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Abstract. This paper deals with a study of the influence of
sea surface roughness on the electromagnetic wave propagation in the duct environment. The problem of electromagnetic wave propagation is modeled by using the parabolic equation method. The roughness of the sea surface is
computed by modifying the smooth surface Fresnel reflection coefficient to account for the reduction in the specular
reflection due to the roughness resulting from sea wind
speed. The propagation model is solved by the mixed Fourier split-step algorithm. Numerical experiments indicate
that wind-driven roughened sea surface has an impact on
the electromagnetic wave propagation in the duct environment, and the strength is intensified along with the increment of sea wind speeds and/or the operating frequencies.
In a fixed duct environment, however, proper disposition of
the transmitter could reduce these impacts.
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1. Introduction
Ducted propagation over the sea surface can seriously
impact shipboard radar and communications, which is
extremely important in telecommunications for the Navy.
The physics of propagation is affected by ever-changing
atmospheric conditions and by complex features on the sea
surface [1]. Numerous numerical methods are available for
predicting electromagnetic wave propagation such as
geometric optics, normal mode analysis, parabolic equation
(PE) method, and combinations of the above [2-5]. The
most popular approach of the mentioned above is PE which
could be used to predict electromagnetic wave propagation
in a complex environment. Previously, use of the PE to
investigate propagation in an inhomogeneous atmosphere
and over irregular terrain has been published a lot [6-10].
However, the researches of the propagation over the rough
sea surface are very few. In 2003, Guillet et al. employed
PE to studied low grazing angle propagation above rough

surface [11]. In this paper, we will employ Miller-BrownVegh model to study the influence of wind-driven roughness on the electromagnetic wave propagation in the
evaporation duct environment. A detailed discussion will
be focused on different numerical values for various
important parameters, i.e. sea wind speed, evaporation duct
height, operating frequency, and antenna altitude.
The remainder of this paper is organized as follows.
In section 2, a simple description of the electromagnetic
wave propagation model is introduced. Section 3 constructs the relationship between the rough sea surface and
the smooth sea surface through the reflection coefficient.
Finally, a discussion of simulations of different parameters
is presented in section 4.

2. The Electromagnetic Wave
Propagation Model
For many years now PE has been used to model electromagnetic wave propagation in a complex environment.
PE can be derived from the wave equation under certain
assumptions, and it has the form [7],
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where u represents a scalar component of the electric field
for horizontal polarization or a scalar component of the
magnetic field for vertical polarization, k0 is the free-space
wave number, x is the range axis, z is the height axis, and n
is the index of refraction. Owing to n is very close to unity,
for environmental inputs, modified refractivity M is used to
describe the information of the atmospheric environment.
M is defined by
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where ae is the radius of the earth.
The two most popular approaches to numerically
solving PE are the use of implicit finite differences and the
Fourier split-step algorithm. However, the latter is much
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more numerically efficient [3], and is adopted in our calculations. Generally, split-step PE solutions to electromagnetic problems implemented either Dirichlet or Neumann
boundary conditions corresponding to horizontally or vertically polarized propagation, respectively, over a perfectly
conduct surface. In rough sea surface, however, the perfectly conduct surface assumption is not sufficient and use
of a surface impedance is highly desirable. The impedance
boundary condition is

 z ( x, z )

z 0

  u ( x, 0)  0

(3)

and

 1  

 1  

  ik0 sin  
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where Γ is the Fresnel reflection coefficient and θ is the
grazing angle measured from the local surface tangent , i.e.
the complement of the incidence angle.
The mixed Fourier transform introduced as a rigorous
method to incorporate surface impedance into split-step
solution of the parabolic equation was described in detail in
[4], and a fast computation algorithm for the mixed Fourier
transform split-step solution of PE was presented in [12].

3. Sea Surface Roughness Modeling
Using the impedance boundary condition, the reflection coefficient Γ should be determined. In terms of the law
of reflection, for a giving grazing angle θ, the smooth surface reflection coefficient ΓS for horizontal polarization and
vertical polarization could, respectively, be described as
[13]

 SH 
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and
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where ns is the complex dielectric constants, defined by

ns    i 60 .

(7)

Here, ε and σ are the relative permittivity and conductivity
respectively, which are functions of radio frequency
recommended by International Radio Consulting Committee (CCIR), and λ is the electromagnetic wave length.
One approach to modeling sea surface roughness involves multiplying the smooth surface Fresnel reflection
coefficients by a roughness parameter, which has been
calculated by Ament [14] for a Gaussian distribution of
heights and corrected by Miller et al. [15]. The rough surface reflection coefficient, ΓR, is taken as

 R   S  exp[2(2 g ) 2 ]  I 0 [2(2 g ) 2 ]
and

g

 h sin 


(8)
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where I0(x) is the modified Bessel function J0(ix), and σh is
the standard deviation of the sea surface elevation determined from wind speed, μ (m/s), by

 h  0.0051 2 .

(10)

As mentioned above, when modifying reflection coefficients using the Miller-Brown-Vegh model, the resulting
expression for α has a strong dependence on the local grazing angle θ which is, in general, a function of geometry
and, more importantly, atmospheric refractivity. Dockery
and Kuttler have pointed out that geometric optics (GO)
could provide a qualified grazing angle estimate in the
evaporation duct environment [12]. Therefore, GO will be
adopted in our computation.

4. Numerical Experiments
The purpose of this paper is to study the influence of
sea surface roughness to the electromagnetic wave
propagation in the evaporation duct environment. First,
an evaporation duct model should be selected. For
thermally neutral conditions in which the air and sea
temperature are equal, the modified refractivity M can be
determined at any height z by the relationship [16]

M ( z )  M (0)  0.125 z  0.125d ln[( z  z0 ) / z0 ]

(11)

where d is evaporation duct height, ln[·] is the natural logarithm, and z0 is momentum roughness length of 1.5×10-4 m.
In the following, two experiments are performed. For
every experiment, a Gaussian antenna pattern is used and
horizontal polarization is assumed. The elevation angle is
0 deg and the beamwidth is 1 deg. The detailed expression
of the Gaussian antenna pattern could refer to [7].
Experiment 1: The evaporation duct height and the
antenna altitude are fixed at 30 m and 10 m, respectively.
Then, the propagation characteristics at different sea wind
speeds and operating frequencies are investigated. The sea
wind speeds are changeable, from 0 m/s to 10 m/s.
Using the PE/mixed Fourier split-step algorithm, the
value of one-way propagation loss is computed. Here, the
computation domain is fixed on [100 km  200 m], and the
horizontal increment and vertical increment are 500 m and
1 m, respectively. The coverage diagram (dB) for one-way
propagation loss is shown in Fig. 1, in which the operating
frequency is 8000 MHz, Fig. 1(a) is for sea wind speed of
0 m/s, Fig. 1(b) is for 10 m/s, and Fig. 1(c) is the absolute
difference of the above two figures.
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Fig. 1. The coverage diagram (dB) for one-way propagation loss. (a) is for 0 m/s; (b) is for 10m/s, (c) is the absolute difference of (a) and (b).

Fig. 2. Comparison of propagation loss at antenna altitude (10 m) in a 30 m evaporation duct between smooth sea surface (sea wind speed of
0 m/s, solid line) and rough sea surface (sea wind speed of 10 m/s, dashed line). The operating frequency is 8000 MHz.

Fig. 3. Relative errors at different operating frequencies and different sea wind speeds.
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In order to analyze the influence of wind-driven
roughness on the electromagnetic wave propagation, the
values of propagation loss at the antenna altitude are selected to compute the relative error of the propagation loss
between the smooth sea surface and the rough sea surface.
The relative error Λ is defined as



1
N

N


i 1

PLiu  PLi0
 100%
PLi0

(12)

where PLu is the value of propagation loss corresponding to
the wind-driven rough sea surface and PL0 corresponding
to smooth surface, N is the number of discrete points in the
horizontal direction. The values of propagation loss along
the horizontal distance at the antenna altitude 10 m in
Fig. 1(a) and 1(b) are presented in Fig. 2. Using equation
(12), the relative errors at different operating frequencies
and different sea wind speeds are shown in Fig. 3.

From Fig. 1-3, it is clearly seen that, considering the
sea surface roughness, the electromagnetic propagation
loses more energy than the smooth surface case, and the
propagation losses are strengthening with the distance. Fig.
3 shows that with the increment of sea wind speed and/or
operating frequency, the relative errors between smooth
sea surface and rough sea surface become larger and larger.
In 10000 MHz and 10 m/s case, the relative error could
even exceed 8.7%. However, when the sea wind speed is
under 5 m/s, the errors could be limited within 1.2%.
Experiment 2: The operating frequency is fixed at
8000 MHz. The relationship between evaporation duct
height and antenna altitude will be studied. The evaporation duct heights are set at 10 m, 20 m, and 30 m. Within
the duct, the antenna altitudes are changeable, from 1 m to
the duct height. Fig. 4 shows the relative error between
smooth surface case (sea wind speed of 0 m/s) and rough
surface case (sea wind speed of 10 m/s).

Fig. 4. Relative error between smooth surface case (sea wind speed of 0 m/s) and rough surface case (sea wind speed of 10 m/s) at different
evaporation duct heights and different antenna altitudes.

From Fig. 4, we could see the position of antenna altitude within the duct has great impact upon the propagation
loss in the rough sea surface case. The stronger the evaporation duct exists, the larger the relative error of propagation loss will be generated. In 10 m duct, the maximum
error presents at transmitter altitude of 2 m, in 20m duct,
the maximum error presents at 12 m, and 5 m in 30 m
evaporation duct. When the relative error reaches the
maximum value, it will have a tendency to decreasing with
the increment of the antenna altitude.
The above two experiments show that, in the evaporation duct environment, the electromagnetic wave propagation characteristics over the rough sea surface are different
from that over the smooth sea surface. In general, the errors enlarge with the increment of sea wind speeds, operating frequencies and evaporation duct height. At a fixed
atmosphere environment, proper disposition of the transmitter could reduce these errors. The minimum error value

usually exists near the top of the duct. However, if the
transmitter is setting at the top of the duct, it is not in favor
of increasing radar detecting distance. In our simulations,
the maximum sea wind speed is selected as 10 m/s. In
practical duct environment, the sea wind speed is usually
below 10 m/s because larger wind speed is destructive to
the generation of the evaporation duct. If the sea wind
speed is not very large (under 5 m/s), we could ignore the
influence of the sea surface roughness to the electromagnetic wave propagation in the duct environment.

5. Conclusion
This paper has investigated the influence of the sea
surface roughness on the electromagnetic wave propagation in the evaporation duct environment. Considering the
sea surface roughness, the impedance boundary condition
was used, and the Miller-Brown-Vegh model was em-
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ployed to compute the wind-driven rough surface reflection
coefficient. Two numerical experiments were performed in
terms of different sea wind speeds, operating frequencies,
evaporation duct heights and antenna altitudes, and present
a straightforward understanding of the relationship of these
parameters to the roughness influence on propagation
characteristics. However, the Miller-Brown-Vegh model
doesn't take into account the influence of the surface
geometry, which will be investigated in our future work.
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