with the situation when the resonance waves
spread over the horizontal surface.

It should be noted that the effect similar to the change of the resonance wavelength
in the presence of long waves takes place at vertical probing (altimeter wind speed
measurements). In this case, the boundary between the ranges of surface waves
forming mirror reflection and diffuse scattering changes [13], which is one of the
factors limiting the limit accuracy of altimeter wind velocity measurements.
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5.4.2 Effect of Long Waves on the Bragg Scattering
(Gaussian Distribution)

Let us start the analysis of effects created by long waves with consideration of the
linear wave field, the slopes of which are subject to the Gauss distribution. For
calculations of the normalized backscatter cross-section section, it is necessary to
specify changes in the elevation spectrum S(k) at wave number changes. In the
range of wave numbers, the lower boundary of which exceeds the wave number of
dominant waves, the spectrum is described by approximation S(k) ∼ k−n . The rate
of the spectrum decline, which is determined by the parameter n, depends on the
range of wave numbers [8, 13]. In the short-wave region, n = 3 can be taken. The
boundary separating the gravitational and gravitational-capillary waves is the 7 cm
scale [14].

The geometric coefficient
∣
∣Gpp

∣
∣
2
in Eq. (5.1) depends on the angle of incidence

and the physical and chemical properties of seawater. For vertical and horizontal
polarization, the geometric coefficient

∣
∣Gpp

∣
∣
2
is respectively [24]:

Gvv(θ, εr ) = cos4 θ
(εr − 1)

[

εr
(

1 + sin2 θ
) − sin2 θ

]

[

εr cos θ +
√

εr − sin2 θ
] 2 (5.16)

Ghh(θ, εr ) = cos4 θ
(εr − 1)

[

cos θ +
√

εr − sin2 θ
] 2 (5.17)

where εr is relative dielectric constant of seawater under the ocean-atmosphere inter-
face. The relative dielectric constant of seawater depends on its temperature and
salinity, as well as on the frequency of the sounding radio waves [16].

In a situation where probing is performed in the centimeter range, simple approx-
imations obtained in [20] can be used for the geometric coefficient

∣
∣Gpp (θ)

∣
∣
2
.

|Gvv| 2 = cos4 θ
(

1 + sin2 θ
)
2

(cos θ + 0.111) 4
(5.18)

|Ghh | 2 = cos4 θ

(0.111 cos θ + 1) 4
(5.19)

The analysis of the influence of long waves on the Bragg scattering begins with
calculations performed under the assumption that the sea surface slopes are subject
to Gaussian distribution. After that, let us estimate the effects caused by deviations of
the third and fourth statistical moments of the slopes from the values corresponding
to the Gaussian distribution.
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Move from the probability density of slopes P̃(ξ) to the probability density
of slope angles P(β). The procedure for replacing variables is described by the
expression

P(β) = dξ

dβ
P̃(tgβ) (5.20)

As a criterion describing the effect of long waves on the Bragg scattering, let us
consider the ratio of the backscatter section in the presence of long waves and in
the case of Bragg components spreading over a flat surface. Let us introduce the
dimensionless parameter

χpp(θ) =
∫

σ 0
pp(θ − β↑) P(β↑) dβ↑

σ 0
pp(θ)

(5.21)

The results of calculating the estimates of the parameter χ(G)
pp for the situation

where the long waves are longer than 10 cm, are presented in Fig. 5.3. The G index

Fig. 5.3 Dependence of the parameter χ
(G)
pp on wind speedW: symbol • is horizontal polarization,

symbol + is vertical polarization: left column corresponds to probing in the upwind direction, right
column corresponds to probing in crosswind direction
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has been introduced here, which shows that the calculations were performed for the
situation where the distribution of the sea surface slopes is Gaussian.

It follows from the analysis that changes in the local slopes of the sea surface
caused by long waves lead to an increase in the backscatter cross-section value. This
physical effect takes place both when probing on horizontal and vertical polarization.
It is more evident for radars operating on horizontal polarization. The influence of
long waves on the backscatter cross section also depends on the angle of incidence
of the θ radio waves, with increasing angle of influence of the long waves decreases
[27].

5.4.3 Effects of Quasi-Gaussian Distribution of Sea Surface
Slopes

Numerous experimental studies conducted with different types of equipment have
shown that the sea surface slope distribution is not Gaussian [7, 9, 11, 21, 29]. A
number of physical mechanisms lead to deviations from Gaussian distribution. The
main physical mechanisms are different types of wave interactions of different scales
[2, 15].

For modeling the probability density of quasi-Gaussian distributions, approxi-
mations based on the Gram-Charlier series are used [9]. Coefficients of the Gram-
Charlier series are calculated on the basis of empirical estimations of statistical
moment slope. The determination of senior statistical moments in marine conditions
is associated with known technical difficulties [19, 21, 28]. Usually, only statistical
moments up to and including the fourth order of magnitude are determined in exper-
iments, so only the first five members of the Gram-Charlier series are taken into
account when modeling the statistical distribution of slopes.

After the introduction of normalization ξ̃ = ξ/

√

ξ 2, the approximation of the
probability density function of the slope components, for which skewness and
kurtosis are known, can be presented in a simple form

PG−C

(

ξ̃
)

= 1√
2π

exp

(

− ξ̃ 2

2

) (

1 + A

6
H3

(

ξ̃
)

+ E

24
H4

(

ξ̃
))

(5.22)

where H3 and H4 Hermit polynomials third and fourth order, H3

(

ξ̃
)

= ξ̃ 3 − 3 ξ̃ and

H4

(

ξ̃
)

= ξ̃ 4 − 6 ξ̃ 2 + 3.

The values of the module of skewness of the upwind and crosswind components
of the slopes of the sea surface created by waves longer than 10 cm, as shown in
Fig. 5.1, do not exceed level 0.3. The values of the kurtosis mainly lie between −
0.4 and 0.5. There is no correlation between skewness and kurtosis. The type of the

probability density PG−C

(

ξ̃
)

functions constructed for skewness and kurtosis values
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Fig. 5.4 Probability density functions: curve 1 is Gaussian distribution; curves 2, 3 is distributions
built on the basis of truncated Gram-Charlier series, A = 0.3, and E = 0.5A = 0.3E = −0.3,
respectively

corresponding to significant deviations from the Gaussian distribution, but lying in
the specified ranges, is presented in Fig. 5.4.

Deviations in the slope distribution from theGaussian distribution should lead to a
change in the parameter χ(G−C)

pp . Here, the upper index G-H means that calculations
of the influence of long waves according to the formula (5.21) are performed for
the distribution of the sea surface elevations in a form (5.22). The dependence of
the parameter χ(G−C)

pp on skewness changes is not unambiguous, it depends on the
direction in which the probing is performed relative to the wind velocity vector. If
probing is carried out upwind, the increase in skewness leads to growth χ(G−C)

pp , if
in the downwind direction χ(G−C)

pp decreases.
Let us consider the parameter εpp that allows us to estimate the extent to which

the deviations of slope distributions from the Gaussian distribution affect the value
of the backscatter radar cross section

εpp = χ(G−C)
pp

/

χ(G)
pp (5.23)

Changes in the parameter εpp when changing the skewness and the slope kurtosis
are shown in Fig. 5.5. Here the negative values of skewness correspond to probing
in the wind direction. Calculations were made for the probing angle of θ = 35◦ and
√

β2
↑ = 7.3◦. With different polarization types, deviations from Gaussian distribtion

have different effect on the backscatter radar cross section σ L
pp. Their influence is

stronger if the polarization is horizontal. Changes in the distribution kurtosis of
the sea surface slopes within the scattering of individual values determined in the
experiment (see Fig. 5.1) have little effect on the value of the parameter εpp.
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Fig. 5.5 Dependence of the
parameter εpp on the
skewness of A and the
kurtosis of E components of
the sea surface slopes: curve
1 is E = 0; curve 2 is E =
0.5; curve 3—E = 0.3
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Studies of sea surface slopes show strong variability of their statistical moments
even at fixed wind speeds [29]. The skewness and kurtosis of the slope are weakly
correlatedwith each other. It is interesting to consider how the values of the parameter
εpp change in individual situations. The results of calculations of the parameter εpp

at different wind speeds are presented in Fig. 5.6.
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Fig. 5.6 Wind speed W
dependencies of the
parameter εpp , based on
empirical estimates of
skewness and kurtosis of the
upwind component of slopes:
• correspond to horizontal
polarization, + correspond
to vertical polarization
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Calculations were carried out in two variants, corresponding to probing in the
wind direction and in the direction of the wind. In case of horizontal polarization,
skewness of slope distributions can lead to a deviation of the backscatter section
up to 15% of the values obtained, provided that A = 0. Calculations were made
at θ = 35◦. For vertical polarization, the deviation from the backscattering cross
section estimates obtained for Gaussian distributions is approximately half as small
[27].
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5.5 Sounding of the Sea Surface in the Millimetre Range
of Radio Wave

Let us consider a situation when, in relation to the resonance components, the long
waves are those in the centimeter range and longer, which corresponds to radio
probing in the millimeter range. In this case, we can no longer use Eqs. (5.18) and
(5.19) to calculate the geometric factor

∣
∣Gpp (θ)

∣
∣
2
, we must use Eqs. (5.16) and

(5.17).
Let us consider how the geometric factor changes when probing at radio wave-

lengths equal to � 0.2 and 0.8 cm. The dependencies of the geometric factor on the
angle of incidence are shown in Fig. 5.7. Calculations were made for salinity values
characteristic of the Black Sea, S = 17‰, and water temperature was assumed to be
15 °C. We can see that the curves describing the geometric coefficients

∣
∣Gpp (θ)

∣
∣
2
,

when the wavelength changes, differ not only in level but also in slope. The slope
change of the curve, when the radio wavelength changes, is higher for horizontal
polarization than for vertical polarization.

The greater the slope of the curve
∣
∣Gpp (θ)

∣
∣
2
, the greater is the effect of changes

in local slopes created by longwaves on the level of the backward scattered signal. To
estimate the changes in the slope of the curve with changes in the incidence angle at
different wavelengths, let us introduce a parameter that characterizes the sensitivity
of the geometric coefficient to changes in the incidence angle.

Rpp(θ) = �Gpp(θ)

/
∣
∣Gpp(θ)

∣
∣
2

(5.24)

where �Gpp(θ) is the difference of geometric coefficients values when the angle of

incidence changes by 1°;
∣
∣Gpp(θ)

∣
∣
2
is average values of geometric coefficients in

the range of incidence angle change by 1°.

Fig. 5.7 Dependence of the function
∣
∣Gpp (θ)

∣
∣
2 cos−4 θ on the incidence angle θ . Curve 1

corresponds to � = 0.8 cm, curve 2 corresponds to � = 0.2 cm
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The sensitivity of the geometric factor to changes in the angle of incidence, which
is characterized by the parameter Rpp(θ), when probing on the vertical polarization
is higher than on the horizontal. However, with vertical polarization, when the wave-
length changes, it changesmuchweaker thanwith horizontal polarization.Noticeable
change in sensitivity RVV (θ) when changing the radio wavelength takes place only
at angles of incidence exceeding 65°. On the horizontal polarization, the sensitivity
decreases by 80%when the wavelength changes from 0.2 to 0.8 cm. Moreover, these
changes practically do not depend on the angle of incidence.

5.6 Conclusion

The influence of sea surface waves longer than Bragg components on the backscatter
of centimeter and millimeter radio waves has been analyzed. Two physical mecha-
nisms leading to a change in the backscattering cross-section in the presence of long
waves are analyzed, the change in the local incidence angle and the change in the
Bragg wavelength. Situations where long waves are the surface waves longer than
10 cm and longer than 2 cm are considered.

Comparing the results presented above with those published in recent years on
sea surface radio wave scattering, it should be noted that their principal difference is
that they are obtained from calculations based on direct in situ measurements of sea
surface slopes. This made it possible to estimate the influence of real deviations of
sea surface slope distribution from Gauss distribution.

Changes in the local slopes of the sea surface result in an increased backscatter
section. It is shown that the sensitivity of the geometric factor to changes caused by
long waves of the local incidence angle for probing on vertical polarization is higher
than on horizontal polarization.

The spread at a given wind velocity of the statistical characteristics of the sea
surface slopes created by surface waves longer than the Bragg components is one of
the factors limiting the ultimate accuracy of the scatterometer determination of wind
velocity.
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Chapter 6
Impact of Physicochemical
Characteristics of the Sea Water
on Bregg Scattering of Radio Waves

6.1 Introduction

There is now a steady increase in the amount of information on atmospheric and
oceanic processes obtained from satellite-based remote sensing instruments. As the
volume of information grows, there are qualitative changes, the number of remotely
sensed parameters increases. In radar sensing, almost all information is “read out”
from the sea surface. Therefore, for correct interpretation of sensing results it is
necessary to have a detailed view of the role of individual physical mechanisms
that form the signal recorded on a spacecraft, including changes in the physical and
chemical characteristics of the sea surface layer [8, 17, 28].

The main source of information on the physical and chemical characteristics of
the surface layer of the World Ocean is satellite microwave radiometers [9]. The
output signals of microwave radiometers are proportional to the emissivity of the sea
surface, which is small, which imposes limitations on their accuracy and resolution
[1].

The development of microwave radiometry takes place in several directions: the
frequency range of measured thermal radio radiation is extended, high-sensitive
receiving equipment is developed, spatial resolution is increased by changing the
receiving antenna [23]. Another recently proposed approach is the use of active radar
methods [32]. This approach is based on the dependence of the level of the reflected
radio signal from the sea surface on the physical and chemical characteristics of the
water under the ocean-atmosphere boundary.

When probing the sea surface in the microwave range in the region of incidence
angles, where the resonance scattering mechanism dominates, the signal recorded
is proportional to the geometric coefficient dependent on the incidence angle of the
radiowaves and the complex dielectric constant of themediumunder the atmosphere-
ocean boundary [2, 29]. Theoretical and experimental studies have shown that there
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is a dependence of the relative dielectric permeability of sea water on its temperature
and salinity [10, 26]. This effect has a noticeable effect on the results of monitoring
the boundary layers of the atmosphere and ocean by active remote sensing of the
microwave range [28].

Here considers the influence of physical and chemical characteristics of themarine
environment on changes in the level of radio signal scattered back by surface waves,
analyzes the possibility of measuring the temperature and salinity of sea water by
means of active radiosonding.

6.2 Dependence of the Complex Dielectric Constant
of Water on Its Temperature and Salinity

The complex dielectric constant of seawater is a function of three parameters: temper-
ature, salinity and frequency. Active experimental studies of this characteristic began
in the middle of the last century [13]. In recent decades, this research has again
attracted close attention, which is associated with the development of radiometric
means of controlling the temperature and salinity of the oceans [25].

The accuracy of recovery of marine environmental parameters depends on the
quality of the model of complex dielectric constant used. In the present work we will
use the model describing the relationship between complex dielectric constant of sea
water and temperature, salinity, and frequency, which is proposed in work [19].

The model is based on Debai’s two-frequency approximation.

ε(T, S) = εS(T, S) − ε1(T, S)

1 + iw
/
w1(T, S)

+ ε1(T, S) − ε∞(T, S)

1 + iw
/
w2(T, S)

+ ε∞(T, S) − i
σ(T, S)

2πε0w
(6.1)

where T is temperature; S is salinity; w is the frequency of the radio wave;w1 i
w2 are the first and second frequencies of Debai; εS is the static dielectric constant;
i = √−1; σ(T, S) is the conductivity of sea water (Sim/m), ε0 is the vacuum electric
permittivity. The characteristics defining ε(T, S) are described by the equations

1
/

(2πε0) = 17.97510 (GHz m/S) (6.2)

εS(T, S = 0) = 3.70886 × 104 − 8.2168 · 101T
4.2154 × 102 + T

(6.3)

w1(T, S = 0) = 45 + T

a3 + a4T + a5T 2
(6.4)

ε∞(T, S = 0) = a6 + a7T (6.5)
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w2(T, S = 0) = 45 + T

a8 + a9T + a10T 2
(6.6)

εS(T, S) = εS(T, S = 0) exp
[
b0S + b1S

2 + b2T S
]

(6.7)

w1(T, S) = ν1(T, S = 0)
[
1 + S

(
b3 + b4T + b5T

2
)]

(6.8)

ε1(T, S) = ε1(T, S = 0) exp
[
b6S + b7S

2 + b8T S
]

(6.9)

w2(T, S) = ν2(T, S = 0) [1 + S(b9 + b10T )] (6.10)

ε∞(T, S) = ε∞(T, S = 0) [1 + S(b11 + b12T )] (6.11)

The numerical values of the coefficients ai and bi included in Eqs. (6.3)–(6.10)
are shown in Table 6.1.

In [19] for calculations of electroconductivity of sea water regression dependence
was used [27], obtained on the basis of laboratory experiments

σ(T, S) = σ(T, S = 35) R15(S)
RT (S)

R15(S)
(6.12)

where

σ(T, S = 35) = 2.903602 + 8.607 × 10−2T + 4.738817 × 10−4T 2

Table 6.1 Coefficients ai
and bi

i ai bi

0 5.7230 −3.56417 × 10−3

1 2.2379 × 10−2 4.74868 × 10−6

2 −7.1237 10−4 1.15574 × 10−5

3 5.0478 2.39357 × 10−3

4 −7.0315 × 10−2 −3.13530 × 10−5

5 6.0059 × 10−4 2.52477 × 10−7

6 3.6143 −6.28908 × 10−3

7 2.8841 × 10−2 1.76032 × 10−4

8 1.3652 × 10−1 −9.22144 × 10−5

9 1.4825 × 10−3 −1.99723 × 10−2

10 2.4166 × 10−4 1.81176 × 10−4

11 −2.04265 × 10−3

12 1.57883 × 10−4
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− 2.991 × 10−6T 3 + 4.3047 × 10−9T 4 (6.13)

R15(S) = S
37.5109 + 5.45216 · S + 1.4409 × 10−2S2

1004.75 + 182.283 S + S2
(6.14)

RT (S)

R15(S)
= 1 + α0(T − 15)

α1 + T
(6.15)

α0 = 6.9431 + 3.2841 S − 9.9486 × 10−2S2

84.850 + 69.024 S + S2
(6.16)

α1 = 49.843 − 0.2276 S + 0.198 × 10−2S2 (6.17)

Temperature T is degree Celsius (°C); salinity S is expressed in units of parts per
thousand (ppt or ‰), frequencies w, w1 and w2 are expressed in gigahertz (GHz),
conductivity of water is σ(T, S) expressed in siemens per meter (S/m).

The dependencies of the complex dielectric constant ε on frequency w at three
salinity values and two temperature values are shown in the Fig. 6.1. It can be seen
that the imaginary part is ε more sensitive to changes in temperature and salinity

Fig. 6.1 Frequency dependencies w of real Re(ε) and imaginary Im(ε) components of dielectric
permeability, constructed for two temperature values, T = 10 ◦C and T = 20 ◦C . Curves 1–3
correspond to salinity 0‰, 17‰, 34‰
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than the real part ε. At low frequencies, this dependence is expressed more strongly
than at high frequencies. Also, from Fig. 6.1 shows that the nature of the dependence
ε = ε(w, T, S) is strongly frequency dependent at all T and S values.

For further analysis of the Bregg scattering of radio waves on the sea surface we
will move from the frequency space w to the wavelength space �. These parameters
are related by the ratio � = c/w where c is the speed of light. In Fig. 6.2 presents
the dependencies on the temperature of real Re(ε) and imaginary Im(ε) parts of the
relative dielectric permeability of sea water at the three frequencies 37.5, 10 and
3 GHz, corresponding to radio wavelengths � = 0.8, 3 and 10 cm. Calculations
were made at a salinity of 17‰, which is close to the Black Sea salinity.

Fig. 6.2 Dependence on
temperature T of the actual
Re(ε) (solid line) and
imaginary Im(ε) (dashed
line) parts of the complex
dielectric constant
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Similar calculations of dependence Re(ε) and Im(ε) salinity at fixed temperature
showed that at shorter wavelengths the sensitivity to changes in salinity is higher
than at longer wavelengths. The dependencies Re(ε) and Im(ε) on fixed temperature
salinity (T = 15 °C) are also shown in Fig. 6.3.

The range of wavelength variation from 0.8 to 10 cm is chosen to cover the range
in which active ocean remote sensing radars normally operate.

Fig. 6.3 Dependence on the
salinity S of the actual Re(ε)
(solid line) and imaginary
Im(ε) (dashed line) parts of
the complex dielectric
constant
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6.3 Bragg Scattering Radio Wave

If the sounding of the sea surface is carried out angles of incidence θ from 25 ° to
75°–80° backscattering signal determines Bregg (resonance) scattering mechanism
[2]. The angle of incidence is counted from the vertical. Breggs backscattering radio
waves create surface waves running along the direction of sensing in the forward or
backward direction, the wave number. The resonance condition relates the surface
wavelength λB to the wavelength of the radio waves �

λB = �
/

(2 sin θ) (6.18)

In a zero approximation, when the Bregg components of the surface waves spread
over a flat surface, the backscatter section can be represented in form [15]

σ 0
pp = 8 π K 4 cos4 θ

∣∣Gpp (θ, ε)
∣∣ 2

[



(�kB
)

+ 

(
−�kB

)]
(6.19)

where pp is type of polarization, the first index corresponds to the polarization of
the emitted signal, the second is the received;

∣∣Gpp (θ)
∣∣ 2 is the Bragg scattering

geometric coefficient, depending on the type of polarization of the emitted and
received radar signal and the complex dielectric constant of sea water; 
 (�kB) is
the spectrum of sea surface waves, on the scale of the Bregg component.

Let’s consider a situation in which the radiation and reception of the radio signal
are on the same polarization. For vertical and horizontal polarization, the geometric
coefficient has the form accordingly (Gpp(θ, ε) [29]

Gvv(θ, ε) = cos2 θ
(ε − 1)

[
ε
(
1 + sin2 θ

) − sin2 θ
]

[
ε cos θ +

√
ε − sin2 θ

] 2 (6.20)

Ghh(θ, ε) = cos2 θ
(ε − 1)

[
cos θ +

√
ε − sin2 θ

] 2 (6.21)

where the indexes ν and h indicate vertical and horizontal polarization respectively.
Thus, it follows from Eqs. (6.19) to (6.21) that the backscattered radio signal

carries information about the roughness level as well as the complex dielectric
constant, which in turn depends on temperature and salinity.
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6.4 Dependence of Geometric Coefficient on Water
Temperature and Salinity

The general view of the incidence angle dependence geometric coefficient, calculated
for the three wavelengths on the vertical and horizontal polarization, is shown in the
Fig. 6.4. On the vertical and horizontal polarization, the Gpp(θ, ε) calculated for the
wavelengths Λ1 = 0.8 cm, �2 = 3 cm and �3 = 10 cm are close to each other.
It can also be seen that the range of variation |Gvv (θ) | 2 when the incidence angle
changes is much wider than the range of variation |Ghh (θ) | 2 .

Note that although the geometric coefficients Gpp(θ, ε) are defined for incidence
angle θ from 0° to 90°, changes in a narrower range are of practical interest. This
range is 25° to < θ < 80°. At small incidence angle the radio signal reflected from
the sea surface forms a quasi-mirror reflection mechanism [3, 29]. When probing at
incidence angle of θ > 80°, it is necessary to take into account a number of physical
effects [12], whose contribution to the radio signal can be comparable with that of
the Bregg scattering. In particular, at large incidence angles, the effect of shading of
the sea surface by ridges of long dominant waves must be taken into account.

To quantify the difference between the geometric coefficients at the selected
wavelengths, let us introduce the coefficients

N1pp(θ) = ∣
∣Gpp(�1, θ)2

∣
∣/

∣
∣Gpp(�2, θ)2

∣
∣, (6.22)

N2pp(θ) = ∣
∣Gpp(�3, θ)2

∣
∣/

∣
∣Gpp(�2, θ)2

∣
∣. (6.23)

Fig. 6.4 Dependent functions and |Gvv|2 cos−4 θ |Ghh |2 cos−4 θ incidence angle θ . Curves 1–3
correspond to radio wavelengths �1 = 0.8 cm, �2 = 3 cm and �3 = 10 cm
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Fig. 6.5 Dependence of
coefficients N1pp(θ) (curve
1) and N2pp(θ) (curve 2) on
the incidence angle θ

where �1 = 0.8 sm, �2 = 3 sm, �3 = 10 sm. In the area θ < 60° of the divergence
of geometric coefficients is |Gvv|2 less than 25%, the divergence of geometric coef-
ficients in the |Ghh |2 whole range of variation of the angle of incidence is less than
10% (Fig. 6.5).

Let’s analyze the dependence of coefficients
∣∣Gpp(θ)2

∣∣ at fixed values of incidence
angle on salinity and temperature. We will consider three incidence angles θ = 30°,
55° and 80°. We will introduce relative changes of geometric coefficients describing
their dependence on salinity and temperature.

G̃ ppS =
∣∣Gpp(�, θ, S, T )

∣∣2
∣∣Gpp(�, θ, S0 = const, T )

∣∣2
(6.24)

G̃ ppT =
∣∣Gpp(�, θ, S, T )

∣∣2
∣
∣Gpp(�, θ, S, T0 = const)

∣
∣2

(6.25)
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Fig. 6.6 Dependence of parameters G̃vvS and G̃hhS on angle of incidence

The results of calculation of parameters G̃ ppS and G̃ ppT are shown in Figs. 6.6
and 6.7 respectively.

Estimations are received at values of salinity S0 = const = 17‰, for temperature
T = 15 °C. It is seen (see Fig. 6.6) that changes in salinity in a wide range have little
effect on the value of the parameter G̃ ppS . Salinity changes in the range from 0‰
(fresh water) to 35‰ (ocean water). Changes in the values of the parameter G̃ ppS on
both polarizations do not exceed 4%, relative to the value obtained by the reference
salinity of 17‰.

Changes in the values of the parameter G̃ ppT occurs within a wider range than
the parameter G̃ ppS , which follows from the comparison of Figs. 6.6 and 6.7. Here
the temperature value T 0 = 15 °C is taken as a reference. Comparing the graphs
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Fig. 6.7 Dependence of parameters G̃vvT and G̃hhT on angle of incidence

G̃ ppT , plotted for different angles of incidence, we can conclude that with increasing
angle of incidence the θ dependence of the parameter G̃ ppT on temperature increases.
Changes in the values of the parameter G̃vvT for the 80° angle of incidence can reach
25%.

It follows fromEq. (6.18) that the variability of the normalized backscatter section
σ 0
pp depends on the variability of the surface wave spectrum on the Bregg component

scale. Let us determine the relative changes in the wave spectra on those scales
that determine the microwave radio wave scattering. For this purpose, we use the
unidirectional spectrum model �̃(k) proposed in the paper [18].
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�̃(k) =
2π∫

0

�̃(k, α)dα (6.26)

where k =
∣∣
∣�k

∣∣
∣ is wave number; α is azimuth angle.

The spectra of sea surface elevations fall rapidly with wave number k growth [5,
15]. Therefore, curvature spectra are widely used in their analysis. The curvature
of the sea surface is the second spatial derivative of its elevations, respectively, the
spectrum of curvature is related to the spectrum of elevations by the ratio Cr(k) =
k4�̃(k).

The curvature spectrum for several wind velocities calculated from themodel [18]
is presented in Fig. 6.8. Its characteristic feature is the existence of a maximum in
the gravitational-capillary wave region. Gravitational-capillary waves are the main
scatterer of the microwave radio waves.

The value of the maximum curvature spectrum nonlinearly changes with
increasing wind speed: in low winds the growth is noticeably faster than in strong
winds. The similar nature of changes in spectral density level is consistent with direct
measurements of the sea surface slopemodulus obtainedwith a laser slopemeter [34].

When probing the sea surface at an angle of 45°, changes in the length of the
probing wave from 0.8 cm to 10 cm correspond to changes in the length of the Bregg
component in the range from 0.57 cm to 7.1 cm. The corresponding region of the
wave number variation is shown in Fig. 6.8 with vertical lines. It can be seen that in
this region, as the wind velocity increases, the spectrum of curvature, and therefore
the spectrum �̃(k), grows dozens of times.

Thus, the back-scattered radio signal carries information about the temperature
and salinity of seawater. In practice, however, direct measurements of seawater
temperature and salinity are not feasible because the relative changes in the spec-
trum � (�kB) are much greater than the relative changes in the geometric coefficient∣∣Gpp (θ, ε)

∣∣ 2 [24].
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Fig. 6.8 Sea surface curvature spectra Cr(k). Curves 1–4 correspond to wind speeds from 2 to
20 m/s in 6 m/s steps
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6.5 Determination of Seawater Temperature and Salinity
by Active Ocean Sounding Instruments

Currently, space-based microwave radiometers are the main source of information
on the physical and chemical characteristics of the surface layer of the oceans [9,
16]. The output signals of microwave radiometers are proportional to the emissivity
of the sea surface, which is small, which imposes limitations on their resolution [1].

Restrictions in the use of radiometers require the development of new measure-
ment methods. One of such methods is the determination of physical and chemical
characteristics of the sea surface based on data from active radio-sounding in the
microwave range. The radio signal reflected from the sea surface depends on its
roughness and relative dielectric permeability of water under the ocean-atmosphere
boundary [22, 28, 29]. In turn, the relative dielectric constant depends on the temper-
ature and salinity of the seawater and the length of the sounding radio waves [19].
These dependencies, in principle, make it possible to solve the reverse problem, i.e.
to recover temperature and salinity from remotely sensed data.

The problem of measuring the physical and chemical characteristics of seawater
by active radio sounding is that the main factor determining the scattered radio signal
is the roughness level of the sea surface [2]. Changes in the radio signal roughness
caused by changes in the roughness are far superior to those caused by other factors.
This fact, in particular, made it possible in 1966 to propose a method for remote
determination of the speed of the driving wind by recording backward scattering of
radio waves at the ocean-atmosphere boundary [21]. Thus, in order to determine the
physical and chemical characteristics of sea water from radar measurements, it is
necessary to minimize the influence of sea surface roughness changes.

In order to exclude the dependence of the backscattered radio signal on the sea
surface roughness, which is characterized by the spectrum 
 (�kB), it was proposed
in work [32] to perform sounding of the same surface area on different polarizations.
It follows from (6.19) that the polarization ratio does not depend on the spectrum
Ξ (�kB)

R0 = σ 0
hh

/
σ 0
vv = |Ghh (θ, ε) | 2/ |Gvv (θ, ε) | 2 (6.26)

When probing the sea surface in the microwave range, the Bregg components are
gravity-capillary and the shortest gravity waves. Since on the sea surface there are
always waves whose length is much longer than the length λB , the Bregg components
spread over the curvilinear surface created by longwaves. The curvature of the surface
results in a change in the local angle of incidence by the value of the slope angle
created by long waves [11, 14 31]. At irradiation of such surface, the local angle of
incidence is equal to

θL = θ − β↑ (6.27)
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where β↑ is angle of the sea surface in the direction of the sensing. As a result
of changes in the local angle θL , the resonance condition (6.18) changes, i.e., the
wavelength at which the scattering occurs changes, and the value of the geometric
factor

∣∣Gpp (θL , ε)
∣∣ 2 changes.

The curvature effect of the surface over which the resonant waves propagate can
be taken into account by averaging the backscatter cross sections σ 0

pp over the entire
angle range β↑. Averaging is performed with weight proportional to the probability
density function β↑.

σ L
pp =

∫
σ 0
pp

(
θ − β↑

)
P(β↑) dβ =

∫
16 K 4

∣∣Gpp (θ − β↑)
∣∣ 2


r

(�kB
(
K , θ − β↑

))
P(β↑) dβ↑ (6.28)

Polarization ratio in the presence of long waves takes the form of

RL =
∫ ∣

∣Ghh (θ − β↑)
∣
∣ 2 
r

(�kB
(
K , θ − β↑

))
P(β↑) dβ↑

∫ ∣
∣Gvv (θ − β↑)

∣
∣ 2 
r

(�kB
(
K , θ − β↑

))
P(β↑) dβ↑

(6.29)

where P(β↑) is a probability density function. It follows from Eqs. (6.26) and (6.29)
R0 �= RL .

The dependence of the polarization ratio RL on the level of roughness of the sea
surface remains, but becomes significantly less than the similar dependence of the
backscattered signal for measurements on a single polarization.

6.6 Variability of Polarization Ratio

Let us estimate how changes in the local incidence angle affect the polarization ratio.
Let’s assume that the probability density function of angles β↑ is described by the
Gaussian distribution. Calculations will be made for the case when the sea surface
is probed in the Ku and L radio wave bands. In these bands, the radio wavelengths
are between 1.6 cm and 2.5 cm and between 15 cm and 30 cm, respectively.

In oceanological studies, as a rule, it is not the slope angles of the sea surface
that are determined, but its slopes that are the first spatial derivatives of surface
elevations. The gradients of the sea surface are ξ small, which allows for the use of
approximation β ≈ arctg ξ . The error of this approximation is 5–7%, if the slopes
create waves of all scales [33].

The slope variance Dβ produced by long waves can be defined using a semi-
empirical model [30], which defines the dispersion Dβ as part of the total disper-
sion produced by waves of all scales calculated from optical measurements [6].
When probing along the wind direction, which corresponds to the situation when the
influence of long waves is greatest, we get
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Dβ = (0.001 + 0.00316W ) (0.3 + 0.02w) (6.30)

where W is wind speed (m/s); w is radio frequency (GHz). Average value w for Ku
range is 15 GHz, for L range is 1.5 GHz. For calculations of polarization ratio of RL

complex dielectric constant we used the proposed one [19].
In order to evaluate the possibility of using the polarization ratio for temperature

and salinity measurements, it is necessary to evaluate the relative R0 changes in
the temperature range from 0° to 30°, as well as the changes in salinity from 0
to 38‰. Calculations were made at wavelengths of cm, λ = 2.1 cm, 21 cm and
30 cm. Wavelengths of 2.1 cm and 21 cm correspond to approximately the middle
of the Ku and L ranges; wavelength 30 cm corresponds to the upper boundary of
the L range. The polarization ratio varies greatly when the incidence angle or the
radiowavelength changes. Therefore, for convenience of comparison of sensitivity of
polarization ratio to changes of temperature and salinity, at measurements in different
conditions, rationing is entered so that in the first case at temperature 0° and in the
second case at salinity 0‰ the normalized polarization ratio R̃0 is equal to one.

The results of the calculations characterizing the dependence of the polarization
relation on temperature are presented in Fig. 6.9. It can be seen that with increasing
incidence angle θ the sensitivity of the parameter R̃0 to temperature changes increases
at all wavelengths. When probing in the centimeter range, the highest sensitivity is
observed in the temperature range from 0° to 10°.

Changes in the parameter R̃0 with changing salinity of sea water are shown in
Fig. 6.10.Aswith the analysis of the effect of temperature changes on the polarization
ratio, it can be seen that the sensitivity increases with increasing angle of incidence.
There is a clear trend of increasing sensitivity with increasing radio wavelength.

Relative changes of the parameter R̃0, as can be seen from Fig. 6.2, given in [7],
are comparable with relative changes in the coefficient of radiation and its own radio-
luminance temperature of a smooth water surface when changing its thermodynamic
temperature within the same limits for which Fig. 6.1 is built here.

It has been shown above that the limiting factor in determining temperature and
salinity is the presence of surface waves much longer than the length of the sounding
radiowave.With the increasing dispersion of the longwavelength slopes, the normal-
ized backscatter cross section increases with both horizontal and vertical polarization
probing. But the growth when probing on the horizontal polarization is faster, which
leads to a change in the polarization ratio. The influence of this factor is shown in
Fig. 6.11, which shows the dependencies of the polarization relation in the presence
of long waves RL = RL(W ), calculated for three radio wavelengths and two angles
of incidence.

To estimate the relative changes in the polarization ratio, which occur when the
wind speed changes, the normalization R̃L(W ) = RL(W )

/
RL(W = 1 m/s) is intro-

duced. It can be seen that when probing the sea surface in the Ku range, the influence
of waves longer than the length of the probing radio waves is higher than in the L
range.With increasing angle of incidence, the influence of longwaves on polarization
ratio R̃L increases.
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Fig. 6.9 Dependence of the
parameter R̃0 on the
temperature T of seawater

It should be noted that the change in sea surface roughness is also a factor that
significantly influences radiometric measurements [23] (Meissner and Wentz 2002).
The sensitivity of the polarization relation to changes inwind speedhas the sameorder
as the sensitivity of the radioluminescence temperature for vertical and horizontal
polarizations [7].

In the last decade, active research has been conducted on the dependencies of
wind speed on statistical characteristics of slopes created by waves much longer than
the length of the probing radio wave [4, 8]. Obtaining these dependencies will make
it possible, when determining temperature and salinity from active radio-sounding
data, to introduce corrections that take into account changes in sea surface roughness.
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Fig. 6.10 Dependence of
the parameter R̃0 on the
salinity S of seawater

6.7 Conclusion

The known limitations in the use of microwave radiometers for remote determination
of seawater temperature and salinity require the development of new approaches to
address this problem. One such method is the determination of the physical and
chemical characteristics of the sea surface using active microwave radio-sounding
data. The radio signal reflected from the sea surface depends on the temperature and
salinity of the water under the ocean-atmosphere boundary. These dependencies, in
principle, make it possible to solve the reverse problem, i.e. to recover temperature
and salinity from remotely sensed data.

The main factor limiting the possibility of direct determination of temperature
and salinity from active sensing data is the dependence of the backscattered radio
signal on the level of spectral density of resonant surface waves. Changes in the
Bregg spectral density caused by changes in the sea surface radio signal are much
wider than those caused by variations in temperature or salinity.
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Fig. 6.11 Dependencies of
the parameter R̃0 on wind
speedW

When calculating temperature and salinity using the polarization ratio, the effect
of changing roughness levels is significantly reduced. It also changes with changing
sea surface conditions. The polarization ratio is affected by changes in the local angle
of incidence caused by the presence of surface waves much longer than the Breggs
wavelength. This effect is roughly the same when measuring the polarization ratio
and the radio-luminance temperature.

Active and passive methods for remote determination of sea surface temperature
and salinity have the same order of sensitivity. The advantage of passive methods is
their small size and lower cost of equipment for their implementation. The advantage
of active methods is a significantly higher spatial resolution.
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Chapter 7
Measurements of Statistical Moments
of Sea Surface Slope Based on Satellite
Sounding Data

7.1 Introduction

Methods for measuring the slopes of the sea surface using spacecraft-based optical
instruments based on the registration of reflected sunlight are nowwidely used [2, 6].
Remote measurements of slope are a class of indirect measurements. The reliability
of the data obtained with the help of optical scanners and laser probing depends on
the correctness of the models describing the optical signal formation, including the
correct description of the sea surface slope distribution [11, 24, 37].

The signal recorded by the optical scanner generates a number of physical mecha-
nisms. These include the reflection of sunlight by the sea surface, mechanisms asso-
ciated with the scattering of sunlight by the atmosphere, as well as the penetration of
sunlight under the atmosphere-ocean boundary and scattering in the water column
[16, 32]. The slope of the sea surface are determined under the assumption that the
signal recorded on board the satellite is formed as a result of the specular reflection
of direct sunlight towards the satellite, the effects associated with the passage of light
through the atmosphere are small or can be corrected [8, 15, 45]. The area where
the specular reflection mechanism dominates is called sun glint [29]. In this area,
the optical scanner signal is determined by the probability density function of slope
reflecting sunlight in the direction of the satellite [21].

Studies of sea surface topographic characteristics by optical scanner have limi-
tations [35]. If its signal is formed by sea surface areas with high slope and low
probability density values, the influence of the atmosphere increases significantly.
Such situations occur when sunlight is reflected from areas of the sea surface away
from the sun glint, which leads to errors in determining statistical moments of slopes.

One of the promising optical methods for studying sea surface characteristics is
laser sensing [25]. When probing from a high altitude (onboard the satellite) the spot
on the sea surface has a diameter of several tens of meters [11]. At the same time, the
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laser-lit area contains a large number of elements that meet the condition of specular
reflection. Calculations of sea surface characteristics are carried out on the basis of
bidirectional reflectance distribution function (BRDF) built for analysis of signals
from space-based optical scanners [21]. The general drawback of calculations of
statistical estimations of sea surface slope using laser probing data is that they allow
to obtain statistical estimations of slopes only within a priori models [43].

7.2 Bidirectional Reflection Distribution Function

The signal recorded on the spacecraft resulting from the reflection of sunlight from
the sea surface is related to the statistical distribution of its slope. It is described by
the BRDF [31]. This function is determined by the ratio between the brightness of
the mirrored surface of solar radiation and the flux density of solar radiation

BRDF = π Ir (θr , ϕ)

Hs(θs, ϕ = 0) cos θs
= π Fw(β)

4 cos θs cos θv cos4 β
P

(
ξx , ξy

)
‘ (7.1)

where Ir (θr , ϕ) is the brightness of the Ir (θr , ϕ) mirror reflection; Hs(θs, ϕ = 0) is
solar radiation flux density; θs and θr are zenith angles of incident solar rays and rays
reflected in the direction of the spacecraft; ϕ is azimuth angle between the directions
of incident and reflected rays of light; Fw(β) is Fresnel reflection coefficient for
sea water; P

(
ξx , ξy

)
is two-dimensional probability density function of orthogonal

components of sea surface slopes ξx and ξy ; β is angle determined by the condition

tgβ =
√

ξ 2
x + ξ 2

y . Here is the angle β = 1
2 arccos(cos θs cos θv + sin θs sin θv sin ϕ).

Mirror reflection of sunlight in the direction of the satellite occurs if two conditions
are simultaneously fulfilled for orthogonal components of sea surface slopes [2]

ξx = − sin θs + sin θr cosϕ

cos θs + cos θr
(7.2)

ξy = − sin θr sin ϕ

cos θs + cos θr
(7.3)

In the analysis of sea surface slope it is common to distinguish two components
ξc and ξu oriented respectively crosswind and upwind direction. The transition from
ξx and ξy to the components ξc and ξu is done by turning the coordinate system
ξu = ξx cosφ + ξy sin φ, ξc = −ξx sin φ + ξy cosφ. The rotation angle φ is equal to
the angle between the solar azimuth and the wind velocity vector direction [21].

The characteristics of empirical distributions of crosswind ξc and upwind ξu
components of sea surface slope are described in a number of works [2, 4, 12,



7.2 Bidirectional Reflection Distribution Function 139

19]. It has been found that in the area of large values of slopes there is a consider-
able variation of empirical estimations of the probability density function of slope
components (see, for example, Fig. 4 in [2]). High noise level in these areas was also
noted in [6].

Reliable approximations of the slope probability density function can be built only
for a range in which the values of the slope component do not exceed some critical
threshold ξ0 [4, 30]. The values of the parameter ξ0 for transverse and longitudinal
slope components meet the following conditions

ξ0c < b0

√
ξ 2
c (7.4)

ξ0u < b0

√
ξ 2
u (7.5)

where b0 ≈ 2.5; ξ 2
c i ξ 2

u are the variances of the crosswind and upwind component
of the slope.

7.3 Restore Statistical Moments from Optical Scanners

The dependence of the optical scanner signal on the two-dimensional distribution
of the sea surface slopes allows solving the inverse problem and restoring the slope
characteristics using remote sensing data [2, 6, 35, 40].

Nonlinear processes in the sea surface wave field lead to deviations in the slope
distribution from the Gaussian distribution [23, 27]. Despite the fact that the devia-
tions are small, they play an important role in the sea surface reflection models of
light [43, 34]. The probability density of randomquasi-gaussian variables is described
using models based on the Gram–Charlier series.

A model describing the two-dimensional probability density function of longi-
tudinal and transverse components of slope based on the Gram–Charlier series was
proposed in [4]. This model was named after its authors as the Cox–Munk model.

PCM(ξc, ξu) = PG(ξc, ξu)

[
1 − 1

2
C21H2

(
ξ̃c

)
H1

(
ξ̃u

)
− 1

6
C03H3

(
ξ̃u

)

+ 1

24
C40H4

(
ξ̃c

)
+ 1

4
C22H2

(
ξ̃c

)
H2

(
ξ̃u

)
+ 1

24
C04H4

(
ξ̃u

)]
(7.6)

where ξ̃c = ξc/

√
ξ 2
C ; ξ̃u = ξu/

√
ξ 2
u ; Ci j—the coefficients of the Gram–Charlier

series; Hn—the orthogonal polynomial of the Hermite order n. Here the first index
of the coefficientCi j corresponds to the crosswind component of the slope, the second
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to the upwind one. The Hermite polynomials included in Eq. (7.6) are described by
expressions

⎧
⎨

⎩

H2(x) = x2 − 1,
H3(x) = x3 − 3 x,
H4(x) = x4 − 6 x2 + 3.

(7.7)

In field experiments, as a rule, statistical moments up to and including the fourth
order are defined. Therefore, the model PCM(ξc, ξu) uses truncated series of Gram–
Charlier, which includes only the first five members of the series. As a result, the
model (7.6) allows to describe the slope distribution only in a limited range of change
ξc and ξu when the conditions (7.4) and (7.5) are met.

Calculation of statistical characteristics of sea surface slope from optical scanners
was carried out by selection of seven parameters by minimization of discrepancies
between empirical probability densities and Cox–Munk model [2]. The parameters
forwhich thefitting is performedare ξ 2

c , ξ 2
u ,C03,C04,C40,C21,C22. It follows from the

conditions (7.4) and (7.5) that thementioned procedure can be performed onlywithin
the rangewhere themodel PCM (ξc, ξu) is defined and in the rangewhere the empirical
function of the probability density of the sea surface slopes is constructed using
optical images. Thus, the model fitting can be carried out only in the limited range
of slope changes, which leads to the calculation errors of their statistical moments.
Obviously, the values of skewness and kurtosis of slope components obtained from
truncated distributions depend on the boundary points of these distributions.

Let’s build the skewness and kurtosis dependencies on the boundaries inwhich the
probability density function of the upwind component of slopes is defined. The field
of surface waves is weakly non-linear. This results in deviations from the Gaussian
distribution. Since the nonlinear effects are small, the deviations are not large, and
the mixed coefficients are small, which is confirmed by measurement data [2, 4,
19]. Let us suppose that the mixed moments can be neglected, and the model of the
distribution of the upwind component of the slope can be presented as follows

P̃CM

(
ξ̃u

)
= PG

(
ξ̃u

) [
1 − C03

6
H3

(
ξ̃u

)
+ C04

24
H4

(
ξ̃u

)]
(7.8)

Provided that ξ u = 0 the statistical moments of the order n for P̃CM

(
ξ̃u

)
equal

μCMn =
∞∫

−∞
ξ̃ n
u P̃CM

(
ξ̃u

)
d ξ̃u (7.9)

where n—the order of the statistical moment.
Hermit’s polynomials have the property of orthogonality.
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∞∫

−∞
Hn(x) · Hm(x) · PN (x) dx =

{
0 npu n �= m
n!, npu n = m

(7.10)

where PN (x) = 1√
2π

exp
(− 1

2 x
2
)
. Taking into account (7.10), if we formally calcu-

late the moments μCM3 and a for ξ̃u , integrating within the range from −∞ to

∞, without paying attention to negative values P̃CM

(
ξ̃u

)
, we get C03 ≡ μCM3

and C04 ≡ μCM4 − 3. The mentioned procedure is not correct because the model
PCM(ξc, ξu) is defined within the limits of the given (7.4) and (7.5).

Change the integration limits in (7.9), bringing them closer to b0. Consider the
dependencies

{
μCM3 = μCM3(b),C04 = 0
μCM4 = μCM4(b),C03 = 0

(7.11)

where b—is a symmetrical integration limit in (7.9). The results of the calculations
shown in Fig. 7.1. show that the existing limitations of the Cox–Munk model have
a significant impact on the possibility of restoring statistical moments of sea surface
slopes using optical scanners. The strong dependence of even statistical moments
when the values of parameter b change near the value b0 also takes place for Gaussian

Fig. 7.1 Dependence of
statistical distribution
moments (7.8) on integration
limits
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distribution. If the parameter b takes values 2.5, 3 and 3.5, the kurtosis of the truncated
Gaussian distribution μCM4 − 3 is −0.81, −0.32 and −0.09 [35].

In order to extend the integration limits and to bring the coefficients C03 and
C04 closer to the statistical moments of slope, we extrapolate the probability density
function of slope outside the region (7.5). For this purpose, we use the combined
model, which in the region (7.5) is close to the Gram–Charlier distribution, and
outside it is close to the Gaussian distribution [39]. The combined model of the
upwind component of slope has the form

P̃C
(
ξ̃u

)
= PG

(
ξ̃u

){
1 +

[
−C03

6
H3

(
ξ̃u

)
+ C04

24
H4

(
ξ̃u

)]
F

(
ξ̃u

)}
(7.12)

where function F acts as a filter.
A two-parameter function can be used as a filter

F
(
ξ̃u

)
= exp

[
−

(∣∣∣ξ̃u
∣∣∣/d

)m]
(7.13)

where the parameter d determines the area inside which P̃C
(
ξ̃u

)
≈ P̃CM

(
ξ̃u

)
;

the parameter m determines the speed at which the model P̃C
(
ξ̃x

)
approaches the

Gaussian distribution outside the area (7.5).
The analysis of sea surface roughness obtained in different experiments showed

its strong variability [17] Lidar; [41, 34]. The values of the parameter C03 depend
on the wind speed and mainly lie in the range from 0 to −0.4. The values of the
parameter C04 depend on the wind speed, according to measurements by a laser
slopemeter C04 = 0.43 ± 0.46.

One-dimensional models P̃CM

(
ξ̃u

)
and P̃C

(
ξ̃u

)
, built at parameter values C03 =

−0.3, C04 = 0.2 are shown in Fig. 7.2. The parameters of the filter F
(
ξ̃u

)
are

selected equal d = 3.5 and m = 3.
To estimate the difference between the models outside the area (7.5), where the

probability density function is small, their relations are shown in Fig. 7.1. In the area

(7.5) the models P̃CM

(
ξ̃u

)
and P̃C

(
ξ̃u

)
are practically identical, outside this area at

the ξ̃u < −3—the model P̃CM(ξu) has negative values [35].
Let us consider how changes in the integration limit b of the range for which

statistical moments are calculated affect their magnitude (Fig. 7.3). For calculations

we use the model P̃C
(
ξ̃u

)

μCn(b) =
b∫

−b

ξ̃ n
u P̃C

(
ξ̃u

)
d ξ̃u (7.14)
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Fig. 7.2 Probability density functions of the longitudinal component of the slope of the sea surface

Fig. 7.3 Dependence of
statistical moments of the
third μC3 and fourth μC4
orders of magnitude on
integration limit b, calculated
for the combined model
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Table 7.1 Model parameters

P̃C
(
ξ̃
)
and statistical

moments calculated from it

No. C03 μC3 for b = 6

1 −0.1 −0.034

2 −0.2 −0.06

3 −0.3 −0.10

No. C04 + 3 μC4 for b = 6

1 3.2 3.008

2 3.4 3.016

3 3.6 3.024

The numerical values of the parameters C03 and C04, the model P̃C
(
ξ̃
)
and the

values μC3 and μC4 calculated for it at b = 6 are given in Table 7.1.
The results of numerical modeling within the limits of changes of parameters C03

and C04 observed in experiments allowed to draw the following conclusion. In order
to obtain estimates of statistical moments in the area where they slightly change with
changes in the limits of integration, in skewness calculations it is necessary that the
condition is met b > 3.5, in the calculations of the kurtosis it is necessary that the
condition b > 4.5 is met.

The dependencies presented in Fig. 7.3 μC3 = μC3(b) and μC4 = μC4(b) show

that the choice of the function extrapolating the model P̃CM

(
ξ̃u

)
beyond the region

(7.5) critically affects the values of the third and fourth statistical moments. Although
the combined model improves the situation, the problem is not completely solved. It
is necessary to create a fairly simple analytical model that would allowmore accurate
restoration of the senior statistical moments of slopes, according to remote sensing
data [44].

7.4 Laser Sensing of the Sea Surface from a Satellite

The research of sea surface characteristics by laser sensing can be divided into two
directions. The first direction corresponds to the conditions in which probing is
carried out from a small height (about 10 m), and the laser spot on the surface has a
diameter of several millimeters [41]. In the area of the laser spot periodically there
are areas of the sea surface, the slope of which meets the condition of the laser beam
reflection in the aperture of the photoreceiver. The signal at the output of the lidar
photoreceiver represents a sequence of pulses of different duration and amplitude,
which allow to investigate topographic inhomogeneities on the rough sea surface
[18].

When probing from high altitude (from an aircraft or spacecraft), the spot on the
sea surface has a diameter of several tens of meters [11]. The area illuminated by
laser contains a large number of elements that meet the condition of mirror reflection.
Here we will limit ourselves to considering this situation.
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The task of determining statistical moments of sea surface slopes using laser-
sounding data is similar to the task of determining them using radio-sounding data,
which has received much attention in recent years [10, 13, 14]. At the same time,
there is a fundamental difference [36]. The radio signal reflected from the sea surface
forms sea waves much longer than the radio wavelength. Since radio-sounding, as a
rule, is carried out in the centimeter range, the obtained estimates correspond to the
distribution of slopes created by the waves with the length greater than 10 cm.

Analysis of the laser-sensed sea surface data from spacecraft is usually performed
within the framework of a continuous source model [7]. This allows the recorded
signal to be described using the BRDF optical images used in the analysis. If the
sensing is monostatic, i.e., the source and receiver of the signal are at the same point,
the conditions of the mirror reflection are θs = θr ϕ = π . If the lidar beam is directed
vertically downwards, then θs = θr = 0.

Using the function (1) assumes that the duration of the laser pulse is sufficiently
long, and in some time interval the simultaneous contribution to the reflected signal
is given by all elements of the surface that meet the condition of mirror reflection.
During the pulsed probing it is necessary to take into account that the mirror reflec-
tion points are located at different heights. If the pulse is short, some of the mirror
reflection points may not fall into the area currently illuminated by the probing pulse.
The length of the pulse in the direction L of probing, is determined by its duration τ ,
L = cτ , where c is the speed of light. If the length of the pulse L is equal to the height
h of the wave, all points of the mirror reflection on its surface will be simultaneously
irradiated, however, the photoreceiver will receive the light reflected from the trough
and from the crest with a time delay 	t = h/c. In order to simultaneously fix the
reflection from all elements located on the wave height h, it is necessary to fulfill the
condition τ > 2 h/c [38].

As a parameter characterizing the height of the waves, it is customary to use a
significant wave height hs . The significant wave height is equal to the average value
of the height of one third of the highest waves [28]. It should be taken into account
that in the wave field there are waves whose heights exceed the height hs . Relatively
rarely observed extreme waves whose criterion is a twofold excess of a significant
wave height are excluded [20]. Thus, in order to simultaneously fix reflection from
all surface elements, the following condition must be met

τ > a 2 hs/c (7.15)

where a is dimensionless parameter The value of the parameter a is defined below.
Let us consider a simple model on the basis of which we analyze the dependence

of the amplitude of the reflected pulse on the duration of the probing. Let us assume
that the vertically directed probing pulse of rectangular shape is reflected from the
surface whose elevations are evenly distributed in the range from 0 to z0. Let us
suppose that the density of probability of mirror points distribution by height coin-
cides with the density of probability of elevation on the sea surface. This assumption
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is used in the analysis of radio-altimeter measurements data [26]. In this case the
probability density function of the mirror points distribution at height is described
by the expression

PR(z) =
⎧
⎨

⎩

0, z < 0
1, z0, 0 ≤ z ≤ z0
0, z > z0

(7.16)

To compare the forms of reflected pulses of different duration, let us introduce
normalization

ĨR(t, τ ) = IR(t, τ )/max(IR(t, τ ≥ τ0)) (7.17)

where τ0 = 2z0/c, max(I (t, τ ≥ τ0))—the maximum value of the reflected pulse, if
the duration of the probing pulse is greater or equal τ0. Here, the index “R” means
that the characteristics of the pulse are obtained for the distribution of the mirror
points by height in the form (7.16).

The forms of the reflected impulses ĨR(t), constructed at different durations of
the probing impulse, are presented in Fig. 7.4. At τ < τ0 the impulse ĨR(t) has a
trapezoidal form, its maximum value increases with increasing τ . At τ = τ0 the
impulse ĨR(t) gets a triangular form. Further increase does τ not lead to the growth
of the maximum value ĨR(t), and its form again becomes trapezoidal. The forms
of reflected pulses are determined by the ratio between the duration of the probing
pulse and the parameter τ .

Let us assume that the deviations of the sea surface elevation distributions from
the Gaussian distribution are small [42]. Let us use a linear model of the sea surface
wave field, in which the wave field is represented as a sum of a large number of
independent sinusoidal components. The distribution of the mirror reflection points
by height is described by the expression

Fig. 7.4 The form of
reflected pulses ĨR(t, τ )

calculated for the sea
surface, the distribution of
the elevations of which is
described by the expression
(7.16)
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Fig. 7.5 Reflected pulses ĨG(t, τ ) calculated for the sea surface whose elevation distribution is
described by the distribution (7.18). The curves 1–6 correspond to the probing pulse duration 3, 6,
12, 20, 40, 60 ns

PG(z) = 1√
2πσz

exp

(
− z2

2σ 2
z

)
(7.18)

where σ 2
z —variance of the sea surface elevations. Hereinafter, the index “G” means

that the characteristics are obtained for the distribution of the mirror points in height
in the form (7.18). The parameters hs are σz related by the relation hs = 4σz [28].

The forms of the reflected impulses at different durations of the probing impulse
and two values of the significant height for the case, when the distribution of the
mirror points corresponds to the function (7.18), are shown in the Fig. 7.5. Here, as
well as at the construction of Fig. 7.4, the normalization of amplitudes of the reflected
impulses according to (7.17) is used.

Qualitative changes in amplitude ĨG(t, τ ) and ĨR(t, τ )with increasing duration of
the probing pulse are similar. In the area of small durations, the amplitude of reflected
pulses growswith their growth.At some value τ , which depends on a significantwave
height, the amplitudes of reflected pulses reach their maximum, and further increase
τ practically does not affect the amplitude.

Changes in the amplitude of the reflected pulse are determined by the ratio between
the duration of the probing pulse and the characteristic time scale T, which depends
on the vertical distribution of mirror points. For the height distribution of the mirror
points in the form (7.16), the characteristic time scale is equal to

TR = 2z0/c (7.19)

for the distribution (7.18) it can be taken equal.

TG = 2hs/c (7.20)

The dependences of pulse amplitudes ĨR and ĨG on dimensionless parameters
τ/TR and τ/TG are presented in Fig. 7.6. The amplitude of the impulse ĨR linearly
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Fig. 7.6 Dependence of the
amplitude of reflected pulses
ĨR and ĨG from
dimensionless parameters
τ/TR and τ/TR : dashed line
is ĨR = ĨR(τ/TR);
continuous line is
ĨG = ĨG(τ/TR)
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grows with growth τ/TR , reaching units at τ/TR = 1. The dependence of the pulse
amplitude ĨG from τ/TG is nonlinear. At τ/TG = 1 we receive max ĨG = 0.95.
Returning to the expression (7.15), it is possible to note, that in a case when distri-
bution of heights of points of mirror reflection is described by distribution (7.18), at
a = 1 possible to fix simultaneously a signal of 95% of points of mirror reflection.
Thus, in order to measure the slope variance with a relative error of at least 5%, it is
necessary that the duration of the probing pulse exceeds the characteristic time scale
TG .

Expression (7.20) restricts the use of pulsed lidars to determine sea surface rough-
ness. In 2006, the CALIPSO satellite with CALIOP (Cloud-Aerosol Lidar with
Orthogonal Polarization) was launched to study atmospheric aerosol and cloudi-
ness [3]. The capabilities of the equipment installed on the satellite have made it
possible to expand the range of tasks solved by the satellite and to conduct studies
of the relationship between the sea surface slope variance and wind speed [11]. The
length of pulses generated by CALIOP lidar is 20 ns, which corresponds to hs =
3 m.

From the data of vertical laser sounding it is impossible to determine the senior
slope semi-invariants as well as wave field anisotropy. It is assumed that the older
semi-invariants are small and calculations are performed for isotropicGaussian distri-
bution [11]. Let us estimate the errors of determining the sea surface slope variance
that occur in the calculations as a result of this assumption.

The analysis will start with errors caused by deviations of sea surface slopes from
Gaussian distribution. With vertical laser sounding, the reflection in the direction of
the spacecraft creates facets whose orientation is close to the horizontal. It can be
assumed that ξu = ξc = 0. Polynomials H1 and H3 are odd functions, so at small
values of the arguments (ξu and ξc) the contribution of members proportional to these
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Table 7.2 Estimates of
coefficients C22, C04 and C40

References [4] References [2] References [19]

0.12 ± 0.06 0.12 ± 0.03 0.17 ± 0.27

0.23 ± 0.41 0.4 ± 0.1 0.43 ± 0.46

0.40 ± 0.23 0.3 ± 0.05 0.33 ± 0.43

polynomials can be neglected. Polynomials H2 and H4 are even functions. Taking
into account that H2(0) = −1, H4(0) = 3 for ξu = ξc = 0, we get

P(ξc = 0, ξu = 0) = 1

2π
√

ξ 2
u ξ 2

u

[
1 + C22

4
+ C04 + C40

8

]
(7.21)

The error caused by non-linearity of surface waves is determined by the multiplier
in square brackets

	NG = C22

4
+ C04 + C40

8
(7.22)

Studies of the sea surface slope variability carried out with different types of
equipment have shown that the coefficients C22, C04 and do C40 not depend on wind
speed. Let us consider three groups of coefficients C22, C04 and C40 those obtained
as a result of processing aerial photographs [4], data processing of optical scanners
installed on spacecraft [2], in experiments carried out in marine conditions with
the help of laser slope meters on an oceanographic platform [19]. These data are
presented in Table 7.2.

In all experiments, the average coefficient values C22, C04 and C40 are positive.
The values of the probability density function at the point ξc = 0, ξu = 0 obtained
for the same slope variance values are higher than for the Gaussian distribution. This
means that the calculations of the slope variance obtained from laser sounding data,
which do not take into account the nonlinearity of surface waves, have a systematic
error. This error leads to an underestimation of the slope variance. Error value 	NG

for those given in Table 7.2. the average values of the coefficients Ci j are between
11 and 14% [25].

The angular energy distribution of sea surface waves is not isotropic [5, 9, 33].
The variance of slopes oriented in the wind direction is higher than the variance in
transverse direction. As a parameter characterizing the anisotropy of slope, a three-
dimensional index is usually used, which is equal to the ratio of mean-square values

of slope in crosswind
√

ξ 2
c and upwind

√
ξ 2
u directions [22].

γ =
√

ξ 2
c /

√
ξ 2
u (7.23)

For waves with long crests the parameter is γ close to zero, for waves with short
crests it γ is close to one.
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In a linear isotropic wave field, the two-dimensional probability density function
of slopes ξu and ξc is described by the two-dimensional Gaussian distribution

PI (ξu, ξc) = 1

2π
√

ξ 2
u ξ 2

u

· exp
[
−1

2
·
(

ξ 2
u

ξ 2
u

+ ξ 2
c

ξ 2
c

)]
(7.24)

Anisotropy of slope affects the characteristics of the reflected signal in laser
probing. In expression (7.22), let’s move from Cartesian to polar coordinate system.
To make this transition, let us present two orthogonal components of the slope as
follows

ξc = ξm sin ϕ, ξu = ξm cosϕ (7.25)

where ξm = √
ξ 2
u + ξ 2

c—slope module; ϕ = arctan
(
ξc

/
ξu

)
—azimuth angle.

For the probability density function, the condition of transition to new variables

P(ξm, ϕ) = ∂ (ξc, ξu)

∂ (ξm, ϕ)
P(ξc, ξu) (7.26)

where ∂ (ξc,ξu)

∂ (ξm ,ϕ)
= ξm—Jacobian.

In the polar coordinate system, the expression (7.22) looks like

PI (ξmϕ) = ξm

2π
√

ξ 2
u ξ 2

c

· exp
[
−1

2
·
(

ξ 2
m · cos2 ϕ

ξ 2
u

+ ξ 2
m · sin2 ϕ

ξ 2
c

)]
(7.27)

or

PI (ξmϕ) = ξm

2π γ 2ξ 2
u

· exp
[

− 1

2ξ 2
u

·
(

ξ 2
m · cos2 ϕ + ξ 2

m · sin2 ϕ

γ 2

)]

(7.28)

It follows from (7.26) that the slope module distribution depends on the three-
dimensional index γ .

Let us exclude in (7.25) the dependence on the azimuth angle, having integrated
P(ξm, ϕ) in all directions

Pm(ξm) =
2π∫

0

P(ξm, ϕ) dϕ (7.29)

In the linear anisotropic wave field at γ = 1, the probability density function
of the slope module ξm is described by the Relay distribution [40]. Let us assume
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ξ 2
u = ξ 2

c = ξ 2
A that then the distribution looks like:

PA(ξm) = ξm√
ξ 2
A

· exp
[

−1

2
· ξ 2

m

ξ 2
A

]

(7.30)

At vertical probing the laser beam reflected from the sea surface falls into the
aperture of the photoreceiver if the slope module ξm does not exceed some critical
value [1]. The amplitude of the signal recorded on a spacecraft is directly proportional
to the probability that

ξm ≤ ξm0 (7.31)

Introduce rationing

ξ̃m = ξm√(
1 + γ 2

)
ξ 2
u

(7.32)

Since the variance of slope depends onwind speed, different values ξ̃m0 correspond
to the same value ξm0 at different wind speeds [25]. Changes in the parameter ξ̃m0

with increasing wind speed W are shown in Fig. 7.7. The dependences of the slope
variance obtained in [2] were used in calculations.

Let us estimate the errors of determining the slope variance caused by the surface
wave field anisotropy not taken into account during vertical laser sounding. For this
purpose, let us enter the parameter

ε(γ ) = FG(γ )/FG(γ = 1) (7.33)

where F—the probability that the slope module ξm meets the condition (7.29).

Fig. 7.7 The dependence of
the parameter ξ̃m0 on the
wind speed W. The
calculation of the parameter
ξ̃m0 was carried out for the
situation corresponding to
the conditions of sea surface
probing by CALIOP lidar
[11]
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Fig. 7.8 Changes in the
probability density function

of the module PmG

(
ξ̃m , γ

)

in the range of small values
of the parameter ξ̃m

In the area of small values of the slope module ξ̃m0, as shown in Fig. 7.8, its
probability density function can be approximated by the linear dependence of the
slope angle of this approximation changes with the change of the parameter, γ

respectively, the probability F changes.
According to the measurement data obtained with a laser inclinometer [19],

showed that the average value of the three-dimensional index γ = 0.8 parameter
ε = 1.025. Approximate values of the three-dimensionality index were obtained
using the measurement data of optical scanners [2].

Thus, the errors caused by anisotropy of surface wave fields are several percent.
These can be neglected in comparison with errors caused by deviations in the slope
distribution from the Gaussian distribution.

7.5 Conclusion

The limitations of determining statistical moments of sea surface slope using optical
scanners and lasers installed on spacecraft have been analyzed. Both methods are
indirect, and the accuracy of measurements is determined by the correctness of our
ideas about the optical signal formation.

When using optical scanners, the calculation of statistical slopemoments is carried
out by calculating the BRDF model parameters from sea surface images. The accu-
racy limitations are caused by two factors. The first factor is BRDF errors in situa-
tions where sunlight in the direction of the spacecraft reflects surface elements whose
slopes have low probability densities. However, the physical mechanisms associated
with the scattering of sunlight by the atmosphere aswell as the penetration of sunlight
under the atmosphere-ocean boundary and scattering in the water column make a
significant contribution to optical imaging. The condition that an optical image is
formed only as a result of mirror reflection ceases to be fulfilled. As a result, the
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empirical density of probabilities is determined in the limited range of sea surface
slope changes, which leads to errors in calculating their statistical moments.

The second factor is related to the selection of the BRDF, which includes a model
of the probability density function of slope of the sea surface. For the nonlinear wave
field, which is the sea-wave field, the probability density of slopes is approximated
by the two-dimensional Cox–Munk model based on the truncated Gram–Charlier
series. Calculation of statistical characteristics of sea surface slopes is carried out
by selection of Cox–Munk model parameters by minimizing its difference with
the probability density function built on optical images. Cox–Munk model allows
to correctly describe the probability density function of slopes in a limited range.
Outside this range, Cox–Munk model distorts the slope distribution, and negative
values appear. Thus, the calculation of statistical moments of slopes using Cox–
Munk model corresponds to the calculation of truncated distribution, which is the
source of errors.

With vertical laser probing from a satellite, the BRDF degenerates. Errors are
caused by deviations of the real wave field from the Gaussian isotropic surface.
Uncounted deviations of slope distributions from the Gaussian distribution result in a
systematic error of 11–14%.The calculated slope variance values are underestimated.
Anisotropy of sea surface slopes, which cannot be determined with vertical probing,
leads to an error, which also systematically underestimates the variance values. This
error is on average less than 3%.

Influence of duration of a probing pulse on accuracy of definition of variance of
slopes is considered. It is shown that for correct determination of variance of slopes
it is necessary that the duration of probing impulses exceeds some characteristic
time scale, which depends on the significant wave height. If the mirror points are
distributed according to the Gaussian law, then to measure the slope variance with a
relative error of less than 5%, it is necessary that the duration of the probing pulse
exceeds the time scale TG = 2hs/c.
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Chapter 8
The Distribution of the Variance
of the Sea Surface Slopes on the Spatial
Scales Creating Their Waves

8.1 Introduction

The solution of a number of oceanographic problems requires information on what
contribution to the variance of sea surface slopes is made by waves of different
scales. The nature of the scattering of radio waves is determined by the ratio between
the length of the probing radio wave and the surface wavelength. In quasi-vertical
sounding, sea-surface slopes created by waves whose length is comparable to and
less than the length of the probe radio wave lead to diffuse scattering [2]. If the
dominant mechanism is the resonance scattering mechanism, then the presence of
long (compared with resonance) waves leads to a change in the local angles of inci-
dence, since the resonance waves propagate along a curved surface [21, 24]. Slopes
created by long waves must also be taken into account when analyzing microwave
radiometric measurements [8].

There are several approaches to determining the variance of slopes created by
long waves, i.e. waves from the longest to waves having a certain length [25]. The
length is determined by the characteristics of the measuring equipment, with which
the variance of the slopes is determined. In the works [4, 14] the variance of long-
wavelength slopes is determined by radio sounding from a spacecraft at low angles of
incidence. In theworks [8, 10, 23] the dependences of the slope variance on the length
of the surface waves creating them were obtained by fitting theoretical calculations
to microwave radiometric measurements.

Another approach is based on the analysis of in situ measurements of sea surface
slopes with various types of sensors. Laser slopemeters [11, 15], string gauge [13,
27], and wave buoys [19] are used to measure sea slopes. Depending on the design
features of the measuring equipment, the slope variance obtained using it correspond
to different values �0.
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The aim of the research, the results of which are presented in Chapter 8, is to
build the dependence of the variance of the slopes of the sea surface on the upper
boundary of the range of waves that create them.

8.2 Variances of Slopes of the Sea Surface

We determine the spectral characteristics of a random wave field. Let the elevation
of the sea surface η(�x, t) be a stationary random function of the spatial coordinate �x
and time t. Its space-time correlation function is

B̃(�r , τ ) = B(�r , τ )

η2

η(�x, t)η(�x + �r , t + τ)

η2
(8.1)

where the bar above means averaging, η2 is a variance of elevations of the surface,
a shift in space, t is a shift in time. The Fourier transform of a function R(�r , τ ) is a
three-dimensional spectrum of waves [20]

F
( �K , ω

)
= (2π)−3

∞∫

−∞

∞∫

−∞
B(�r , τ ) exp

(
−i

( �K �r − ωτ
))

d �r dτ (8.2)

where �K is a wave vector,ω is a cyclic frequency. Integrating the spectrum F
( �K , ω

)

over frequencies, we obtain a two-dimensional spectrum of wave vectors

Ψ̃

(
⇀

K

)
=

∫

ω

F
( �K , ω

)
dω (8.3)

We turn to the polar coordinate system; for this, we represent the orthogonal
components of the wave vector as

Kx = K cosϕ, Ky = K sin ϕ, (8.4)

where K =
∣∣∣∣

⇀

K

∣∣∣∣ is wave number. We get


(K , ϕ) = 
(Kx , Ky)
∂
(
Kx , Ky

)

∂(K , ϕ)
(8.5)

where
∂(Kx ,Ky)

∂(K ,ϕ)
is Jacobian.
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Slopes of the sea surface are the first spatial derivatives of elevations of the sea
surface. It is customary to distinguish two components of the slopes, oriented along
and across the direction of the wind, which we denote by the indices “u” and “c”.
The spectra of slopes of the sea surface are described by the expressions [22]

Yu(K ) =
π∫

−π

K 
(K , ϕ)K 2 cos2 ϕdϕ (8.6)

Yc(K ) =
π∫

−π

K
(K , ϕ)K 2 sin2 ϕdϕ (8.7)

where 
(K , ϕ) is spectrum of wave numbers and directions of elevations of the
surface; ϕ is azimuthal angle measured from the direction of the wind. Total variance

D(K0) = d2
u (K0) + d2

c (K0) =
K0∫

0

π∫

−π

K 
(k, ϕ)K 2dϕ dK (8.8)

where d2
u and d2

c are variance of the longitudinal and transverse components of the
slopes. The upper limit of integration K0 determines the boundary of the wavelength
range, which corresponds to the variance of the components of the slopes.

8.3 Radar Determination of Slope Variance

The determination of the variance of the slopes based on the quasi-vertical radio
sounding of the sea surface is based on the Kirchhoff method. At small angles of
incidence θ , the signal reflected from the sea surface is formed by surface waves that
satisfy the conditions [2]

Λ >>λ (8.9)

k R cos3 θ >> 1 (8.10)

where Λ and λ are surface and radio wave lengths, respectively; k = 2π
/

λ is wave
number of the radio wave; R is radius of curvature; θ is angle of incidence. Next, we
will call long waves those waves that satisfy the condition (8.9).

In this case, the normalized backscattering cross section is described by the
expression

σ = π sec4 θ |F0|2P
(
ξ↑, ξ⊥

) ∣∣
ξ↑=tgθ,ξ⊥=0 (8.11)
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where F0 is Fresnel coefficient; P is two-dimensional probability density function of
slope; ξ↑ is slope of the sea surface in the sounding plane; ξ⊥ is the slope of the sea
surface in the orthogonal plane. The dependence of the radar signal on the probability
density function of slopes of the sea surface allows us to solve the inverse problem
of restoring the variance of slopes by active sensing [14].

The real sea surface is non-Gaussian. Gram-Charlier fourth-order expansion is
used to express the non-Gaussian slope probability density function

PG−C(ξ̃c, ξ̃u) = 1

2π
exp

[
−1

2

(
ξ̃ 2
c + ξ̃ 2

u

)] {
1 − 1

2
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(
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)
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(
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− 1
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(
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24
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λ04H4

(
ξ̃u

)
+ 1

4
λ22H2

(
ξ̃c

)
H2

(
ξ̃u

)}
,

(8.12)

where ξ̃c = ξc /
√
d2
c , ξ̃u = ξu /

√
d2
u , λi j are cumulants of the crosswind and upwind

components of the slopes, Hn are Hermite polynomials of order n. It is assumed that
the index i refers to the crosswind component of the slopes, the index j refers to the
upwind component.

One solution to the inverse problem is given in [4]. The slopes of the sea surface
were determined frommicrowave data of precipitation radar (PR-radar) by the Trop-
ical Rainfall Mapping Mis-sion [3]. The Ku-band PR radar mounted on the satellite
is designed to measure the vertical precipitation profile. Its peculiarity is that it oper-
ates at low incidence angles and is potentially capable of providing information on
the characteristics of the sea surface [6].

Dependences of slope variances on wind speed were obtained in [4]

DC = 0.0189 + 0.00132 U (8.13)

The sounding was carried out at a frequency of 13.8 GHz (λ = 2.17 cm).
The condition is much larger in expression (8.9) is not strictly defined [8]. We

will assume that expression (8.9) is satisfied if � > nλ, where n is in the range from
3 to 5. Thus, the estimates correspond to values DC lying in the range Λ0 from 6.5
to 10.9 cm.

8.4 Radiometric Determination of Slope Variance

With passive location (radiometry) of the sea surface, as with active, it is necessary
to take into account the change in roughness created by waves of certain scales [10,
23]. The physical mechanism for generating a radiometric signal is similar to the
formation of an optical signal. The difference is that when light is reflected, the
conditions of specular reflection are always satisfied, and when radio sounding of
the sea surface there are always waves whose length is comparable to or less than the
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length of the radio wave. These waves, which do not satisfy condition (8.9), create
diffuse scattering.

In radiometric measurements, to determine the variance of the slopes created
by long waves, a semi-empirical function is used, constructed by minimizing the
discrepancies between theoretical calculations and data from radiometric measure-
ments. It is based on the assumption that the variance of the slopes that determine
the radiometric signal can be described by a universal function of the frequency (or
length) of the radio wave χ( f ) as part of the total variance D(K0 = ∞)

χ( f ) =
{
0.3 + 0.02 f npu f ≤ 35
1 npu f > 35

(8.14)

where f is frequency of a radio wave of GHz. Thus, variances of long waves, for
which the upper limit of wave numbers is equal K0, are described by the expression

D(K0,U ) = χ(K0)D(K0 = ∞,U ) (8.15)

where D(K0 = ∞,U ) is the dependence of the variance of the slope on the wind
speed, obtained from the processing of aerial photographs in [7].

Within the framework of this approach, the values of the function χ(K0) for three
wavelengths: 6, 2.25, and 0.8 cm were calculated in [8]. Experimental studies were
carried out on an oceanographic platform located on the Black Sea. The procedure
included fitting the values of the variances of the slopes in order to achieve maximum
fit in the calculation model for both vertical and horizontal polarizations. Further,
as in the interpretation of active sensing data, we assume that the radiometer signal
is formed by surface waves whose length is more than 3–5 times the length of the
recorded radio wave.

8.5 In Situ Slope Measurements

To measure the slope of the sea surface under field conditions, slopemeters are
used, the principle of operation of which is based on various physical effects. A
consequence of the difference in the sensors used was a significant difference in the
results obtained by different authors. The most effective for measuring slopes are
optical methods that use laser sensors [15]. The principle of operation of the laser
slopemeter is based on measuring in two planes the angles of deviation of the laser
beam from the vertical when it passes the water-air interface. The diameter of the
laser spot on the surface is about 0.2 cm. Thus, it can be assumed that the contribution
to the variance is made by waves whose length is more than 0.4–0.6 cm.

Let us consider the results of studies of the structure of the sea surface obtained
using laser slopemeter using two different methods. In the first case, measurements
were carried out from a moving vessel, in the bow of which a laser slopemeter was
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Fig. 8.1 Dependences of the
variance of sea surface
slopes, determined from
in situ measurements: line 1
and 2 are measurements by a
moving and stationary laser
slopemeter [11, 15]; 3 is
measurements by string
gauge [13]; line 4 is
measurements by a wave
buoy [19]; line 5 is aerial
photography of the sun glint
[7]
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installed [11]. The experiment was conducted on the estuary of a river that flows into
the Georgia Strait. The dependence on the wind speed of the variance of the slopes
is described by the expression

DL1 = 0.0023 + 0.00397 U (8.16)

In the second case, measurements were carried out from a stationary base, which
is the oceanographic platform [15]. The experiments were conducted on the Black
Sea

DL2 = 0.00546 + 0.00367 U (8.17)

As can be seen from Fig. 8.1, the dependences of the variance of the slopes on
the wind speed, obtained from measurements at a point and from a moving carrier,
were close to each other

Slope variance measurements made using differential string gauge (Kalinin and
Leikin [13] lead to regression dependence

DA = −0.001 + 0.0021 U (8.18)

The variance values DA are significantly lower than the values obtained using
laser slopemeters. Sensors in differential string slopemeters are vertically stretched
strings (strings 0.3 mm in diameter were used). Slopes are defined as the ratio of the
difference in surface levels at two spatially separated points to the distance between
these points. In this experiment, the distance between the string sensors was 20 cm
or 40 cm. The experiments were conducted on the Caspian Sea.

The lowest values of the variance of the slopes give measurements using floating
on the surface of buoys of special designs [19].

DB = 0.001 + 0.001U (8.19)
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The sensor in this type of meter is the buoy body. The frequency range of the
measured slopes is limited from above at a frequency of about 0.5 Hz, which for
surfacewaves in deepwater corresponds to awavelength of about 6m.As in the above
cases of in situ measurements, it is necessary to take into account the uncertainty in
estimating the length of short surface waves affecting the variance of slopes.

8.6 Comparison of Variances of Slopes of the Sea Surface

The lengths of electromagnetic waves of the optical range are much shorter than the
lengths of the waves present on the sea surface; therefore, all waves present on the
sea surface form an optical signal. Optical measurements can be accepted K0 = ∞.
The most often used regression dependence of the variance of slopes on wind speed,
obtained on the basis of aerial photographs of the sea surface [7]

D(K0 = ∞,U ) = DCM = 0.003 + 0.00508 U (8.20)

where U is wind speed. Let us consider the ratio of the variance of slopes created by
long waves and the total variance created by the waves of all scales present on the
sea surface χ = D

/
DCM .

The dependences of the variances of the slopes of the sea surface on the wind
speed, calculated from the data of remote sensing and from in situ measurements,
are usually presented in the form of a linear regression

D(U ) = a + bU (8.21)

The regressions (8.13), (8.16)–(8.20) used in this work are presented in the same
form. Comparing the dependences of the slope variances on the wind speed obtained
by different methods, we can see that in the range of weak winds the parameter χ

depends on the wind speed. This is due to the fact that linear regression incorrectly
describes changes in the variance of slopes in a wide range of wind speeds. The
increase in the variance of slopes with increasing wind in the region of weak winds
occurs much faster than with a strong wind [26]. As a result, when approximating
a nonlinear dependence of a linear function, a constant term a appears. At a wind
speed U0 above 7–8 m/s, the first term of linear regression can be neglected, while
the ratio of the variance of the slopes determined using different types of equipment
turns out to be independent of the wind speed.

A summary graph of the dependence of the parameterχi on the surfacewavelength
Λ0 for wind speeds U > U0 is shown in Fig. 8.2. The type of measuring equipment
and the source of information on the basis of which the values χi were calculated
are listed in Table 8.1. When constructing Fig. 8.2 it was taken into account that the
concept is much larger in (8.9) is not strictly defined. Therefore, dependences (8.14)
correspond to two curves 1, calculated for situations when the signal is formed by
surface waves 3 or 5 times the length of the probing radio waves. This circumstance



164 8 The Distribution of the Variance of the Sea Surface Slopes …

Fig. 8.2 Empirical estimates of the fraction of the total variance of the slopes of the sea surface,
determined in the range of wavelengths from the main energy-carrying waves to waves, by length
�0. The type of measuring equipment and the source of information are shown in Table 8.1

Table 8.1 Types of
measuring equipment and
information sources used in
the construction of Fig. 8.2

# Measuring equipment References

1 Radiometer [23]

2 Radiometer, λ = 0.8 cm [8]

3 Radiometer, λ = 2.25 cm

4 Radiometer, λ = 6 cm

5 Radar [4]

6 Laser slopemeter [11]

7 Laser slopemeter [15]

8 String gauge [13]

9 Wave buoy [19]

was taken into account when constructing parameter estimates χi (i = 2, 3, 4, and 5)
based on remote sensing data. The surface wavelength Λ0 is also not strictly defined
in situmeasurements. For this measurement data on the graph, the points are replaced
by segments, the boundaries of which are selected according to the above description
of the measuring equipment. As can be seen from Fig. 8.2, parameter χi estimates
are in fairly good agreement with each other. The parameter χ5 is slightly deviated,
the values of which seem to be underestimated.

Based on the data presented in Fig. 8.2, we construct a regression that describes
the dependence χ = χ(Λ0). The upper limit of the range in which waves can exist
on the surface of a liquid is due to viscous dissipation. This limit Kdis ≈ 6283 is
rad/m [1], which corresponds to a wavelength of Λdis ≈ 0.001 m. Since the length
of electromagnetic waves in the optical range is much shorter Λdis , we can assume
that D(Kdis) = DCM . Thus, we get the point χ(Λ0 = Λdis) = 1, which is also used
in the construction of the regression χ = χ(Λ0).

The analysis presented in Fig. 8.2 estimates of the share of the total variance
of long wavelength slopes from the measurement data showed that the dependence
χ = χ(Λ0) can be approximated by regression in the form of a power function.
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Fig. 8.3 Regression dependences of the fraction of the total variance of the slopes of the sea surface
χ , defined in the wavelength range from the main energy-carrying waves to waves, with the length
�0: curve 1 is regression (8.23); curve 2 is regression (8.22); symbols ◯ and ● show the minimum
and maximum values �0

Since in all cases the measurements, the results of which are presented in Fig. 8.2,
the length Λ0 is not uniquely determined, two dependencies corresponding to the
minimum and maximum values Λ0 were calculated

χ(Λ0) = 0.260Λ−0.194
0 ± 0.082 (8.22)

χ(Λ0) = 0.294Λ−0.177
0 ± 0.082 (8.23)

These regressions are shown in Fig. 8.3. If we exclude from the calculations the
estimate χ5 obtained by the results of [4], then

χ(Λ0) = 0.285Λ−0.182
0 ± 0.045 (8.24)

χ(Λ0) = 0.320Λ−0.166
0 ± 0.045 (8.25)

Calculation of the dependence χ = χ(Λ0) without a parameter χ5 reduces the
mean-square spread by almost half.

When comparing Figs. 8.2 and 8.3 it is seen that the expression (8.14) proposed
on the basis of the data of radiometric measurements significantly overestimates
the values χ in the region of Λ0 < 0.1 m. From Fig. 8.3 it also follows that the
contribution to the variance of wave slopes longer than 10 m is less than 20%.

Another factor to consider is the following.Any spectralmodel of the surfacewave
field is built for certain conditions and within the framework of certain assumptions
that are not always possible to control. This circumstance limits the possibilities of
their use for the analysis and interpretation of remote sensing data. In this work, to
construct the dependence χ = χ(Λ0), we used data obtained by remote sensing and
in situ measurements. Unfortunately, in these works there is no information on how
the variance of the slopes varies at different stages of the development of the wave
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field. Equations (8.22) and (8.23) correspond to an ensemble of situations in which
regression equations D = D(U ) were obtained in different experiments.

8.7 Calculation of the Distribution of Surface Variances
Based on Spectral Model

In recent years, spectral models defined in the space of wave numbers have been
widely used to analyze the interaction of radio waves with the sea surface [4, 5].
When constructing mathematical models, the lack of information about the fine
topographic structure of the sea surface was compensated by laboratory data [12,
16]. As a rule, they are built on the basis of the kinetic equation, their parameters
are adapted to the data of laboratory experiments. It is assumed that the variance of
slopes calculated over the entire range of wave numbers should correspond to the
variance determined by remote sensing in the optical range [7].

The spectral energy of sea waves decreases rapidly with decreasing wavelength,
therefore, for its analysis, it is convenient to use the curvature spectra Cr(k)
associated with the elevation spectrum by the relation

Cr(K ) = K 4S(K ) (8.26)

where S(K ) = ∫ π

−π
Ψ (K , ϕ)dϕ. Curvature is the second spatial derivative of

elevations of the sea surface.
Models of curvature spectra constructed to analyze the interaction of radio waves

with the sea surface indicate the existence of a secondary peak in the gravitational-
capillary range of surface waves (see [5, 17]), moreover, values Cr(K ) in its vicinity
depend on wind speed. The secondary peak grows rapidly at low wind speeds, at
high it approaches the saturation state that is observed at wind speeds above 6–
8 m/s [1, 9]. Saturation leads to the fact that the shape of the spectrum Cr(K ) in the
gravitational-capillary range varies slightly with increasing wind speed.

In this work, wewill use the one-dimensional model of the broadband spectrum of
surfacewaves proposed in [18]. Likemost similarmodels, it includes twocomponents

S(K ) = S1(K ) + S2(K ) (8.27)

The first component S1(K ) is based on field measurements. It describes the spec-
trum on scales from the scale of dominant surface waves to the lower boundary of
the range of short gravitational waves

S1(K ) = SP(K )
1(

1 + (
K

/
K0

)2) (8.28)
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where SP(K ) = ãpK−4 is Phillips spectrum in the equilibrium range [20];(
1 + (

K
/
K0

)2)−1
is the low-pass filter constructed in [1] (K0 = 100 rad/m) is

the upper limit of the wave number range for gravitational waves). The lower limit of
the range in which the spectrum S1(K ) is modeled is determined from the condition

Kp = g
/

(1.2U )
2

(8.29)

Here, the parameter Kp corresponds to the scale of the spectral peak.
The second component S2(k) describes the spectrum in the range of gravitational-

capillary waves

S2(K ) = aL1K
−4

(
u∗ − u0∗

C

)[
1 − exp

(
− C2

aL2W 2
10

)]

exp
[−aL3K

2.5(u∗ − u0∗)−0.75
]

(8.30)

where aL1 = 1
/
320, aL2 = 0.0002 and aL3 = 0.0011(cm/rad)2.5(cm/s)0,75 are

constants; u∗ is friction velocity; u0∗ = 5 cm/s is the threshold value of the friction
velocity; C is the phase velocity. The relationship of wind speed and friction speed
is set using the drag coefficient in the form

Cd = 10−3
(
2.717U−1 + 0.142 + 0.0761 U

)
(8.31)

where U is wind speed at a height of 10 m.
The one-dimensional curvature spectraCr(k) calculated using themodels (8.27)–

(8.31) are shown in Fig. 8.4.
To estimate the contribution of waves of different scales to the variance of the

slopes, we introduce the integral parameter [28]

χM(K ) =
K0∫

Kp

Ss(K )dk

/ Kdis∫

K p

Ss(K )dk (8.32)

where Ss(K )—range of slopes. From the spectral model proposed in [18], it follows
that the parameter values χM change with changing wind speed. The nature of these
changes is shown in Fig. 8.5, which shows the dependencies χM = χ(�0) for
different wind speeds.

Hereinafter, the index M shows that this parameter was obtained as a result of
calculations according to the spectral model [18], the index E shows that the param-
eter χ was obtained from the measurement data. It should be remembered that the
dependences χE = χE (�0) obtained in this work are valid for wind speeds above
7–8 m/s, i.e. precisely in the range where, according to spectral models, a saturation
state takes place [5, 9, 17]. To build the dependence χE = χE (�0) on weaker winds,
additional research is needed.
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Fig. 8.4 Model spectra of curvature of the sea surface Cr(K ). Curves 1–7 correspond to wind
speeds from 2 to 20 m/s in increments of 3 m/s
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Let us compare the model estimates of the parameter χM with the dependences
of this parameter χE on �0 obtained on the basis of measurements [28]. As already
noted in determining the variance of slopes from remote sensing data and from in situ
measurements, there is always some uncertainty in determining the boundary value
of the length �0. Therefore, each parameter χE in Fig. 8.6 are assigned two values
�0 corresponding to the maximum and minimum values �0.

Shown in Fig. 8.6 parameter χE estimates are calculated on the basis of data
obtained by apparatus of various types. The numbers around the ratings χE corre-
spond to the numbers in the Table 8.1, where the works are indicated whose results
were used in the calculations. Although in general there is a correspondence between
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Fig. 8.6 Dependences of the parameters χM and χE on the wavelength �0. The numbers near the
estimates χE correspond to the Table 8.1

the theoretical and experimental values of the parameter χE , there is a significant
difference at wavelengths shorter than 0.01 m.

Note that the spectra of slopes of surfacewaves, aswell as the spectra of elevations,
depend not only on wind speed, but also on the stage of wave development [8]. This
effect is most noticeable on the scales of dominant waves, with a decrease in the
wavelength it weakens. The shorter the wavelength, the shorter the relaxation time,
however, changes in the wave spectra at a fixed wind speed at different stages of
development should also occur in the short-wavelength region. Unfortunately, the
data available to us do not yet allow us to estimate this effect in the wavelength range
in which the dependence χE = χE (�0) is analyzed here.

Shown in Fig. 8.6 dependences χM = χM(�0) show that the most dramatic
changes χM occur in the range 0.01–0.1 m. In [25], an attempt was made to simulate
this effect by setting regressions in a form that included a larger number of parameters

χE (�0) = 0.231 − 0.0923 log(�0) + 0.0546 log2(�0) (8.33)

χE (�0) = 0.266 − 0.129 log(�0) + 0.0386 log2(�0) (8.34)

The standard deviations for both regressionswere±0.08, i.e. practically coincides
with such a characteristic for regressions (8.22) and (8.23). The effect of significant
changes in the parameter χE in the range of 0.01–0.1 m, as shown in Fig. 8.7 is
not observed. Thus, to calculate the variance of slopes in applications related to
diffraction of waves on the sea surface, it is advisable to use regressions that have a
simple analytical form (8.22) and (8.23).
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Fig. 8.7 Regression
χE = χE (�0). Curves 1-4
correspond to Eqs. (8.33),
(8.34), (8.22) and (8.23)
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8.8 Conclusion

The interaction of radio waves with the sea surface is described in the framework of
a two-scale model. The boundary dividing the two ranges of irregularities depends
on the length of the probe radio wave and on the angle of incidence. The existence
of several physical mechanisms that determine the diffraction of radio waves on a
rough surface makes the problem of estimating the variance of the slopes of the sea
surface in different wave ranges relevant.

The solution to this problem is complicated by the lack of sufficient information
about the real variability of the slopes of the sea surface, which is largely due to
the technical complexity of their measurements in the field. In Chapter 8, to solve
it, the results of measurements carried out with various types of equipment were
used. The data of remote sensing of the sea surface (radar, radiometric, and optical
measurements), as well as in situmeasurements (measurements by laser slopemeters,
string gauge, wave buoys) are analyzed. The results of experimental studies were
compared with the results of numerical modeling, based on the spectral model of
elevations of the sea surface, built in the space of wave numbers.

An integrated approach made it possible to construct functions χ(�0) describing
the variance of slopes of the sea surface created by waves in the range from the main
energy-bearing waves to a given length �0, as part of the total variance of slopes
created by all waves present on the sea surface. It is shown that the dependence χ =
χ(Λ0) can be described by a power function. It is also shown that the contribution to
the variance of slopes, which are produced by waves longer than 10 m, is less than
20%.
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Chapter 9
Study of the Variability
in the Ocean-Atmosphere Interface
as a Reflective Surface of Light

9.1 Introduction

Optical images from optical scanners mounted on spacecraft are an effective tool for
ocean research [19–22, 37]. Several physical mechanisms form an optical scanner
signal [14, 25, 39]. Such mechanisms are: reflection by the sea surface of direct solar
radiation, reflection by the sea surface of solar radiation scattered by the atmosphere,
reflection by the sea surface in any direction of direct solar radiation, further scattered
by the atmosphere towards the satellite, scatteringof solar radiationby the atmosphere
towards the satellite, scattering from the water column of solar radiation penetrated
under the ocean-atmosphere boundary. In recent decades, activemeans of sensing the
ocean using lidars mounted on spacecraft have been actively developed [13, 24, 32].

The effective use of optical remote sensing requires detailed information about
the reflection of light from the sea surface [43]. The main elements of the sea surface
determining light scattering and reflection are short gravity, gravity-capillary and
capillary waves [33]. Having relatively low energy, the waves of these ranges signif-
icantly change their characteristics under the influence of processes that occur in the
boundary layers of the atmosphere and ocean. This property is the basis for remote
measurement methods, most of which only carry information about the sea surface.

Indication of laser glint when probing the sea surface allows obtaining informa-
tion about small-scale components of wind waves [44]. This method is successfully
applied both in laboratory experiments and in field research carried out on board a
ship, an aircraft, a satellite and a fixed base [6, 17, 24, 26]. One of the modifications
of the method of laser glint indication is measurements in the scanning mode [36].

When interpreting the results of laser sensing of the sea surface, a priori models
(spectra, probability density functions, etc.) are used, the adequacy of which is not
usually checked for specific situations. Direct in situ measurements showed strong
variability of short surface waves and their stochastic dependence on wind speed
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to Springer Nature Switzerland AG 2021
A. Zapevalov et al., Simulation of the Sea Surface for Remote
Sensing, Springer Oceanography,
https://doi.org/10.1007/978-3-030-58752-9_9

173

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-58752-9_9&domain=pdf
https://doi.org/10.1007/978-3-030-58752-9_9


174 9 Study of the Variability in the Ocean-Atmosphere Interface …

[42]. Slices and ripple areas simultaneously present on the sea surface in low winds
differ not only in the spectral density level of short-period components but also in
the distribution of probability density of slopes [9, 15].

The variety of factors forming the fine structure of the sea surface determines
the stochastic nature of the relationship between its parameters and those recorded
by laser probing. This creates the need for complex experiments in which remote
sensing is accompanied by careful control of the sea surface parameters.

9.2 Measuring Equipment and Measurement Conditions

Integrated studies of the ocean-atmosphere interface as a reflective surface of light
were carried out in the Black Sea during summer and autumn on a stationary oceano-
graphic platform of the Marine Hydrophysical Institute [43]. The oceanographic
platform is located off the southern coast of Crimea, 500 m from the coast at a depth
of about 30 m [23]. This depth for the Black Sea corresponds to the “deep water”
condition, i.e. the influence of the bottom can be neglected. During the measure-
ment period, water-air stratification was either poorly stable or close to neutral.
Measurements—were made both during daytime and at night.

Laser sensing of the sea surface was carried out simultaneously with measure-
ments of its elevation and slope and was accompanied by measurements of wind
speed.Abroadband string gaugewas used to determine surfacewave parameters. The
sensor is a vertically stretched string of nichromewirewith a diameter of 0.2mm.The
frequency range of the waveguide is 0.05–30 Hz. The wind speedmeter was installed
at a height of 18 m. All sea surface parameters and wind speed were measured simul-
taneously in 30 s sessions. The series of measurement sessions lasted from 1 to 7
h.

The principle of operation of the two-dimensional laser slope meter is based on
measuring the deviation of the laser beam from the vertical when passing from under
water of the rough water-air interface. Its design allows to measure the slopes in
two orthogonal planes [15]. Calibration of the laser inclinometer is performed in
laboratory conditions.

A stationary oceanographic platform, like any physical object, creates distur-
bances in the aquatic environment. Lidar and wave sensors were placed on long
booms oriented towards the open sea. This allowedmeasurements to bemade outside
the perturbations created by the supports of the ocean platform. The distance from
the measurement point to the nearest support was over 6 m.

For indication of lidar glint reflectancewas used, optical schemeofwhich is shown
in Fig. 9.1 [43]. The source and the receiver of the optical signal are combined. The
source of optical signal is HeNe laser with power of 4 mW (1). The laser beam with
a prism (3) is directed to the water surface through the lens (4). In case of glint
reflectance, the reflected beam in the lens with the same prism (4) is directed to the
photoreceiver (2). The lens has a diameter of 50 mm.
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Fig. 9.1 Optical lidar circuit
for laser sensing of the sea
surface

2

4

31

When the laser beam falls vertically on the undisturbed water surface backwards,
~2% of its energy is reflected back [24]. If the surface is rough, the share of energy
reflected backward decreases. In order to be able to register reflections of the mirror
reflection in strong winds and significant surface disturbances, a photoreceiver was
used, which had a sensitivity threshold corresponding to 0.06% of the energy of the
laser beam falling on the sea surface.

Laser probing during daytime can have effects created by sun glint. In order to
eliminate these effects, the laser signal was subjected to amplitude modulation with
a frequency of 100 kHz. The optical signal received by lidar was converted into
an electrical signal, which was then subjected to linear detection, and then only
the envelope of this signal was analyzed. Thus, the information obtained can be
considered as a result of measurements with a continuous laser.

In experiments on an oceanographic platform, the instrument was installed at
height 5 or 12 m. The bulk of the data analysed here were obtained at an height
of 5 m. At the device placement height of 5 m and vertical laser beam orientation
the spot diameter on the undisturbed surface was equal to 5 mm. Further we will
consider the influence of the lidar placement height on the glint statistics.

In the aperture of the photoreceiver at vertical probing only those glint that are
formed by the sites, the local slope of which is less than some critical value ξK .
From simple geometrical constructions it is possible to show that the slope value is
determined by two parameters. These parameters are the aperture diameter of the
photoreceiver dF and the distance from the photoreceiver to the reflecting surface h
[1].



176 9 Study of the Variability in the Ocean-Atmosphere Interface …

ξK = dF
4 · h (9.1)

When measuring from a height of 5 m and aperture diameter of 5 cm we obtain:
ξK = 0.0025.

In Cartesian coordinate system it is accepted to determine the components of
slopes oriented in upwind ξu and crosswind direction ξc. When probing vertically,
the azimuthal orientation of the slope of the site on which the laser beam falls does
not affect the glint registration. Let’s move fromCartesian coordinate system to polar
coordinate system

ξc = ξm sin ϕ, ξu = ξm cosϕ (9.2)

where ξm = √
ξ 2
u + ξ 2

c—slope module; ϕ—azimuth angle.
When continuously probing the sea surface with a device with a combined trans-

mitter and receiver, the recorded signal represents a sequence of electric pulses corre-
sponding to the mirror reflections of the laser beam from the sites whose slope meets
the condition of

ξm < ξK (9.3)

A sequence of pulses is analyzed further. The operation of the data collection and
preprocessing system was structured as follows [41].

Three parameters were calculated from the data of each measurement session.
These parameters are: number of pulses N, their total duration

τ� =
N∑

n=1

τn (9.4)

where τn is the duration of the n-th impulse; and also the integral intensity

I� =
T∫

0

a(t) dt (9.5)

where T is duration of the measurement session; a(t) is function describing the pulse
shape; t is time. There is no signal in the time intervals between the recorded glint,
i.e. a(t) = 0. Then by three registered parameters N, τ� and I� the average per
session characteristics were calculated:

• glint rate F = N/T;
• average glint duration τ = τ�/N ;
• average glint intensity I = I�/τ� ;
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• the probability of the reflected beam hitting the aperture of the photoreceiver
τ�/T .

These characteristics have been further analyzed.
Note the fundamental difference in laser sensing from a spacecraft and an oceano-

graphic platform. In the first case, the diameter of the laser spot on the sea surface
is dozens of meters, and this spot always contains points that meet the condition
(9.3). When probing from low altitude, the laser spot diameter is equal to several
millimeters, and the mirror reflection condition is fulfilled only at certain points in
time.

9.3 The Possibility of Determining the Slope of the Sea
Surface by Indicating the Reflective Reflections
of a Mirror

Let’s consider the possibility of solving the inverse problem, restoring the sea surface
slope characteristics based on the glint indication. The idea of themethod for determi-
nation of sea surface slopes on the basis of measuring the duration of glint reflection
was proposed in [1]. The essence of it is that as the surface slopes have Gaussian
or near-Gaussian distribution, then, measuring the probability of getting the slope
values in some given interval, it is possible to determine the standard-square slope.

The modeling of statistical characteristics of a random moving Gaussian surface
has shown that the form of probability distribution of the slope module depends on
the parameter of three-dimensionality of the wave field (Longuet-Higgins 1957).

γ =
√

ξ 2
c /

√
ξ 2
u (9.6)

where ξ 2
u and ξ 2

c is the upwind and crosswind variance of the slope components.
If the slope components are described by the Gaussian distribution, we obtain in

the polar coordinate system

P(ξm, α) = ξm

2π
√

ξ 2
u ξ 2

c

· exp
[

−1

2
·
(

ξ 2
m · cos2 ϕ

ξ 2
u

+ ξ 2
m · sin2 ϕ

ξ 2
c

)]

(9.7)

The expression (9.7) after integration in all directions allows determining the
probability density ξm

P(ξm) =
2π∫

0

ξm

2π
√

ξ 2
u ξ 2

c

· exp
[

−1

2
·
(

ξ 2
m · cos2 α

ξ 2
u

+ ξ 2
m · sin2 α

ξ 2
c

)]

dα (9.8)
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Introduce normalizing

ξ̃m = ξm√
ξ 2
u + ξ 2

c

(9.9)

It follows from (9.8)

P
(
ξ̃m

)
= ξ̃m

(
γ + γ −1

)
exp

[

− ξ̃ 2
m

(
γ + γ −1

)

4

]

I0

[
ξ̃ 2
m

(
γ −2 − γ 2

)

4

]

(9.10)

where I0 is the Bessel function zero order. Thus, the only parameter that determines
the type of distribution of the normalized slopemodule ξ̃m is the three-dimensionality
index γ .

According to the statistics of mirror reflection glint the probability 	(ξK ), i.e.
the probability of the reflected beam hitting the aperture of the photoreceiver, can be
defined as [1].

	(ξK ) = τ�/T (9.11)

Let’s analyze the distribution ξm in two limiting cases: γ = 0 and γ = 1. At γ = 0
(two-dimensional wave field) the distribution of probability of the slope modulus ξm
corresponds to the distribution of the random value modulus distributed according
to the normal law with the mathematical expectation equal to zero:

PmG(ξm) = 2√
2π σ

· exp
(

− ξ 2
m

2σ 2

)
(9.12)

where parameter σ 2 is related to the variance of the slope module ξ 2
m by the ratio:

ξ 2
m = 0.3634 · σ 2.
From (9.12) we get the ratio linking τ�/T and σ ,

τ�

T
=

ξK∫

0

pmG(ξm) · dξm (9.13)

If the surface wave field is isotropic, γ = 1 and the parameter ξm is subject to
the Relay distribution. The probability density function of the slope module can be
represented as follows

PR(ξm) = ξm

ξ 2
0

· exp
[

−1

2
· ξ 2

m

ξ 2
0

]

(9.14)
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Fig. 9.2 Dependence of the
probability of the laser beam
reflected from the sea surface
hitting the photoreceiver
aperture τ�/T from the
slope module ξm . Curves 1,
2—calculation by Eqs. (9.13)
and (9.17) respectively;
points—experimental data

The variance of the slope module ξ 2
m is related to the ratio ξ0 parameter

ξ 2
m =

(
2 − π

2

)
ξ 2
0 (9.15)

The probability that the slope module is less ξK defined as

	R(ξK ) = 1 − exp

[

−1

2
· ξ 2

K

ξ 2
0

]

(9.16)

We get

τ�

T
= 	R(ξK ) = 1 − exp

(

−0.215 ξ 2
K

ξ 2
m

)

(9.17)

The results of calculations by Eqs. (9.13) and (9.17), as well as experimental
estimates obtained from data of synchronous measurements and laser sounding are
presented in Fig. 9.2. Model calculations have been carried out for ξK = 0.0025,
that corresponds to conditions of carrying out measurements on an oceanographic
platform at height of lidar height equal to 5 m.

The values determined in the experiments τ�/T are placed closer to curve 1
corresponding to the situation when γ = 0, than curve 2 corresponding to the
situation when γ = 1. This is somewhat unexpected, since the values of the three-
dimensional index γ are mostly between 0.65 and 0.85 [42]. This arrangement of
experimental values τ�/T with respect to curves 1 and 2 is likely due to deviations
of slope component distributions from the Gauss distribution not accounted for in
Eqs. (9.13) and (9.17).

Big differences between the model curves constructed for the situations when
they γ = 0 and γ = 1 are caused by the peculiarities of behavior of the probability
density functions PmG(ξm) and PR(ξm) at small values ξm . Small values of the sea
surface slopemodule ξm , at which the laser glint hits the aperture of the photoreceiver,
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Fig. 9.3 Probability density
functions built for γ = 0
(curve 1) and γ = 1 (curve
2)

Table 9.1 Correlation matrix of glint reflectance and sea surface slope module parameters

τ�/T F I τ
√

ξ2m
0.55 0.82 −0.61 −0.79

ξm 0.51 0.80 −0.59 −0.87

have the highest probability density at, γ = 0 and at γ = 1 (Relay distribution) the
probability density is close to zero (see Fig. 9.3).

Approaches used for interpretation of remote sensing data can be divided into two
groups. The first group includes methods, in which a given parameter is determined
within the model, built on the existing concepts of process physics. An example of
such approach has been considered above. The second approach is to replace the
model with a “black box” and the statistical connection between the parameters at
its input and output is determined, i.e. directly between the measured parameter and
the signal of the probing device.

Table 9.1 shows the correlation coefficients describing the relation between the
statistical characteristics of highlights determined by vertical laser probing of the
sea surface and its slope characteristics. The following laser glint characteristics are
considered: τ�/T is registration probability; F is registration frequency; I and τ is
average intensity and duration of glint, as well as two parameters characterizing the

slope module: average value and ξm standard deviation
√

ξ 2
m .

It follows from Table 9.1 that the lowest correlation is observed between
√

ξ 2
m ,

ξm and τ�/T . The reasons for this have been discussed above. There is also a low
level of correlation between the slope module parameters and the average intensity
I. This is explained by the fact that the glint intensity is determined not only by the
variance of the sea surface slope module but also by its curvature [40].

The high level of correlation of the slope module characteristics with the parame-

ters F and τ allows using them to define
√

ξ 2
m and ξm . The dependence of the param-

eters
√

ξ 2
m and ξm is also well F approximated by the linear regression equation (see

Fig. 9.4).
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Fig. 9.4 Experimental

dependencies
√

ξ2m (points)

and ξm (triangles) on glint
frequency F. Straight lines 1
and 2 are linear regressions
(9.18) and (9.18) respectively
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√
ξ 2
m = 0.072 + 0.150 F (9.18)

ξm = 0.128 + 0.284 F (9.19)

The dependencies
√

ξ 2
m and ξm from τ are not linear (see Fig. 9.5). A polynomial

of the second degree can be used to approximate them.

√
ξ 2
m = 0.190 − 0.039 τ + 0.0036 τ 2 (9.20)

ξm = 0361 − 0.079 τ + 0.0074 τ 2 (9.21)

Fig. 9.5 Experimental

dependencies
√

ξ2m (points)

and ξm (triangles) on the
glint duration F. Curves 1
and 2 are regressions (9.20)
and (9.21) respectively
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9.4 Statistical Connection of Laser Glint Characteristics
and Wave Field Characteristics

The variability of the mirror reflection glint registered under different conditions is
shown in Fig. 9.6, where the dependencies of the glint frequency and their average
duration on the wind speed are given [41]. Due to the complexity of the graphical
representation of a large number of measurements (for the analysis we used the data
of 17,800 measurement sessions with the duration of 30 s each) the initial estimates
of the frequency F and τ average duration of the glint were preliminary averaged by
time intervals equal to 5 min, which corresponds to the averaging of 10 points.

The charts presented in Fig. 9.6 are based on data obtained in various hydromete-
orological situations. Measurements were made at the stages of wave development

Fig. 9.6 Dependences of the
frequency F and the average
duration τ of glint reflection
on the wind speed W
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Table 9.2 Correlation matrix of statistical moments of longitudinal and transverse components of
slopes

ξ2u Au Eu ξ2c Ac Ec

ξ2u 1 −0.368 −0.377 0.740 0.038 0.049

Au −0.368 1 0.128 −0.278 −0.008 0.049

Eu −0.377 0.128 1 −0.230 0.020 0.059

ξ2c 0.740 −0.278 −0.230 1 −0.340 −0.113

Ac 0.038 −0.008 0.020 −0.340 1 0.175

Ec 0.049 0.049 0.059 −0.113 0.175 1

and attenuation, under stationary conditions; at different fetch. A short fetch corre-
sponded to a situation where the wind blew from the shore, a large fetch when the
wind blew from the open sea.

The data presented in Fig. 9.6 confirm that the relationship between wind speed
and parameters of the glint sequences is not deterministic, but has a stochastic char-
acter. This conclusion is in good agreement with the results of studies of the sea
surface slope variability and its relation to wind speed [15].

It should also be taken into account that the statistical moments of different orders
of the same component of the sea surface slopes are poorly correlated with each other
(see Table 9.2). Accordingly, different values of the senior statistical moments may
correspond to the same variance value of the slope component. As a consequence, at
the same variance, there will be different deviations in the slope distribution from the
Gaussian distribution. Besides, statistical moments of the same order of longitudinal
and transverse slope components are poorly correlated with each other.

Let’s build empirical dependences of the analyzed sequences of glint parameters
on wind speed F = F(W ), τ = τ(W ) and I = I (W ). For this purpose, let’s break
the whole interval of wind speed changes into ranges of 1 m/s width atW ≤ 10 m/s
and 2 m/s width at W > 10 m/s. For each range, the average values of the analyzed

parameters were calculated. Let us also calculate the standard deviations
(
F − F

) 2
,

(τ − τ) 2 and
(
I − I

) 2
. The type of curves describing changes in the mean values for

the selected wind speed ranges, frequency F and duration τ of glint, as well as their
RMS is shown in Fig. 9.7. Note that the dependencies F = F(W ), τ = τ(W ) and
I = I (W ) should be considered as a result of averaging on the ensemble of situations
corresponding to different hydrometeorological conditions (different stages of wave
development, different fetch, etc.).

From the graphs presented in Fig. 9.7 it follows that the dependence is not F =
F(W ) monotonous. The function F(W ) reaches its maximum at wind speed 14 m/s
< W < 16 W m/s. In this case the maximum of the function F(W ) is near the edge
of the range of wind speeds registered during the experiment. Note that a similar
behavior of the function F(W ) (presence of the maximum) was observed in another
earlier experiment on an oceanographic platform in which the lidar was set at 12 m.
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Fig. 9.7 Dependence of the
average characteristics of
glint reflectance F and τ

from wind speed W
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During the measurement period, the weather conditions varied from calm to storm,
with wind speed reaching 20 m/s. Maximum glint frequency values were recorded
at wind speeds of W ~ 10–12 m/s.

To explain this effect, we can use spectral models describing changes in the energy
of short surface waves with increasing wind speed [7, 27]. These models show that
as the wind speed increases, the short wave energy level nonlinearly increases with
the wind speed, the higher the wind speed, the slower the energy growth. However,
the change in glint frequency is different. In the range of 5 < W < m/s 13 m/s, the
glint frequency increase F(W ) is almost linear.

We will compare the behavior of the function F(W ) with the behavior of other
characteristics determining the level of sea surface roughness at different wind
speeds. These characteristics change monotonically with growth W. This is true
for the sea surface slope variance determined from the data of satellite optical scan-
ners [5] and from the data of laser sensing from spacecraft [13]. The local curvature
of the sea surface grows nonlinearly monotonically with increasing wind intensity
[2, 7].

These experimental results disprove the assumption made in [30] that saturation
occurs at high wind speeds. The behavior of the function F(W ) in the region of
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strong winds cannot be explained by changing any one characteristic of the wave
field.

Similar dependence of glint frequency on wind speed as shown in Fig. 9.7 was
obtained in [38]. In this work the possibility of wind velocity determination from the
data of laser glint densitymeasurements from a fastmoving platformwas considered,
which corresponds to the condition of “frozen” sea surface. It was suggested that the
nonmonotonic dependence of the average frequency of the mirror points F(W ) on
the wind speed can be a consequence of the competition of two physical processes.
As the wind intensifies, the energy of short waves increases, which determine the
level of roughness of the sea surface. This leads, in particular, to the growth of values
of parameter F. Simultaneously with the roughness growth, the surface curvature at
the mirror reflection points increases. Starting from a certain moment, a part of glint,
though falling into the aperture of the photoreceiver, is not recorded, because their
intensity is below its sensitivity threshold. At further growth of local curvature the
number of glint with intensity below the threshold increases and, at excess of wind
speed of some valueW0, dependence of frequency of glint registration on wind speed
changes its character, namely, with growth of wind speed frequency F decreases.

Thewind speedW0 threshold entered here is determinedboth by the characteristics
of the sea surface and by the own characteristics of the laser probe. It depends on such
parameters as the power of the transmitter and the sensitivity of the photoreceiver as
well as the distance between the instrument and the reflective surface.

The explanation of the behavior of the function F(W ) proposed in [38] agreeswell
with the data from the experiments on a stationary oceanographic platform, where a
decrease in the threshold value of wind speedW0 when the lidar is removed from the
sea surfacewas observed [41].As the distance between lidar and the irradiated surface
increases, the intensity of the reflected signal decreases, the sensitivity threshold is
reached at lower wind speeds.

The intensity of mirror reflection I glint when probing the water surface is usually
associated with the surface curvature at the point of mirror reflection [19, 30]. The
value of parameter I is determined by the expression

I = ϑ |K | −1 (9.22)

where ϑ—proportionality factor depending on the characteristics of the measuring
equipment; K is Gaussian curvature module.

The parameter K = (r1 r2)
−1 depends on the main radii of curvature r1 and r2.

Their product is a measure of the local curvature of the surface. Usually, at carrying
out of experimental researches of curvature of a surface, the factor ϑ was defined on
the basis of calibration of intensity of the reflected laser signal from mirror spherical
surfaces with the set radii of curvature [19]. Sometimes, short-period waves are
considered as “quasi-dimensional”, i.e., as waves that can be modeled in the form of
cylinders. In this case, calibration of equipment for laser sensing of the sea surface
to determine the curvature is performed on mirror cylinders with known radii.
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It should be noted that the experiments in which the local curvature of the
excited sea surface was determined by two independent methods: the method of
laser sounding and with the help of other independent control equipment were not
conducted. The question of what model is better to use to describe the local curvature
of the real wave field, as well as the transition from measurements of the intensity of
reflected laser pulses to the calculation of the main radii of the curvature, can not be
considered solved. One of the disadvantages of such a technique is that two or more
mirror points may be simultaneously present in a laser spot.

Twoapproaches are used to analyse the intensity of laser glint. In thefirst approach,
when calculating the average intensity, each pulse has the same weight and its
maximum value is determined. In the second approach, which is implemented here,
averaging takes into account the pulse duration and its amplitude change over time.

The intensity of radiation reflected from the sea surface is calculated in the Kirch-
hoff approximation. The conditions, the length of the electromagnetic wave is small
in comparison with the radius of curvature of the surface, is always fulfilled at laser
probing. The analysis is reduced to determining the characteristics of the surface
glint reflectance points. Experimental studies have shown that the intensity of glint
reflectance I ambiguously depends on the wind speed. The obtained estimates of I
are shown in Fig. 4.4. The values of parameter I are given in conventional units.
Changes of parameter I with growth of wind speed occur non-monotonically, is
observed minimum at wind speeds of 7–8 m/s. At W < 8 m/s approximation is fair.

I∼W−0.48 (9.23)

It is necessary to explain not monotony of changes of average intensity of glint at
growth of wind speed and occurrence of minimum atW = 7–8 m/s. This may be due
to the action of several physical mechanisms that determine the surface roughness.
One of such mechanisms is the collapse of waves. At wave crest collapse, spots
of smoothed surface are formed, which are areas with low local curvature. Their
appearance is manifested in the form of impulses with high intensity, which, perhaps,
is one of the reasons observed in Fig. 9.8. Some growth of intensity at W > 8 m/s.
Surface wave crest collapses also play an important role in the formation of the radio
signal scattered by the sea surface [31].

When the laser beam is reflected from the area of the smoothed surface, not only
the amplitude of the recorded pulse increases, but also its duration. Large radii of
surface curvature correspond to large time intervals during which the condition of
mirror reflection is realized (9.3). As a result, a single reflection from a section of the
smoothed surface has a greater weight in estimating the average intensity per session
than a single reflection from a rough surface.

Another hydrodynamic mechanism is the Langmuir circulation that occurs when
the wind increases in the surface layer of the sea, which forms a system of alternating
zones of convergence and divergence. Like the collapse of waves, the appearance
of Langmuir cells leads to the appearance of zones on the surface where the ripple
waves are suppressed. Langmuir cells form long stretches of creamy stripes along
the wind direction and are clearly visible at wind speeds above 5 m/s.
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Fig. 9.8 Dependence of
average reflection intensity I
on wind speed W; points is
measurement data, line is
regression dependence,
constructed for wind speeds
less than 8 m/s. The values
of parameter I are given in
conventional units
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Among the analyzed functions, the only function τ(W ) that changes monotoni-
cally with thewind speed is the function that allows to use it for remote determination
of wind speed from laser sensing data. However, taking into account that the nature
of the relationship between laser glint parameters and wind speed is stochastic, and
given the different sensitivity of these parameters to changes in wind speed, it is
reasonable to build biparametric models of the type W = w(F, τ ).

Themost sensitive parameter to changes in wind speed is the average frequency of
recorded glint F . Relative sensitivity, which we define here using the dynamic range
of changes in the investigated parameter. Let’s accept, that relative sensitivity is equal
to the relation of the maximum value of investigated parameter to its minimum value,
for it F is equal 13.4. The sensitivity τ calculated by similar method, I accordingly,
is equal to 4.9 and 2.9.

Laser Glint Indication in the Areas of Slick-Ripple
Changes in the glint characteristics when the laser beam hits the “smoothed” areas
of the surface have been studied in two major slick situations frequently encountered
in the area of the oceanographic platform. These are slicks created by internal waves
and Langmuir circulation, which are easily distinguished by visual observations.

Changes in the nature of the reflected signal when passing the slick created by
the internal waves is shown in Fig. 9.9. Measurements were made in the summer
period with stable wind direction and speed. The average wind speed was 5 m/s. To
estimate the relationship between the glint characteristics and the intervals of slicks
appearance, the latter were presented in the form of a binary series consisting of
zeros and units, in which zeros correspond to the slice and units to ripples.

As can be seen from Fig. 9.9, in the zone of slick created by internal waves, there
is a halving of the glint frequency, from 10–12 Hz to 5–6 Hz; the intensity of the
reflected signal increases by 4–8 dB and there is a small (about 20%) decrease in the
duration of glint.
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Fig. 9.9 Laser signal variations in areas of slicks created by internal waves: curve 1 is schematic
image of slicks and ripples; curve 2 is wind speed; curve 3 is glint frequency F; curve 4 is duration
τ ; curve 5 is intensity I

Let’s compare the change in glint characteristics in slicks created by different
physical mechanisms. Changes in slicks formed by Langmuir circulation are shown
in Fig. 9.10.

In both situations, whenmaking measurements in slicks created by internal waves
and Langmuir circulation, the signal of the device for laser probing, as well as meteo-
rological parameterswas recordedwith an average of 30 s. The uniformmeasurement
technique allows comparing effects created by different mechanisms.

Comparing Figs. 9.9 and 9.10, it can be noted that in Langmuir slicks variations
in intensity and duration of glint have the same order as in slicks created by internal
waves. Changes in F frequency are slightly lower than in the passing of internal
waves. The significant difference in average values of glint parameters is obviously
due to differentweather conditions. Slicks from internalwaves are usually observed at
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Fig. 9.10 Variations of laser signal in zones of slicks created by Langmuir circulation: curve 1 is
schematic representation of slicks and ripples; curve 2 is wind speed; curve 3 is glint frequency F;
curve 4—duration τ ; curve 5 is intensity I

wind speeds up to 5–6 m/s, when the wind increases these slicks disappear, instead
of them appear slicks created by Langmuir circulation. Visually slicks created by
internal waves and Langmuir circulation are clearly distinguishable.

A series of experiments to study the effects of surfactants on the sea surface
were conducted on the oceanographic platform. A small amount of the solution
(~300 ml) was poured out near the laser-lit zone, after which a reduced roughness
zone appeared on the sea surface for a few seconds, which expanded rapidly. As a
result of the transfer by the current, the stain of contamination fell into the lidar field
of view. In contrast to natural slicks, artificial slicks caused by surfactants entering
the sea surface tend to exhibit sharper changes in the field of high-frequency surface
waves. The following changes in the characteristics of the recorded signal have been
observed. The frequency of glint decreased by 3–6 times, their duration increased
by 1.5–2 times, and the intensity increased by 10–14 dB.
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The significant change in reflection characteristics in the artificial slick zone allows
the use of lidars as a means of controlling marine surface pollution.

Indication of Laser Glint During Upwelling
Upwelling is an important oceanographic phenomenon.Nutrient-rich coldwater rises
to the surface of the ocean, creating high biological productivity, beneficial for the
growth of phytoplankton and other primary producers. Upwelling zones account for
about half of the global fish catch [34]. Upwelling can be seen in sea surface images
from different types of equipment installed on satellites, optical scanners, altimeters,
and synthetic aperture radars [3, 8, 11].

There are two main types of upwelling: large-scale (or climatic [10]), which
include constantly observed upwelling phenomena off the western coasts of the
continents—California, Peruvian, South African, etc., and local synoptic, formed
both in the open ocean areas (over banks, seamounts and ridges) and in marginal and
inland seas. In the Black Sea, local upwelling events are not uncommon and occur
in some areas of the shelf zone [11, 28].

The data of natural measurements and laboratory studies show that with changes
in the temperature of the sea surface layer the dependence of the roughness of the
water-air interface on wind speed changes [4]. The effect is determined by several
factors that determine energy transfer from airflow to waves. As the stratification of
the atmospheric drive layer changes, the wind velocity profile changes its shape and
the pulse flow from wind to waves changes accordingly. Stratification stability leads
to reduction of sea surface roughness, while instability leads to its increase.

As temperature changes, the physical properties of seawater change [35]. The
parameters affecting the sea surface roughness are the dynamic viscosity and surface
tension. Dynamic viscosity is highly dependent on temperature, it changes more
than 2 times when the temperature changes by 30 °C. As the temperature drops, the
kinematic viscosity increases, resulting in a faster attenuation of gravity-capillary
and capillary waves. The surface tension changes due to temperature changes do not
have a noticeable effect on the roughness, and they can be neglected.

Thus, a decrease in the temperature of the sea surface layer should lead to a
reduction in roughness, as evidenced, inter alia, by remote sensing data. Cold sea
fronts in radio-range sensing are observed as areas of reduced radio-wave scattering,
i.e. as areas of reduced roughness. The upwelling zones to the surface of cold deep
waters also have the same view on radar images, and upwelling appears as a region
of reduced scattering [8, 12].

The opposite situation was recorded in the Black Sea during the oceanographic
platform research during local upwelling off the Southern coast of Crimea [43]. The
vertical thermal structure of sea water was measured by a complex of hydrophysical
equipment consisting of 3 thermohirlands. Each thermohilland included 9 distributed
temperature sensors, the length of which was equal to 0.92 m. The accuracy of
temperature measurement was 0.1 °C [16]. In the local upwelling zone, during the
period when the surface layer temperature dropped by about 10 °C, the sea surface
roughness level was higher than at the same wind speeds before upwelling.
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The intensity of dynamic processes in the upper sea layer at different stages of
upwelling varies. The upwelling-downwelling cycle consists of three phases: the
first one-cold water rise to the surface; the second one-isothermal phase; the third
one-final phase when cold water is replaced by warm water. The highest intensity
of dynamic processes is observed in the third stage, when cold water drops. At this
stage isolated internal waves with amplitudes to 5–7 m are registered. At the stage of
rise of deep waters courgas of internal waves with amplitudes of 1 m are registered.
The ascending speed of cold deep waters is approximately two times less than their
descending speed. Dynamics of local upwelling on the shelf near the Southern coast
of Crimea is more intensive than climatic ones, where vertical speeds are 1–2 orders
of magnitude lower. (Khristoforov, Zapevalov, [18]. Characteristic changes in the
depth of isotherms at different stages of upwelling are shown in Fig. 9.11.

Fig. 9.11 Small-scale temperature field structure at different phases of the Black Sea local
upwelling development. The numbers show the values of isotherms
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In order to exclude the influence on the sea surface characteristics of intensive
dynamic disturbances in the upper sea layer typical for the first and second phases
of upwelling [18], here we limited ourselves to the analysis of the second isothermal
upwelling phase. During this period, the water temperature at the surface approached
8.3 °C and at the bottom 7.5 °C, i.e., in the entire thickness from surface to bottom, a
quasi isothermal stratification of temperature with a temperature gradient averaging
0.027 °C/m was observed. The surface roughness characteristics of the sea surface
recorded during the second upwelling phase are comparedwith those obtained before
the upwelling phase, when the temperature difference between water and air was
small.

During the upwelling period, as shown by the results of laser sensing of the sea
surface, the parameters characterizing the roughness level increase. In comparison
with the estimates obtained in the period preceding upwelling, the frequency ofmirror
reflection glint registration during upwelling increases, and their average duration
decreases (see Fig. 9.12).

Such a change in the characteristics of the lidar signal during the second upwelling
phase corresponds to an amplification of roughness [17]. As will be shown below,
this is in good agreement with measurements of the characteristics of short-period
surfacewaves. For ease of comparison of data obtained under different conditions, the
values of frequency and average duration of glint are given in Fig. 9.12 in normalized

Fig. 9.12 Dependence of
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form Fn and τ n . Normalization was performed on their average values obtained from
background measurements (before upwelling) at wind speed of 8–10 m/s.

Let’s compare the roughness changes determined by laser probe data with the
results of direct waveform measurements, which were made simultaneously. The
measurements were carried out by a string breaker. RMS amplitudes of spec-
tral components were determined by means of η( fi ) parallel spectroanalyzer. The
frequency range in which the signal is analyzed is 0.4–23 Hz. Figure 9.12 shows the
dependencies of wind speed W of the root mean-square amplitudes of the spectral
wave components measured during the second stage of fully developed upwelling
as well as in the period before the upwelling.

The energy of the spectral components of the surface waves analyzed here
differs by several orders of magnitude; therefore, for the convenience of compar-
ison, a normalization in the form η̃( fi ) = η( fi )

〈η( fi )〉 where the symbol 〈〉 denotes the
average value in background measurements has been introduced. Average values
η( fi ) obtained before upwelling for wind speeds from 8 to 10 m/s were taken as
background characteristics.

As can be seen from Fig. 9.13, the effects associated with upwelling appeared
in wind waves with frequencies around 4.3 Hz and above. These effects are most
pronounced in gravitational capillary waves and capillary waves. As the frequency
of the waves increases fi , the difference between the estimates obtained before and
during upwelling increases.

Since a decrease in the sea surface temperature should lead to a decrease in
the roughness level, and we see the opposite effect, other physical factors should
be considered. Such factors may be specific hydrometeorological conditions. Let’s
consider the hydrometeorological conditions at which the roughness increase in the
second phase of fully developed upwelling was observed. During the period under
consideration the wind changed sharply in speed and direction. The wind from the
shore (300°–320°) corresponded to high velocities, in this direction the distance
from the shore to the platform was ~1 km. In this case, with a wind speed of 10 m/s
before reaching the platform, the air is above the cold underlying surface for about
100 s. It is natural to assume that the boundary layer of the atmosphere, despite the
large temperature difference between water and air, does not significantly change its
characteristics during the specified time, and the effects associated with changing its
stratification should be weak.

An important factor that can affect the roughness level of the sea surface is the
current. A two-day fragment of the current velocity and direction recording is shown
in Fig. 9.14. Measurements were made at a depth of 5 m, the measurement resolution
was 30 min. During the second phase of upwelling, in Fig. 9.14 it is highlighted by
arrows, the current velocity was small and did not exceed 9 cm/s. The measurement
data presented in Fig. 9.14 indicate that the current could not have had a noticeable
effect on the sea surface roughness level.

As a rule, upwelling zones are characterized by high biological productivity [34].
Bioimpurities by adsorption from the water column form a natural film of surfactants
on the sea surface. The film changes the size of surface tension, it leads to suppression
of the short-wave part of the wind wave spectrum. The film also changes the flow
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Fig. 9.13 Dependence of relative changes of mean square amplitude of wave components η̃( fi ) (•
is measurements before upwelling, + is measurements during upwelling) on wind speed W

Fig. 9.14 Speed u (curve)
and flow direction φ (dotted
line) at 5 m horizon during
upwelling period
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of energy from wind to waves and modifies the nonlinear interactions between the
wave field components.

In order to explain the observed increase in roughness level in the local Black Sea
upwelling, it is necessary to identify significant characteristics that distinguish it from
large-scale upwelling. Such characteristic may be the time of cold water stay near
the surface. For Black Sea upwelling, the maximum frequency is about a day [28]. In
the local upwelling considered here, cold waters rising from the depths were near the
surface for a relatively short period of time. In the situation under consideration, the
second (isothermal) phase of upwelling lasted about 10 h. Cold deep waters contain
significantly less dissolved surfactants than warm surface waters in the coastal zone.
During the short period of the second phase of local upwelling, despite the increase
in biological activity, there is no time to form a film on the surface creating the same
surface tension level as before upwelling.

It can be concluded that in local upwelling, when cold waters are at the surface for
a relatively short period of time, there are two oppositely directed processes that affect
the roughness of the sea surface. The change in atmospheric drive layer stratification
as a result of a decrease in the temperature of the sea surface layer leads to a decrease
in the roughness level and a decrease in the concentration of surfactants to its growth.
The conducted studies indicate that a second process prevails in the considered local
coastal upwelling on the Black Sea. Such a physical interpretation allows to explain
why, according to the measurements by the string breaker, amplitude differences
at a fixed wind speed before upwelling and during its second phase were observed
in high-frequency waves. With increasing frequency, the effect of surface tension
increases, so the relative change in amplitudes must increase.

Indication of Laser Glint During Rain
With low winds, rainfall significantly changes the roughness of the sea surface. At
wind speed 0–2 m/s, as Fig. 9.15 shows, lidar signal characteristics change signifi-
cantly. With the onset of rain frequency F increased from 1–2 to 15–20 Hz, duration
T decreased by 10–20 times: and the intensity of glint decreased by 10–15 dB. The
intensification of rain was accompanied by a further increase in frequency to 30 Hz
and an even deeper drop in intensity (20 dB compared to the background). With its
termination, the glint structure recovered to the background level prior to the onset
of rain, indicating the dynamic origin of surface structure disturbances caused by
rain droplets [17].

9.5 Conclusion

The results of the cycle of experimental studies of the lidar signal variability when
probing the sea surface are analyzed. The researches were carried out on a stationary
oceanographic platform installed in the Black Sea.

The impact of air flow on the sea surface is the dominant physical mechanism for
forming its structure. The main elements of the sea surface forming reflections are
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Fig. 9.15 Effects of rain on
sea surface. Schematic
representation of
precipitation intensity
gradations (level 1 is weak
rain, level 2 is moderate,
level 3 is strong)

short wind waves. Possessing relatively low energy, short waves change their char-
acteristics under the influence of processes occurring in the atmosphere and thicker
than the ocean, which allows to solve the reverse problem: to restore the charac-
teristics of these processes. The statistical dependences describing the stochastic
connection of the mirror reflection parameters with the wind speed are obtained. The
application of the method of indication of laser reflections reflected from the excited
sea surface makes it possible to reliably register structural anomalies appearing on
it created by non-uniform and unsteady winds, non-uniform sea currents, internal
waves and Langmuir circulation in the upper sea layer, anthropogenic pollution and
atmospheric precipitation.

The peculiarities of short surface wave field formation in the area of local
upwelling have been investigated. It is shown that in contrast to large scale upwelling,
local upwelling can reduce the sea surface roughness level. This effect is the result
of two oppositely directed processes affecting the sea surface roughness. Decrease
of the sea surface temperature leads to decrease of the roughness level, decrease
of surface-active substances concentration to its growth. The second process may
prevail in local upwelling.
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Chapter 10
Physical Limitations of Accuracy
of Remote Determination of Wind Speed
Over the Ocean

10.1 Introduction

For the first time, the idea of using a radar mounted on a spacecraft to measure drive
wind speed was expressed in a 1965 paper at International Symposium, Electromag-
netic Sensing of the Earth from Satellites [27]. It was implemented in 1973 at the
orbital space station Skylab [28].

The idea of remotemeasurement of air flowover the sea is basedon the dependence
of the roughness level of the sea surface, which determines the power of the reflected
radio signal from it, on the wind speed. Currently, the method of determining wind
speed using remote sensing is the only way to obtain globally information about the
wind above the sea surface. Two satellite systems for ocean wind estimation are the
altimeter and the scatterometer.

A factor limiting the accuracy of remote determination of wind speed is that the
relationship between the level of roughness and wind speed is not strictly determined
[15, 20]. This connection is stochastic [21]. Although the wind is the main physical
mechanism that determines the topographic structure of the sea surface, there are a
number of other mechanisms that affect the characteristics of short surface waves.

Wind speed is determined by measuring the power received by the radar signal,
which depends on the roughness of the sea surface and, therefore, on the wind speed.
It should be noted that radar is a means of indirect measurement. Satellite radars are
calibrated by comparing remote sensing datawithmeasurements fromoceanographic
buoys [7, 14, 18]. Factors that reduce the accuracy of measuring wind parameters
can be divided into three groups [37]. The first group includes technical factors,
including various kinds of hardware noises. The second group includes errors that
occur when calibrating satellite radars as wind speed meters. This group includes
non-synchronization of measurements and deviations of the spacecraft path from
the location of the buoy. The third group is the physical factors resulting from the
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ambiguity of the relationship between the characteristics of surface waves and wind
speed.

In this chapter, we restrict ourselves to the analysis of the error caused by the third
group, which determines the ultimate accuracy of measurements. In contrast to the
standard approach, in which the measured data of wind speed from a spacecraft and
a buoy are compared, here we examine the direct relationship between the charac-
teristics of sea surface waves that determine the radio signal reflected from the sea
surface and wind speed.

10.2 Altimetric Determination of Wind Speed

10.2.1 Radio Altimeter Signal Conditioning

In altimetry measurements from a spacecraft, the radio signal source and receiver are
combined and are located far from the sea surface. In the geometric optics approx-
imation, the specific effective area of scattering of radio waves when incident on a
rough surface with finite conductivity is described by the expression [32]

σsp = π sec4 θ |F0|2P2D
(
ξ↑, ξ⊥

) ∣
∣
ξ↑=tgθ,ξ⊥=0 (10.1)

where θ is incidence angle F0 is Fresnel coefficient; P2D is two-dimensional proba-
bility density function of slope; ξ↑ is slope of the sea surface in the sounding plane;
ξ⊥ is the slope of the sea surface in the orthogonal plane. In altimetry measurements,
sounding is carried out in nadir, and we can take ξ↑ = 0.

From Eq. (10.1) it follows that the error in determining wind speed from altimetry
measurements depends on the nature of the relationship, the probability density func-
tion of the slope of the sea surface and wind speed.Wewill consider the nature of this
connection based on the measurement data by a two-dimensional laser slopemeter
and the sensing data of the sea surface in the optical range.

When constructing amodel of specular reflection of radiowaves by the sea surface,
an approach based on approximations of geometric optics is used [3]. Specular reflec-
tion occurs if the condition is met: the surface wavelength is much greater than the
length of the radio wave

� � λ (10.2)

k R cos3 θ � 1 (10.3)

where � and λ is surface and radio wave lengths, respectively; k = 2π
/

λ is wave
number of the radio wave; R is local radius of curvature of the sea surface. Next, we
will call long waves satisfying condition (10.2). Waves that do not satisfy conditions
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(10.2) and (10.3) create diffuse scattering, which leads to a decrease in the power of
the radar signal recorded on the satellite.

To take into account the phenomenon of diffuse scattering in expression (10.1),
the Fresnel coefficient is replaced by the effective reflection coefficient. Its value
depends on the wind speed. When the wind speed changes in the range of 0–25 m/s,
the effective reflection coefficient varies from 0.38 to 0.5. If we narrow the range
of variation of wind speed 1.5–15 m/s, then the value of the effective reflection
coefficient changes by 10% (ranging from 0.45 to 0.50) [13].

Sea waves are a weakly nonlinear process [2]. The distribution of sea surface
slopes is quasi-Gaussian [26]. Usually, the two-dimensional probability density func-
tion of the upwind ξc and crosswind ξc components of the slopes is described by the
expression [4, 8]

PCM(ξc, ξu) = PG(ξc, ξu)
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where

PG(ξc, ξu) = 1
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probability density function Gaussian distribution ξ̃c = ξc/

√
ξ 2
C ; ξ̃u = ξu /

√
ξ 2
u ; ξ 2

u

i ξ 2
c—variances of the upwind and crosswind components of the slopes; Hn is n-th

order Hermite polynomials; Ci j is coefficients. Hermite polynomials in Eq. (10.4)
are described by the expressions

⎧
⎪⎪⎨

⎪⎪⎩

H1(x) = x
H2(x) = x2 − 1,
H3(x) = x3 − 3 x,
H4(x) = x4 − 6 x2 + 3.

(10.6)

For definiteness, we assume that the first index of the coefficient Ci j corresponds
to the crosswind component of the slope, the second corresponds upwind.

Equation (10.4) is obtained under the assumption that the distribution of slopes
in the direction transverse to the wind direction is symmetrical. This assumption is
not true in all situations. Significant deviations of the skewness of the crosswind
component of the slopes from zero were revealed during experimental studies using
a two-dimensional laser slopemeter on an oceanographic platform [22].
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From Eq. (10.1) it follows that the error in determining wind speed from altimetry
measurements depends on the nature of the relationship, the probability density func-
tion of the slopes of the sea surface andwind speed.Wewill consider the nature of this
connection based on the measurement data by a two-dimensional laser slopemeter
and the sensing data of the sea surface in the optical range.

10.2.2 Evaluation of the Error in Determining Wind Speed
Based on in Situ Measurements

The error in determining wind speed due to the stochastic nature of the relationship
between the slopes of the sea surface and wind speed U can be divided into two
components. The first is the scatter of the variance of the slope components at fixed
wind speeds OP(U ) , the second is the deviation of the distribution of the slope
components from the Gaussian distribution. Accordingly, we represent the function
O in the form of the product of two factors

O(U ) = OP(U )OD(U ) (10.7)

where
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OD(U ) = 1
√

ξ 2
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c

(10.9)

Comparison of the altimetric wind speed with the measurement data from buoys
is usually carried out at small angles of incidence (θ ≤ 0.017 rad) [10]. The altimeter
signal recorded on the spacecraft is formed by areas of the sea surface that satisfy
the conditions ξu ≈ 0 and ξc ≈ 0. The polynomials H1 and H3 are odd functions
of the slopes; therefore, in Eq. (10.4), the contribution of the terms proportional to
these polynomials can be neglected. From Eq. (10.6) it follows that H 2(0) = −1,
H4(0) = 3, we obtain

PCM(0, 0) = PG(0, 0)

[
1 + C40

8
+ C22

8
+ C04

8

]
(10.10)
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Coefficients C40, C22 and C04 do not depend on wind speed. This means that
deviations of the actual slope distributions from the Gaussian distribution are a factor
leading to an error in altimetry measurements.

Further analysis is based on field measurements of sea surface slopes obtained
using a two-dimensional laser slopemeter. The principle of operation of an optical
device is based on measuring in two planes the angles of deviation of the laser
beam from the vertical when an excited water-air interface passes from under water.
The measurements were carried out on the oceanographic platform of the Marine
Hydrophysical Institute, located in the coastal zone of the Black Sea. The depth at
the installation site of the oceanographic platform is 30 m, the minimum distance to
the coast is about 500 m [37].

To analyze the dependences of the values of the parameter OD and OP on the
wind speed, presented in Fig. 10.1, the data of 276 measurement sessions were used.

As the wind speed increases, the variances of both slope components increase,
and the parameter OD values decrease accordingly. It can be seen that the relation
between the parameter OD and the velocity U is stochastic. Especially large scatter
at wind speeds less than 4–5 m/s, with increasing speed it decreases. For the data

Fig. 10.1 Dependences of
parameters OD and OP on
wind speed U
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presented in Fig. 10.1, the correlation between the parameter OD and wind speed is
−0.62.

Studies of the characteristics of the sea surface, which determine the level of
roughness, show that at low wind speeds (up to 4–5 m/s) the variance of these
characteristics is much greater than at higher wind speeds. Accordingly, a similar
situation is observed when analyzing the variability of the parameter OD . Note that
at low wind speeds, the variance of slopes grows faster than at U > 5 m/s [36]

Values OP vary between 0.9 and 1.3, which corresponds to a change σsp within
1.5 dB. The correlation between the parameters OP and U is—0.30. We add that the
parameters OD and OP are not correlated with each other.

Comparing the figures in Fig. 10.1 of the distribution of parameters OD and
OD , we can conclude that the recorded dependence of the specific effective area of
the altimeter scattering on the wind speed is mainly determined by the change in
the variance of the components of the slopes. Deviations of the probability density
functionof slope components from thenormal distribution,manifested in a significant
scatter in the estimates of the fourth statistical moment, are a factor that reduces the
accuracy of the altimetric determination of the drive wind.

It follows fromexpression (10.1) that, up to a constant factor, which is independent
of wind speed, the function σsp(U ) must coincide with the function O(U ). Let us
compare how the values O and σsp change at different wind speeds. For this, we
compare the data obtained by measuring the slopes with the altimetry measurements
of the GEOS-3 wind speed presented in Brown et al. [5].

As can be seen from Fig. 10.2, the behavior of parameters O and σsp the like. It
is characteristic of them that in the region of weak winds they are very sensitive to
changes in wind speed. At W > 3–4 m/s, sensitivity decreases markedly.

Estimates of the parameter O and wind speed U are related by the regression
dependence

U = 1567 exp (−0.3352 Õ) (10.11)

where Õ = 10 lg(F).
The standard deviation of the U values from the approximation (10.11) turned out

to be 1.73 m/s. The obtained deviation value almost coincides with the accuracy of
a one-parameter determination of the wind speed from spacecraft [24].

Thus, the main characteristic determining the formation of the reflected radio
signal during sounding from spacecraft to nadir is the sea surface slopes formed by
short surface waves. The variety of factors affecting the energy level of the short-
wave components of the wave field leads to an ambiguous dependence of the level of
roughness of the sea surface on the wind speed. This circumstance limits the possible
accuracy of the altimeter determination of wind near the sea surface.

It follows from the model of electromagnetic wave reflex by a sea surface during
sounding into nadir that the accuracy of determining the wind speed is determined
by two factors: a change in the type of distribution of the slopes of the sea surface
and the variance of the slopes at fixed wind speeds. Changes in the kurtosis of the
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Fig. 10.2 Dependences of
parameters O and σsp on
wind speed U

components of the slopes are weakly correlated with the wind speed and lead to a
spread of values σsp within 1.5 dB. The skewness of the slope distributions does
not affect the value σsp during vertical sounding. The main factor that allows you to
remotely determine the speed of the drive wind is the change in the variance of the
slopes.

The scatter of the values of the slope characteristics obtained at the field experi-
ment at a fixed wind speed should lead to a standard error of the altimetric determina-
tion of the wind speed of 1.73 m/s. A comparison of altimetry measurements of wind
speed and measurements of wind speed from buoys showed that standard deviation
of the difference is 1.74 m/s [5]. The value of this error practically coincides with
the accuracy of the altimeter determination of wind obtained by comparing the data
of altimeter measurements and measurements from meteorological buoys.
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10.2.3 Estimation of the Error in Determining Wind Speed
Based on Sounding Data of the Sea Surface
in the Optical Range

In this work, for the quantitative analysis of the accuracy of determining the wind
speed, we use the data of measurements of sea surface slopes and wind speeds
presented in Bréon and Henriot [4], Cox andMunk [8]. In Bréon and Henriot [4], the
statistical characteristics of sea surface slopes were calculated from optical images
obtained using a POLDER scanner (POLarization and Directionality of the Earth
Reflectances). Wind speed was determined using a NSCAT scatterometer (NASA
Scatterometer). The scanner and scatterometer are installed on the ADEOS-1 space-
craft. In Cox andMunk [8], the characteristics of slopes were determined from aerial
photographs of the sea surface in the flare zone. Wind speed was monitored by an
anemometer mounted on the mast of the vessel. The distribution parameters (10.4)
obtained in these works are presented in Table 10.1.

The regression dependences obtained by different methods describing the rela-
tionship between the variances of the slope components and the wind speed coincide
up to the standard deviation (Fig. 10.3). However, the spread of statistical estimates
of the slope variances obtained from aerial photographs is much larger (4–8 times)
than according to satellite measurements. Also, at close average values of the coef-
ficients Ci j , the standard deviation values of the SKO coefficients determined from
aerial photographs are several times higher than the standard deviation values SKO
obtained from satellite measurements.

To determine the error in measuring wind speed, taking into account Eq. (10.1),
which relates the specific normalized sea surface radar backscattering cross-section
with the probability density function of slope of the sea surface, we solve regarding
variable �U the equation

PCM(ξc, ξu,U + �U ) − P�
CM(ξc, ξu,U ) = 0 (10.12)

where PCM is the probability density function (10.4), constructedwith average values
coefficients Ci j ; P�

CM—the same probability density function constructed with coef-
ficients deviating from its average by the standard deviation. First, we determine

Table 10.1 Statistical
characteristics of sea surface
slopes

Bréon and Henriot [4] Cox and Munk [8]

ξ2u =
0.001 + 0.00316 U ± 0.0005

ξ2u =
0.000 + 0.00316 U ± 0.004

ξ2c =
0.003 + 0.00185 U ± 0.0005

ξ2c =
0.003 + 0.00192 U ± 0.002

C40 = 0.30 ± 0.05 C40 = 0.40 ± 0.23

C22 = 0.12 ± 0.03 C22 = 0.12 ± 0.06

C04 = 0.40 ± 0.10 C04 = 0.23 ± 0.41
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Fig. 10.3 Dependences of
the variances of the upwind
and crosswind components
of slopes on wind speed U.
Lines 1–3 are data [4], lines
4–6 are data [8], lines 1 and
4 are linear regressions, lines
2, 3 and 5, 6 are standard
deviations from linear
regressions
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what errors the variance of the slope of the sea surface leads to at a fixed wind speed
(error�UV ), then we evaluate the effect of deviations of the slope distributions from
the Gaussian distribution (error �UG). We assume that ξc = ξu = 0.

The results of calculating the absolute value of the error by the statistical charac-
teristics of sea surface slopes presented in Bréon and Henriot [4], Cox and Munk [8]
(they are indicated by �U (B)

V and �U (C)
V , respectively) are presented in Fig. 10.4.

The calculations are performed for a situation when the variance of the slope
components ξ 2

u and ξ 2
c simultaneously deviate from the average by the value of the

standard deviation in the direction of higher or lower values.
The magnitude of the error �U (B)

V is practically independent of the average wind
speed.Given the classes of geophysical and oceanological problems that are currently
being solved by remote sensing of the ocean, �U (B)

V = 0.2 m/s can be adopted. The
error �U (C)

V noticeably exceeds the error �U (B)
V . Depending on the average wind

speed, the parameters �U (B)
V and �U (C)

V vary by 5–8 times.
The error due to the spread of the coefficients of the Gram-Charlier series Ci j is

shown in Fig. 10.5. As in the analysis of the error �UV , two cases were considered
when the statistical characteristics were taken from Bréon and Henriot [4] (error
�U (B)

G ) and from Cox and Munk [8] (error �U (C)
G ). It was assumed that the coeffi-

cients in expression (10.3) simultaneously deviate from their average values SKO by
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Fig. 10.4 Measurement
error wind speed created
ambiguity communication of
energy of short waves and
local wind. Solid line
corresponds to large values
of the variance of the slopes,
dotted—less

the standard deviation in the direction of the values corresponding to the Gaussian
distribution or in the other direction.

With increasing wind speed, the errors created by deviations of the distribution
of slopes from the Gaussian distribution increase. The error �U (B)

G is approximately
four times less �U (C)

G .
From the analysis of Figs. 10.4 and 10.5 it follows that when comparing the

characteristics of the slopes of the sea surface and wind speed, determined according
to measurements from spacecraft, the error in determining the wind speed is much
lower than the now accepted error in the altimetric measurement of the speed of the
driving wind, which is 1.5–1.6 m/s [24]. At the same time, the error calculated by
comparing the characteristics of the slopes determined from aerial photographs with
direct measurements of the wind at a point (from the ship) is close to the altimetry
error.
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Fig. 10.5 Errors of
measurement of wind speed
�U (B)

G and �U (C)
G created

by deviations distribution of
slopes from the Gaussian
distribution. Solid line
corresponds large values of
the coefficients given in
Table 10.1, dashed—smaller

10.2.4 Two-Parameter Recovery of Altimetric Wind

The radio altimeter signal carries information not only about wind speed, but also
about the height of energy-bearing surface waves. Analysis of the altimetry measure-
ments of the GEOS-3 satellite showed that the steepness of the leading edge of the
reflected pulse depends on the significant height of the wind waves [6, 33]. Currently,
the standard product obtained by altimetry measurements is a significant wave height
[16, 30].A significantwave height is defined as the average height of 1/3 of the highest
waves. It is associated with the variance of elevations of the sea surface η2 as

hs = 4
√

η2 (10.13)

The creation of two-parameter algorithms, which take into account not only the
backscattering cross section but also a significant wave height, can significantly (5–
10%) improve the accuracy of restoration of the drivewind speed [18]. Themagnitude
of the correction for the state of the sea surface is calculated individually for each
altimetry system (see, for example, [24] and the literature cited in the source).
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Calibration of the altimeter as a wind speed meter is carried out on the basis of
a comparison of the normalized backscattering cross section data and wind speed
measurements obtained from measurements from buoys. In the same way, the effec-
tiveness of wind speed calculation algorithms is estimated. It is usually assumed
that a comparison can be made if the buoy and the point of altimetry measurements
are separated in space by no more than 50 km, and the measurements are shifted in
time by no more than 30 min, i.e. in this case, the sea surface can be considered as
homogeneous and stationary [19].

In Chu et al. [7], studies were carried out on the fulfillment of the uniformity
condition for sea-surface areas of different sizes. Studies conducted with the help
of a rain locator showed that the indicated parameters are not always favorable for
calibrating altimeters. It turned out that the condition of homogeneity within a circle
of radius of 50 km was fulfilled in more than half of the measurements, and over
30% are inhomogeneous within a circle of radius of 20 km.

It should be noted that the backscattering cross section does not depend on the
height of the waves, but on the variance created by the slopes of the sea surface.
The correlation between the slopes and the significant wave height makes it possible
to slightly increase the accuracy of wind speed recovery, but does not completely
eliminate the ambiguity [19].

10.3 Scatterometer Determination of Wind Speed

As with altimetry measurements, the standard error between the values determined
from the radar measurements and measurements from anchored buoys is used as an
estimate of the accuracy of scatterometer determination of wind speed. At present,
the accuracy of measuring wind speed with scatterometers is about 1.7 m/s, and
the direction is 17 [11, 12, 20, 24, 31, 34]. This accuracy was achieved already in
the first algorithms, where the backscattering cross section was used as the only
predictor; for single-parameter models, it has not been improved so far. The accu-
racy of the measurement is determined by two factors: technical, including the non-
synchronization of measurements described in the previous section, the mismatch of
the location of the buoy with the satellite path, and physical, which consists in the
correctness of the algorithm for calculating the wind speed from the backscattering
cross section.

In the zeroth approximation, the scatterometer signal can be represented in the
form [23]

σ 0
pp = 8 π K 4 cos4 θ

∣∣Gpp (θ, ε)
∣∣ 2

[
�

(�kB
)

+ Ξ
(
−�kB

)]
(10.14)

where pp is type of polarization, the first index corresponds to the polarization of
the emitted signal, the second to the received;

∣∣Gpp (θ)
∣∣ 2 is the Bragg scattering

geometric coefficient, which depends on the type of polarization of the radiated and
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received radar signal and on the dielectric constant of sea water; � (�kB) is spectrum
of sea surface waves, on the scale of the Bragg component. The resonance condition
relates the surface wavelength λB to the radio wavelength �

λB = �
/

(2 sin θ) (10.15)

For vertical and horizontal polarization, the coefficient Gpp(θ, ε), respectively,
has the form [32]

Gvv(θ, ε) = cos2 θ
(ε − 1)

[
ε
(
1 + sin2 θ

) − sin2 θ
]

[
ε cos θ +

√
ε − sin2 θ

] 2 (10.16)

Ghh(θ, ε) = cos2 θ
(ε − 1)

[
cos θ +

√
ε − sin2 θ

] 2 (10.17)

where indices v and h denote the vertical and horizontal polarizations, respectively.
Waves always exist on the sea surface, the length of which is much longer than the

length of the Bragg components. Therefore, the Bragg components propagate along
a curved surface created by long waves. Curvature of the surface leads to a change
in the local angle of incidence. When irradiating such a surface, the local incidence
angle is

θL = θ − β↑ (10.18)

where β↑ is the angle of the tilt of the sea surface created by long waves in the
direction of sounding. Due to a change in the local angle θL , the resonance condition
(10.15) changes, i.e. the wavelength at which scattering occurs changes, and the
value of the geometric coefficient

∣∣Gpp (θL , ε)
∣∣2 also changes

The effect of the curvature of the surface alongwhich the resonantwaves propagate
can be taken into account by averaging the backscattering cross sections σ 0

pp over
the entire range of angles β↑. Averaging is carried out with a weight proportional to
the probability density function β↑ [35]

σ L
pp =

∫
σ 0
pp

(
θ − β↑

)
P(β↑) dβ↑ (10.19)

It follows from Eqs. (10.14) to (10.19) that the accuracy of the scatterometer
determination of the wind speed depends on how the energy of the Bragg waves and
the wind speed U are related and how P(β↑) and U is related.
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10.3.1 Short Wave Energy Versus Wind Speed

Most models connecting the level of spectral density of high-frequency waves
with wind speed are based on theoretical analysis and laboratory measurements
[1, 25]. Verification in natural conditions shows a significant scatter in their param-
eters, which imposes limitations on the accuracy of remote sensing estimates of the
characteristics of the boundary layers of the atmosphere and the ocean [21].

Unlike laboratory conditions in real field conditions, the structure of high-
frequency components of wind waves depends on a large number of various factors.
Among them, one can point out the presence of surface-active substances of odd
origin, technogenic pollution, surface currents and their local variations caused by
the release of internal waves into the subsurface layer, vortexmovements in Leigmuir
circulations, orbital movements in swell waves, etc. High-frequency components of
thewind disturbances,whose energy is 6–9 orders ofmagnitude lower than the energy
of the energy-bearing wind will and swell, are largely affected by these factors. As
a result, the structure of wind ripples (including its energy characteristics, on which
the backscattering coefficient of radio waves depends) is not a reliable indicator of
meteorological parameters in the drive layer of the atmosphere, as could be expected
from laboratory experiments. Based on the foregoing, it is necessary to pay attention
to the study of the actually observed relationships between the characteristics of wind
ripples and wind speed in different weather conditions.

Both laboratory and theoreticalmodels are constructed for a specific, rather narrow
range of conditions, such as the stage of development, fetch length, the influence
of dominant waves and near-surface currents, etc. The question of how often the
conditions forwhich themodel is constructed during fieldmeasurements are realized,
and also to what extent the level of spectral density changes when the specified
conditions change, remains open.

Studies of the relationship between the energy of short-period waves and wind
speed were carried out on the oceanographic platform of the Marine Hydrophysical
Institute. Elevations of the sea surface were measured by a broadband string waveo-
graph [35]. During the measurement period, the wind speed varied between 0 and
20 m/s, the height of dominant wind waves and swell varied from 0.3 m to 2.5 m.
The mean-square amplitudes of the spectral components of sea waves A( fi ) were
determined using a ten-channel parallel spectrum analyzer (i—the channel number).
The frequency range in which the waveform signal is analyzed is 0.65–23 Hz. The
ratio of the frequency bandwidth � fi to the center frequency fi is 0.27 [21].

Synchronous measurements of sea waves and wind speed were carried out with
sessions lasting 0.5 min. The duration of a series of consecutive sessions was 1–2 h.
During further processing, the data were averaged over 10 points, which corresponds
to a period of 5 min. Statistical analysis was performed for the parameters A( fi ) and
U obtained in this way.

A measure of the linear statistical relationship of the two parameters is the corre-
lation coefficient. The correlation coefficients ri between the parameters A( fi ) and
wind speed are shown in Fig. 10.6. A pronounced growth trend ri is visible with
increasing frequency.
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Fig. 10.6 Correlation
coefficients ri characterizing
the dependence of the
amplitudes of the spectral
components of the waves on
the wind speed

The spectrum of surface waves is a steeply decreasing function of frequency. The
root-mean-square amplitudes of the spectral components A( fi ) are very different,
normalization is introduced to compare their behavior at different wind speeds

Ã( fi ) = A( fi )
/ 〈A( fi )〉 (10.20)

where symbol 〈〉 means the average value A( fi ) at wind speeds of 8–10 m/s. The
calculation results Ã( fi ) are presented in Fig. 10.7.

Since it was shown above that the correlations between the spectral amplitudes
of high-frequency waves and wind speed are quite high, we can construct regression
dependences. Linear regressions were originally calculated

Ã( fi ) = a0( fi ) + a1( fi )U (10.21)

The coefficients a0 and a1 Eq. (10.21) are given in Table 10.2. The coefficients a1
determining the response of the spectral components to fluctuations in wind speed
turned out to be higher at frequencies from 5.5 to 23 Hz, where 0.58 < a1 < 0.77,
while at frequencies 0.65 < fi < 4.3 Hz their values were below 0.51 < a1 <

0.56. This means that short gravitational waves with frequencies of 0.65–4.3 Hz are
less sensitive to oscillations U than gravitational-capillary waves with frequencies
of 5.5–23 Hz.

To quantify deviations from linear regression, polynomial-type quadratic regres-
sion equations were constructed

Ã( fi ) = b0( fi ) + b1( fi )U + b2( fi )U
2 (10.22)

The values of the second-order polynomial regression coefficients are also
presented in Table 10.2. It can be seen that, at all frequencies, the ratios between the
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Fig. 10.7 Dependences of
the normalized mean square
amplitudes of the spectral
components Ã( fi ) of sea
waves on the wind speed U.
The solid and dashed lines
correspond to the regression
Eqs. (10.21) and (10.22)

quadratic and linear terms b2/b1 do not exceed 0.032, that is, the linear approximation
in the form (10.21) can be considered quite satisfactory.

Let us estimate the scatter of values A( fi ). The scatter of the values of the random
variable x characterizes the coefficient of variation

K =
√
x2

/
x (10.23)

where x2 is variance; x is average value. The coefficients of variation KA for A( fi )
are given in Table 10.3. Since the scatter of values A( fi ) changes with the change in
wind speed, the range of wind speeds at which A( fi ) were measured is divided into
8 intervals that correspond to points from 1 to 8 on the Beaufort scale. The values of
the coefficients of variation are presented in Table 10.3. Here N indicates the number
of measurements in each interval of wind speeds.
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Fig. 10.7 (continued)

Table 10.2 The coefficients of the regression Eqs. (10.21) and (10.22)

fi , Hz Linear regression

Ã = a0 + a1U

Second-order polynomial regression

Ã = b0 + b1U + b2U2

a0 a1 b0 b1 b2 b2
/
b1

0.65 0.445 0.052 0.351 0.090 −0.0025 −0.028

1.3 0.482 0.051 0.357 0.102 −0.0033 −0.032

2.9 0.502 0.051 0.395 0.094 −0.0028 −0.030

4.3 0.455 0.056 0.374 0.089 −0.0021 −0.024

5.5 0.429 0.059 0.384 0.077 −0.0012 −0.016

7.5 0.276 0.077 0.224 0.099 −0.0014 −0.014

10.0 0.405 0.062 0.381 0.071 −0.0006 −0.009

13.0 0.334 0.071 0.343 0.067 0.0002 0.004

17.0 0.399 0.070 0.428 0.059 0.0007 0.012

23.0 0.519 0.058 0.546 0.048 0.0007 0.015

The values of the coefficients of variation vary from 0.04 to 0.47. There is a
clear tendency toward a decrease in the coefficient of variation with increasing wind
speed, which indicates greater stability of the statistical characteristics of the high-
frequency components of the wave field under strongwinds compared with weak and
moderate winds. The physical reasons, apparently, are related to the fact that as the
wind weakens, it ceases to play a dominant role in the formation of roughness on the
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Table 10.3 Coefficient of variation KA

Wind speed
(m/s)

Frequencies of spectral components fi (Hz) N

00.65 10.3 20.9 40.3 50.5 70.5 10 13 17 23

0.25–1.54 00.39 00.41 00.38 0.38 0.42 00.47 0.28 00.33 00.29 00.22 368

1.55–3.34 00.31 00.29 00.23 0.24 0.25 00.41 00.29 00.41 00.36 00.31 700

3.35–5.44 00.32 00.22 00.21 00.25 00.31 00.37 00.28 00.35 00.27 00.22 647

5.45–7.94 00.33 00.17 00.17 00.21 00.27 00.33 00.23 00.29 00.23 00.20 531

7.95–10.49 00.24 00.13 00.13 00.19 00.20 00.19 00.24 00.21 00.20 00.31 308

10.50–13.84 00.17 00.07 00.08 00.11 00.10 00.17 00.14 00.17 00.15 00.16 231

13.85–17.14 00.15 00.06 00.06 00.07 00.10 00.11 00.12 00.12 00.11 00.11 100

17.15–20.75 00.13 00.04 00.04 00.05 00.06 00.06 00.07 00.07 00.06 00.06 34

sea surface, since internal waves and currents that develop various inhomogeneities,
such as surface spots, areas with higher roughness etc. begin to play a commensurate
role.

10.3.2 Long Wave Effect

There are several definitions of the concepts of “long” and “short” waves. Here,
long is meant waves having a length comparable to the length of the main energy-
carrying waves that form a peak in the elevation spectrum. Accordingly, short waves
are waves with wave numbers and frequencies that are much larger than those of
dominant waves. A characteristic feature of short waves is a short relaxation time,
they quickly adapt to changes in wind speed and direction, which allows them to
be used for remote determination of driving wind. Changes in the energy of short
waves, as shown above, are well correlated with changes in wind speed. The energy
of long waves, in addition to being dependent on wind speed, also depends on the
acceleration length and duration of the wind. Let us consider how the variances of
slopes created by long waves at a fixed wind speed in different situations differ.

In 1973, under the leadership of Professor C. Hasselman, a group of European
and North American scientists carried out a project in the North Sea called the “Joint
North SeaWave Project” (JONSWAP) [17]. His goal was to study the generation and
development of seawindwaves. One of the results of this project was the construction
of an empirical frequency spectrum of the surface wave field under conditions of
limited fetch. This spectrum S(ω, X,U ), called the JONSWAP spectrum, depends
on the wind speed U and fetch length X. The spectrum S(ω, X,U ) has the form

SJ (ω, X,U ) = a g2

ω5
exp

(
−5

4

(ω 0

ω

)4
)

γ Φ (10.24)
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where ω is circular frequency; g is gravitational acceleration;

a = 0.076

(
W 2

10

X g

)0.22

;ω 0 = 22

(
g2

W10 X

)0.33

; γ = 3.3;

Φ = exp

(
− (ω − ω0)

2 υ2 ω2
0

)
;υ =

{
0.07 npu ω ≤ ω0

0.09 npu ω ≤ ω0
;

whereW 10—wind speedmeasured at a height of 10m, γ � is characteristic describing
the excess in the peak region relative to the Pearson-Moskowitz spectrum [29]; υJ

is parameter determining the width of the spectral peak.
The JONSWAP spectrum is similar to the Pearson-Moskowitz spectrum, which

was built for a situation where the wind wave is fully developed. The difference
is that the peak of the JONSWAP spectrum is more pronounced, and it increases
with increasing wavelength (or the duration of the wind). If we accept γ = 1, then
the JONSWAP spectrum will coincide with the Pearson-Moskowitz spectrum. The
JONSWAPspectrumwasdeterminedunder the following conditions: limited acceler-
ation, constant wind and no swell. It was widely used and was used even in situations
where the conditions for the generation of surface waves did not correspond to the
conditions under which it was obtained.

When constructing the spectrum S(ω, X,W ), the data of wave measurements
were used, obtained in situations when the wind is stable in speed and direction, and
there is no swell. Such clean conditions are rarely observed in the open ocean and in
coastal zones. It was noted in Danilychev et al. [9] that according to various studies
performed in different regions of theWorld Ocean, the proportion of wind waves can
range from 35 to 45%. This assessment includes developing, developed, and damped
wind waves. Conditions that are close to the situation of developed wind turbulence
are approximately 5%.

We pass from the spectrum of elevations of the sea surface to the spectra of its
slopes. The spectra of the upwind �u(ω) and crosswind �c(ω) components of the
slopes are related to the frequency-angular spectrum of elevations of the sea surface
by the relations

�u(ω) = k2(ω)

2π∫

0

χ(ω, ϕ) cos2 ϕ dϕ (10.25)

�c(ω) = k2(ω)

2π∫

0

χ(ω, ϕ) sin2 ϕ dϕ (10.26)

where k(ω) is wave number; χ(ω, ϕ) is frequency-angle spectrum; ϕ is direction
of wave propagation. In deriving Eqs. (10.25) and (10.26), it was assumed that the
general direction of wave propagation corresponds to the condition ϕ = 0. Imagine
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the frequency-angle spectrum χ(ω, ϕ) in the form

χ(ω, ϕ) = S(ω) �(ω, ϕ) (10.27)

where �(ω, ϕ) is angular distribution function of wave energy satisfying the
normalization condition

∫ 2π2π
0 �(ω, ϕ)�(ω, ϕ) dϕ = 1.

We get

�ξ(ω) = �u(ω) + �c(ω) = k2(ω) S(ω) (10.28)

We assume that the waves propagate through “deep”water, i.e. the influence of the
bottom can be neglected. In this case, the long waves obey the dispersion equation

ω2 = g k (10.29)

The transition from the spectrum of elevations to the spectrum of slopes of the
sea surface in the final form is described as

�ξ(ω) = ω4

g2
S(ω) (10.30)

To estimate the dependences of the variances of slopes created by long waves on
the acceleration length, we introduce the parameter

ξ 2
b =

ωb∫

0

�ξ(ω) dω (10.31)

where ωb is the upper limit of the frequency range for which the variance of slopes is
calculated. The results of calculating the dependence of the slope variance determined
in the framework of the JONSWAP spectrum model for different accelerations are
presented in Fig. 10.8.

In the case when the variance ξ 2
b is determined in the range with the upper

frequency limit of ωb
/

(2π) = 1 Hz (the indicated frequency corresponds to a
wavelength of 1.6 m), it rapidly grows with an increase in the acceleration length
to 2000–3000 m and practically does not change at X > 5000 m (see Fig. 10.8). If
ωb

/
(2π) = 0.5 Hz (corresponds to a wavelength of 6.3 m), then the saturation state

occurs later, but in this case the values ξ 2
b are significantly, about one and a half times

lower.
It is seen that at the same wind speed, the variance of the slopes created by long

waves can differ several times. Accordingly, the parameters of the distribution of
slopes change, and, as follows from (10.19), long waves, depending on the stage of
development of the wave field, will affect the signal of the scatterometer to varying
degrees.
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Fig. 10.8 Dependence of
the variance of long
wavelength slopes σ 2

b on the
length fetch X . Curves 1–3
correspond to wind speeds of
5, 10 and 15 m/s

10.4 Conclusion

Remote methods for measuring air flow over the sea are based on the sea surface
roughness depending on the wind speed, which determines the power of the radio
signal reflected from it. Direct measurements of the characteristics of wind ripples,
such as the variance of elevations and the variance of slopes showed that the values of
these parameters increase with increasing wind speed. Their connection with wind
speed is statistical. In the range of 4–15 m/s this makes it possible to restore the wind
field from the measured ripple characteristics with an accuracy of ±1–2 m/s.

In conditions when the wind does not exceed 4–5 m/s, with a one-parameter
restoration of wind by ripples, the error becomesmany times higher thanwith contact
anemometry. One of the immediate reasons for this is the fluctuation in the spectral
density levels of ripples during passage through the smoothing zones (slicks) and
increased roughness against the average ripple background corresponding to a given
wind speed. Such oscillations are associated with the manifestation of the paranasal
surface of internal waves and other strong mechanisms that are manifested during
neutral stratification of the atmospheric boundary layer, when the dynamic influence
of wind ceases to play a dominant role.

When conducting direct sub-satellite measurements of wind speed over the sea,
an additional fatal error appears, the existence of which is associated with spatio-
temporal inhomogeneities of the wind field. Even in the case of a very stable wind,
the relative level of turbulent fluctuations (turbulence intensity) reaches 10%, which
leads to an ambiguity of about 1 m/s at a wind speed of 10 m/s. If internal waves
propagate in the atmosphere, the period of which is usually 10–20 min, and their
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direction may differ from the direction of the local wind, then fluctuations in wind
speed can reach, for example, 2 m/s at an average wind speed of about 5–7 m/s;
this leads to a corresponding scatter between the values of wind speed and direction
obtained from remote sensing data, compared with direct observations on buoys.

This circumstance limits the real accuracy of the sub-satellite calibration (and,
therefore, the accuracy of reconstructing the wind field) to the level of the mean
square error to 0.5–1 m/s at high wind speeds and several times greater error at low
wind speeds, U < 4m/s, since in this case the wind is often unstable due to an increase
in the relative role of convection and wave processes in the atmosphere.

The results obtained show the existence of physical limitations in the accuracy of
recovery of wind speed by means of remote sensing, which are especially noticeable
in weak and temperate winds. At the same time, altimetry and scatterometer methods
for determining the parameters of the air flow over the ocean have an undeniable
advantage. They can provide sufficiently high-quality information on a global scale,
which until now was not available using traditional methods.
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