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Preface

This book, entitled “Physical and Mathematical Modeling of Earth and
Environment Processes. 3rd International Scientific School for Young Scientists,
Ishlinskii Institute for Problems in Mechanics of Russian Academy of Sciences” is
the result of a collaborative work in the frame of the youth scientific conference
held at the Ishlinskii Institute for Problems in Mechanics of RAS on November 1–3,
2017. This forum is held on a regular basis and causes great interest in the scientific
community. For the third year in a row, more than one hundred scientists have
taken part in it, two-thirds of who are young researchers.

The 3rd School, as well as the previous two, promoted to the solution of fun-
damental scientific problems arising in the study of natural processes in different
media, the impact of anthropogenic activities on the environment. Intensive
development of research in these areas is due to several factors. The widespread
introduction of computer technology has allowed beginning calculation of complex
phenomena, previously unavailable for analysis. Creation and improvement of a
new generation of geophysical instruments and remote observing systems based on
the ship, aircraft, and satellite allowed to obtain a large amount of data to objec-
tively reflect the picture of the processes. International activities including the youth
scientific schools are certainly an effective tool for exchange of information and the
organizing of interdisciplinary research of environment processes.

One of the central topics for the School is associated with the elaboration of
scientific bases of oil and gas production technologies. The creation of new
breakthrough approaches to the development of hydrocarbon fields is very
important today and requires the involvement of young minds and strength.

During all three Schools, participant’s reports were traditionally accompanied by
active discussions which lasted beyond the end of the program sessions. The most
interesting and promising areas of research were recognized in the following: the
development of geomechanical approach to solving the problems of oil and gas
production, physical and mathematical modeling of deformation and fracture of
solid media and study of their interaction on the seepage, creation effective math-
ematical models and experimental base for research of flows in complex hetero-
geneous liquids, environmental issues, the study of the anthropogenic contribution
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to the dynamics of natural systems. As a result of the work of the third School, it
was decided to publish the most interesting reports as the book.

The book presents the results of theoretical and experimental research of pro-
cesses in the atmosphere, oceans, the lithosphere and their interaction; environ-
mental issues; problems of human impact on the environment; methods of
geophysical research. The conference papers included in the book describe the
studies on the dynamics of natural systems, the human contribution to naturally
occurring processes, laboratory modeling of these processes, and testing of new
developed physical and mathematical models.

A wide range of problems associated with the production of hydrocarbons is the
central topic of the book. A special attention is paid to the geomechanical approach
to solving these problems. An alternative to the use of hydrocarbons as a main
source of energy on the planet in the coming decades is unlikely to be found. At the
same time, the resource base of hydrocarbons is quickly depleted, and new
non-traditional sources are required. Among them, there is shale oil and gas, Arctic
hydrocarbon reserves gas hydrates, as well as oil and gas from deep horizons (more
than 5.5 km). “Deep oil” may become the most promising source of expanding the
resource base of hydrocarbons according to many experts. At the same time,
environmental problems are becoming increasingly acute, and the need arises to
create environmentally friendly technologies. The basis for the creation of such
technologies can become a geomechanical approach based on the use of a huge
reserve of elastic energy stored in a rock mass by controlling the stress–strain state
of the formation. The book includes the new results of the experimental and the-
oretical modeling deformation, destruction and filtration processes in the rocks
related to issues of creating scientific fundamentals for new hydrocarbon production
technologies. The investigation of the dependence of well stability and permeability
of rocks on the stress–strain state in conditions of high rock pressure is represented
too.

Our book

• Enriches the understanding of the geophysical processes taking place in various
environments (lithosphere, hydrosphere, atmosphere), including anthropogenic,
and promotes to the intensification of their studying.

• Includes the results of theoretical and experimental studies on the development
of the geomechanical approach to creating new technologies in the field of
hydrocarbon production based on controlling the stress–strain state in the
reservoir.

• Contains the results of recent research in the field of interactions of the litho-
sphere, atmosphere, and hydrosphere of various scales, energy exchange of the
atmosphere and the ocean, including under anthropogenic influences.

• Expands the understanding problems of providing oil and gas wells stability in the
process of their construction and operation, increasing the efficiency of hydro-
carbon production including on the ocean shelf, thereby raising the efficiency of
training specialists in oil reservoir physics.
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• Presents modern methods of research and modeling of various processes in
environment, means and ways of monitoring of natural systems, methods of
research and forecasting of natural and man-made disasters, and ways to
eliminate their consequences.

• Proposes new physical and mathematical models of processes occurring in the
environment, both natural and anthropogenic, as well as elaboration of existing
ones.

• Contains additional material for specialists working in the oil and gas industry to
expand, improve, and disseminate new acknowledgments in this field.

Program Committee of the School, which included the leading scientists on the
scientific directions of the School, has conducted peer review of the papers sub-
mitted to the book and produced a competitive selection. Ninety-eight works were
submitted. As a result of double-blind peer review, 38 papers were selected.
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The Tyrrhenian Continent Ragmentation

Al. A. Schreider1 , A. A. Schreider2(&) , and A. E. Sazhneva2

1 Research Institute of Economics and Management in Gas Industry,
NIIgazekonomika Company Ltd., Moscow, Russia

2 Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia
aschr@ocean.ru

Abstract. In the geological past, there was a continental formation in the place
of the Tyrrhenian-Ligurian basin, that included Sicily, Sardinia, Corsica, and the
Apennines in the southwest of the Italian peninsula. The stretching processes led
to rifting, passing into diffuse spreading with the fragmentation of this forma-
tion. Calculation of Eulerian poles and rotation angles in the context of complex
geological and geophysical interpretation of bottom geomorphology allowed to
restore the spatial position of the axes of the initial split of the continental
formation and to describe the kinematics of the microplates of analyzed region.

Keywords: West mediterranean paleogeodynamics � Tyrrhenian continent
Euler poles

1 Introduction

The tectonic development of the western Mediterranean is inseparably linked with the
multi-scale migration and rotations of the different age microplates of the continental
and oceanic lithosphere [4, 5, 9, 13, 14, 16, 17]. Among the most important tectonic
elements of this region include the Tyrrhenian Sea surrounding are such continental
blocks as Corsica, Sardinia, Sicily and Apennine peninsula (Fig. 1). It is important to
note that the geological and geophysical data accumulated to date do not contradict
with the most diverse, sometimes mutually exclusive, paleogeodynamic constructions.

2 Tectonic Setting Peculiarities

In work [12] it is asserted that in the interval 170-67 million years ago the continental
block uniting the islands of Corsica and Sardinia (hereinafter referred as the block CS)
adjoined the Iberian Peninsula to the south of the Pyrenees. At a considerable distance
from CS Sicily was located, and still further to the east of Sicily there were fragments
of the structure of the modern Apennine peninsula. In contrast to that study, in [15] the
block of CS 140 million years ago adjoined the Iberian Peninsula to the north of the
Pyrenees. Sicily was located east of Corsica and further south of it was situated the
south-western fragment of the modern Apennine peninsula. According to the data of
[9], the rotation of the CS to its present day meridional position occurs successively for
the last 30 million years, and it was shown in [10] that this rotation takes place only in

© Springer International Publishing AG, part of Springer Nature 2018
V. Karev et al. (Eds.): PMMEEP 2017, SPRINGERGEOL, pp. 1–8, 2018.
https://doi.org/10.1007/978-3-319-77788-7_1

http://orcid.org/0000-0003-3519-1380
http://orcid.org/0000-0002-0183-6016
http://orcid.org/0000-0002-8835-6225
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77788-7_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77788-7_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77788-7_1&amp;domain=pdf


the last 21.5 Ma in connection with the opening of the Ligur-Provencal basin. At the
same time, according to [7, 18], this rotation was completed 13–16 million years ago.
We add to above mentioned that in [11] the Sicily movement from the central
Mediterranean in the northern direction to its current position is demonstrated in the
interval 0–35 million years.

At the same time, it remains an open question how was created the Sicily north-
eastern extremity which exists to the north-east of the southern tip of the Apennine
peninsula at the present day.

The examples show that in the literature there is no consensus on an initial geo-
graphic position of Corsica, Sardinia, Sicily, Apennines etc. To restore their possible
relative position in the present work a comprehensive paleogeodynamics analysis of the
structure of the continental blocks surrounding the basin of the Tyrrhenian Sea is
carried out. The basin located between Corsica and Sardinia in the West, Sicily in the
South and the Apennine Peninsula in the East and has a triangular shape with a total
elongation in longitudinal direction (Figs. 2 and 3). The bottom central part of the basin
lies at depths greater than 3 km. The thickness of the continental crust at the periphery
of the basin is 25–30 km and dramatically decreases toward its central part, where the
continental crust is replaced by discovered by drilling of the ocean crust of 4–5 km [4].

Fig. 1. The present day geographical position of the Apenninian peninsula (I), Corsica and
Sardinia - block CS (II) and Sicily (III) along the periphery of the Tyrrhenian Sea. The position of
the ends (points 1 and 2, 3 and 4) of the 0.95 km segments isobaths are shown, as well as the
position of the conjugate sections of the 1 km isobaths ends (points 11 and 21, 31 and 41).
Depths are in hundreds of meters according to [20].

2 Al. A. Schreider et al.



Here the consolidated crust directly overlaps by sediments of the upper Miocene –

lower Pliocene (7-4 my) in the north-west part of the Vavilov basin, or by the sedi-
mentary formations of the upper Pliocene (2-1, 8 my) in the south-east part of Marsili
basin. Note that the North Tyrrhenian basin is adjacent to Ligurian basin with bottom
depths of up to 2.8 km.

Fig. 2. Coinciding of isobaths 1 km on the slopes of the block CS and isobath 0.95 km on the
slope of the Apenninian peninsula (A) and Sicily (B). The position of points 1–4 are shown in
Fig. 1. Isobaths are in hundreds of meters by [20].

Fig. 3. A- Paleogeodynamic reconstruction of the clamping counter-slopes of the Apenninian
Peninsula and the block CS. Bold line indicates the restored portion of the zone split axis. The
position of the points 1 and 2 is shown in Fig. 1. B - Paleodepth profile before the split along the
line A–B and the docking point of isobaths at the intersection of the line A–B and restored split
axis along line 1–2. I and II are the same as in Fig. 1.

The Tyrrhenian Continent Ragmentation 3



3 Calculation of Geodynamic Parameters

In the well-known paper [8] was firstly proposed computational method for the best
combination of isobaths bounding the slopes of the continents at the edges of the
Atlantic ocean. The combination was carried out by method of trials and errors, by
minimizing the angular disagreement, measured along the Eulerian latitudes. The
methodology is illustrated the principle that the best alignment can be performed for
any of the circuits, as installed, or as expected, once constituted a single circuit. By
implementing the principle of better alignment, it is possible to achieve reunification
and rehabilitation of the primary continuity of all circuits, including isochronous,
isobath, isohypse etc.

According to the electronic Bank on the bottom bathymetry [20] built the profiles in
the direction perpendicular to the strike of the Tyrrhenian basin slopes with cross
profiles distance of 5–10 miles. Analysis of the profiles indicates that almost all of them
consist of three parts (Fig. 4). The upper (shallower than 1.5 km) and lower (deeper
2.9 km) parts of the slopes are no constant along the profile steepness. The Central part
of the slopes, enclosed in the depth interval 0.7–1.9 km, is steep and has a relatively
constant slope along each individual profile.

Sedimentation in different areas of the Tyrrhenian basin has led to them filling in
the sedimentary rocks, accompanied by decreasing angle of slopes due to sedimenta-
tion process. The sedimentation is uneven in time and space. Irregularity of it is
associated with the distribution and redistribution of areas of drift, and with sediment
slumping due to loss of stability. Instability precipitation occurs due to the accumu-
lation of a critical mass, leading to slip along the interface or inside the precipitation
along the surface of the foundation when varying the steepness of the slope. At small

Fig. 4. A - Paleogeodynamics reconstruction of clamping of the counter slopes of Sicily and
block CS. Bold line indicates the restored portion of the axis of the zone split. The position of
points 3 and 4 is shown in Fig. 1. B - Profile bottom paleorelief before the split along the line C–
D and the docking point of isobaths at the intersection of the C–D profile and line 3–4 restored
split axis. II and III are the same that in Fig. 1.
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tilt angles and, ceteris paribus, the movement of sedimentary masses down the slope
will be very low velocities.

Estimates show that in order to overcome the adhesion force between layers of
sediments (in the Tyrrhenian basin is silt, clay, loam sand) and avalanche breakdown
them down the slope with the development of considerable (up to close to 50 km/h)
velocities of sliding, ceteris paribus, the slope of the sliding surface should be less than
3° [2]. Among the reasons for initiating the precipitation from sliding down the slope,
is important impact on sediment mass exogenous (regular flow) and endogenous (e.g.,
earthquake) factors.

Based on the foregoing, in the present work, a modified method of E. Bullard was
firstly applied for the case of combining the depth contours of the Tyrrhenian sea basin
slopes. Numerous testing the connectivity of different areas different and the same
isobaths showed that the most suitable for the purposes of paleogeodynamic analysis
were portions of the isobaths in the range of 0.7–1.9 km.

In the depth interval 0.8–1.5 km the continental slope is steepest (the average angle
of the slope surface greater than 100) and, using the information above about the nature
of the sedimentary strata slipping, having the small thickness of sediments (or even
completely devoid of them). On this basis, using a modified methodology E. Bullard
joined us plots (Fig. 5) the 1 km isobaths on the slope of Sardinia and Corsica and
0.95 km, on the slopes of Sicily and the Apennine peninsula. Calculations of the Euler
poles and rotation angles was carried out according to programs incorporated in the
software environment, Global Mapper [6] and the principles which are set out in the
works [3, 6]. In recent years, in the work [6] develops a methodology of automated
selection conjugate plots of depth contours using statistical estimates of the extent of
their connectivity.

Fig. 5. Paleogeodynamic reconstruction of the Tyrrhenian continent. The lines in bold show the
recovered split axis of the continent stretching areas. Designations I–III and the position of the
points 1–4 are shown in Fig. 1.
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4 Configuration of the Split Axis

According to the calculations at the position of the Euler poles of finite rotation
coordinates 45.28° N 12.65° W manages North of 40° N for about 300 km to get a
good combination isobath 0.95 km (section between points 1 and 2 in Fig. 1) the
Western slope of the Apennine Peninsula and 1 km isobath (the area between the
points 11 and 21 in Fig. 1) the Eastern slope of the block CS with an error in points of
digitization �8.7 km (16 points calculation). The module of the angle of rotation made
28.79° � 0.7°. The results of the docking of the isobaths are given in Fig. 2A

At the position of the Euler poles of finite rotation coordinates 50.45° N 14.76° W
manages the North 390 North latitude. over 100 km (the section between points 3 and 4
in Fig. 1) get a very good alignment of 0.95 km isobath of the Northern slope of Sicily
and the 1 km isobath (the area between points 31 and 41 in Fig. 1) South slope block
CS with an error in points of digitization �5.4 km (8 points calculation). The module
of the angle of rotation made 23.57° � 0.4°. The results of docking the isobaths shown
in Fig. 2.

Under the proposed approach, the combined plots of depth contours 1 km from the
side of block KS and 0.95 km from the Apennine Peninsula (Fig. 3A) and from the
side of Sicily (Fig. 4A) allow us to restore the planned configuration of the axes of the
zones of continental rifting, which was the consequence of the processes of stretching.
Docking of isobaths discussed above allows us to represent the profiles of the upper
surface of the neck stretching of the continental crust immediately prior to rupture of
the lithosphere and the initialization is split between the Apennine Peninsula and block
CS (Fig. 3B), as well as Sicily and CS (Fig. 4B). These profiles show that the region of
stretching in both cases had a width of over 150 km, and was more steep in the
direction of the CS in the first case and in the direction of Sicily in the second.

The experimental data obtained are important for the recovery of process param-
eters of the rupture of the continental crust during rifting of the lithosphere in the
Western Mediterranean. Splits the continental lithosphere in rifts could occur according
to the scheme of Wernicke [19]. Listric quasilinear with sloping fault that separates the
plates and reaches the surface, forming a separation zone “hanging” plate from the
“underlying”.

The result of the paleogeodynamic reconstruction is to restore the split axis of the
chipping peripheral areas of the CS block from the Apenninian peninsula and from
Sicily. An important factor of reconstruction is the difference of the abutting 0.05 km
the latter fact probably reflects the circumstance of sliding along the lithospheric fault
plane and downgliding in the process of stretching peripheral areas of the continental
crust CS from the peripheral regions of Sicily and the Apennines in accordance with
modification Schreider [6] scheme of Wernicke [19].

5 Paleogeodynamics of the Tyrrhenian Continent Split

Integrated geophysical analysis of available materials shows that paleogeodynamics
evolution of the Western Mediterranean resulted in the formation of the Miocene
continental array in place of the modern Tyrrhenian sea. Calculations of the Euler poles
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and rotation angles for the first time allowed to restore the position of the split axis of
the stretched zone between the CS and the Apennines (Fig. 3) and the other split axis of
the stretched zone between the CS and Sicily (Fig. 4). Joint analysis of two indepen-
dent reconstructions allowed for the first time to make a general reconstruction of the
Tyrrhenian continent (Fig. 5), which initially consisted of the Islands of Corsica,
Sardinia, Sicily, parts of the Apennine peninsula. In the process of its destruction
formed the basin of the Tyrrhenian sea - the youngest in the Western Mediterranean
basins. Basin began to develop [5, 14, 17] in the late Miocene, about 9 million years
ago when continental destruction has led to the emergence of the deep Vavilov basin.
The pool continued to evolve until the turn of 4 million years ago, and after a break of 2
million years to the South-East it occurred the opening of the Marsili basin [4, 5],
development of which is still ongoing. The sea floor spreading in the Tyrrhenian sea
was diffuse [1, 5, 14, 17] and spread from North-West to South-East in several areas,
which has created an extremely complex structure closed at present, precipitation of the
consolidated crust in the form of horst and grabens, superimposed on the under crust.
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Long Waves Influence on Polarization Ratio
for Microwave Backscattering

from the Sea Surface
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Abstract. The effect of slopes created by long waves on the resonance
backscattering of microwave radio waves analyzed. The analysis is carried out
within the framework of the Gaussian model of slopes distribution. The polar-
ization ratio increases by approximately 10% as the wind speed increases up to
5 m/s if the sounding is performed along the direction of wind. If the sensing is
accomplished across the direction of wind, as the wind speed tends to 5 m/s the
polarization ratio increases to approximately 6%. The effect of the presence of
long waves weakly depends on the incidence angle.

Keywords: Remote sensing � The microwave radiation � Resonance scattering
Polarization ratio � Sea surface � Long waves

1 Introduction

The number of oceanographic spaceborne microwave sensors is continuously growing.
Expands the range of parameters determined on the basis of data of remote sensing of
the ocean. All this requires a detailed understanding of the characteristics of electro-
magnetic fields scattered by sea surface.

Models of the normalized radar cross-section of sea surface at incidence angles
between 25° and 70° are usually treated as resonant (Bragg) scattering mechanism [1].
The resonance condition relates the wave number of radio wave and surface wave [2]

KR ¼ 2k sin h; ð1Þ

where KR is the wave number of surface resonance waves, k is the radar wave number,
h is the incidence angle.

If the resonant waves propagate along the flat surface, the normalized radar
cross-section is proportional to the surface elevation spectrum at the resonance wave
number [3, 4]

r0pp ¼ 8pk4 Gpp hð Þ�� ��2 W ~KR
� �þW �~KR

� �� �
; ð2Þ

where pp is the polarization (the first index corresponds to emitted wave, the second

one does to be received), Gpp hð Þ�� ��2 is the polarization dependent reflection coefficient,
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W ~KR
� �

is the two-dimensional (Cartesian) wave-number spectrum of sea surface dis-
placement. Resonance scattering of radio waves create surface waves traveling along
the direction of sensing in forward or reverse direction. In this case, the polarization
ratio

R0 k; hð Þ ¼ r0HH k; hð Þ=r0VV k; hð Þ ð3Þ

is described by the expression

R0 k; hð Þ ¼ GHH hð Þj j2= GVV hð Þj j2: ð4Þ

It should be noted that the polarization ratio (4) does not depend on the level of the
sea surface roughness. This gives a fundamental possibility of remote determination of
physical and chemical characteristics (temperature, salinity) of sea water. The presence
on the sea surface waves longer than resonant waves modifies expression (2) [5].
Resonant waves propagate along the curved surface. The local incidence angle h
changes. As the result, the resonance condition (1) changes as well as the value of the
spectrum W ~KR

� �
changes. Accordingly, the polarization ratio changes.

The main objective of this work is an analysis of the impact of long surface waves
on polarization ratio. Long waves are waves with lengths much greater than the length
of resonant waves.

2 Normalized Radar Cross-Section in the Presence
of Long Waves

We assume that the size of radar spot on sea surface significantly exceeds the size of
long waves. In this case, the effect of long waves on the backscattered signal can be
taken into account by averaging expression (2) over the entire range of their slopes.
Within the frame of the two-scale model, where resonant waves superposed on longer
tilting waves in [3] obtained

rLpp ¼ 8pk4
Z
Gpp h; dð Þ�� ��2 W ~KR

� �þW �~KR
� �� �

P nx; ny
� �

dnxdny; ð5Þ

where d is the out-of-plane tilt angle, nx and ny are orthogonal components of sea
surface slope, P nx; ny

� �
is the two-dimensional probability density function of slopes.

Physically (5) is the averaging with the weight being proportional to P nx; ny
� �

(the
expected tilt of long waves).

The slopes n and their angles b are related by the nonlinear expression

n ¼ tan b: ð6Þ

Usually it was assumed that the slopes are small and one can use approximation n � b.
An analysis of the errors associated with this approximation was carried out in [6].
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It was shown that the variance slopes is of 8% higher than the variance of angles. The
discrepancies for the higher statistical moments are higher. As a consequence, the
probability density function of slopes, which is described using the Gram-Charlier series
[7], differs significantly from the probability density function of angles.

We use a model in which the approximation n � b is not used. This model has the
form

rLpp ¼
Z
r0pp k; h� b"; a

� �
P b"
� �

db"; ð7Þ

where b" is the angle of inclination of the sea surface in the direction of sounding, a is
azimuth angle. To realize averaging (7), the spectrum of sea surface elevation repre-
sented as an explicit function of the incidence angle is required. The transition is carried
out by using the normalization condition. According to this condition, the integral of
the evaluation spectrum of elevations in all its variables is equal to the variance of
elevations. In final form (6) received [5]

rLpp ¼ 2pk2
Z
Gpp hb

� ��� ��2 S 2k sin hb
� �

sin hb cos hb
H k2 sin hb; a
� �

P b"
� �

db"; ð8Þ

where hb ¼ h� b", S is the one-dimensional wave-number spectrum of the sea surface
displacement, H is the directional spreading function. The function H describes the
angular distribution of wave energy. This function satisfies the normalization conditionR p
�p H að Þda ¼ 1.

In the general form, the coefficient Gpp hð Þ�� ��2 depends on the relative dielectric
constant of sea water. If the sounding is carried out in the centimeter range of the radio
wave, we can use the simplified form proposed in the paper [8]. A simplified form is
obtained under the assumption that the dielectric constant of sea water be equal to 81.
For the vertical VV and horizontal HH polarizations, the coefficients GVV hð Þj j2 and
GHH hð Þj j2 have the forms

GVV hð Þj j2 ¼ cos4 h 1þ sin2 h
� �2

cos hþ 0:111ð Þ4 ; ð9Þ

GHH hð Þj j2 ¼ cos4 h

0:111 cos hþ 1ð Þ4 : ð10Þ

We assume that long compared to resonance waves are longer than 20 cm. It is
usually assumed that waves are long, if their length is 3–4 times greater than the length
of the sensing radio waves. According to [9, 10], the variance of the slopes generated
by these waves is approximately 1/3 of the total variance of slopes. Up/down wind
D nuð Þ and crosswind D ncð Þ variance of slopes were determined from optical mea-
surements [11]
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D nuð Þ ¼ 0:000þ 0:00316W � 0:004; ð11Þ
D ncð Þ ¼ 0:003þ 0:00192W � 0:002; ð12Þ

where W is wind speed at a height 10 m. Variances of slopes and angles are related as
D bð Þ ¼ 0:92D nð Þ [6]. Here and further, the indices “u” and “c” correspond to direc-
tions up/down and cross wind. If the expression applies to both up/down and cross
wind components of the slopes, the subscript is missing.

The wind speed dependences for standard deviation angles b (rms(b)) obtained in
this way are shown in Fig. 1. The same figure shows the similar dependence, obtained
according to measurements of wind speed and direction from the NASA Scatterometer
and ocean reflectance from the POLDER (POLarization and Directionality of the Earth
Reflectances) multi-directional radiometer [12].

We introduce the non-dimensional parameter

vpp h;Wð Þ ¼ rLpp=r
0
pp ð13Þ

which describes influence of long waves on normalized radar cross-section. We also
assume that the angles b have a Gaussian distribution. The dependence of the
parameter vpp on the incidence angle is shown in Fig. 2.

The dependencies vpp ¼ vpp hð Þ shown in Fig. 2 are constructed for three wind
speeds. It can be seen that the effect of slopes produced by long waves is more
pronounced on vertical polarization than on horizontal polarization.

Fig. 1. The dependence for standard deviation angles rms(b) on wind speed W. Curve 1 is
constructed according to [11], curve 2 – according to [12]
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3 Polarization Ratio in the Presence of Long Waves

In the presence of long waves the polarization ratio can be represented in the form

RL ¼ rLHH
rLVV

¼
R

GHH hb
� ��� ��2 S 2k sin hbð Þ

sin hb cos hb
H k2 sin hb; a
� �

P b"
� �

db"R
GVV hb

� ��� ��2 S 2k sin hbð Þ
sin hb cos hb

H k2 sin hb; a
� �

P b"
� �

db"
: ð14Þ

Polarization ratios (14) predicted by multiscale composite models based on the
resonance theory scattering models that include the effects of long-wave tilt.

Directional spreading function is the narrowest on the scale of the dominant waves
[13]. As the wave number increases, it expands. In the range of gravity-capillary waves
the angular distribution of wave energy become isotropic. This suggests that the change
in the length of the resonant waves do not lead to significant changes in the function of
angular distribution and we can eliminate the function H 2k sin hb; a

� �
in (14).

Fig. 2. The dependence of radar cross-section vpp on wind speed W
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Graphs on Fig. 3 are obtained within assumption that waves of the gravitational-
capillary range are resonant. According to [14], in this range the spectrum of surface
waves is approximated by the dependence

S Kð Þ � K�3: ð15Þ

In order to quantify the change in the polarization ratio with the change in wind
speed, we investigate the parameter

w h;Wð Þ ¼ RL=R0; ð16Þ

Fig. 3. The dependence of the polarization ratio RL on the angle of incidence h and the wind
speed W

Fig. 4. The dependence of the parameter w on the angle of incidence h and wind speedW
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where R0 ¼ r0HH=r
0
VV . The parameter w describes the change in polarization relations

compared to the situation when the resonance waves propagate along the flat surface.
How the parameter w changes when the wind speed or the incidence angle change is
shown in Fig. 4.

4 Conclusion

An analysis of the effect of long surface waves on the field of backscattered radio
waves, when sounding the sea surface in the microwave range is made. The situation is
considered when resonant scattering is the dominant mechanism of creating a scattered
field. The calculations were performed for incidence angles from 35° to 60°. With wind
speed increasing at 5 m/s, the polarization ratio increases by approximately 10% if the
sounding is performed along the wind direction. If the sounding is performed across the
wind direction, then with wind speed increase at 5 m/s, the polarization ratio is
increased approximately on 6%. The effect of the presence of long waves weakly
depends on the incidence angle.

Acknowledgements. This work was carried out in the context of the State project №
0827-2014-0011.
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