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Abstract: The alternating electric and magnetic fields are new contributors to the global electromagnetic
silencing of ships. Thus, modeling and measurements of alternating magnetic signatures should be a research
priority in maritime engineering. In this paper, an alternating horizontal electric dipole is adopted to model the
electromagnetic fields related with corrosion. Formulas for alternating magnetic fields generated in shallow sea
by horizontal electric dipole are derived based on an air-sea-seabed three-layered model and a numerical
computer is also applied. In addition, the alternating magnetic fields of a ship are measured using a tri-axis
fluxgate magnetometer fixed in a swaying platform. The characteristics of these fields are analyzed. Finally, the
equivalent dipole moment of the trial ship is predicted by contrasting the model results and the observed data.
Copyright © 2015 IFSA Publishing, S. L.
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1. Introduction
Electromagnetic fields related with corrosion and
anticorrosion are important signatures of vessels [1].
Electromagnetic fields emanate from ships because
of the electric currents created through the
electrochemical action between dissimilar metals and
the use of either passive or active cathodic protection
(ACP) systems. These electromagnetic fields take the
form of static electric (SE) and static magnetic (SM)
fields arising from the steady flow of current around
the hull of the vessel. Modulation of these currents
leads to alternating electric (AE) and alternating
magnetic (AM) fields. Previous studies [2] have
shown that electrical resistance of the shaft bearing
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often changes as the shaft rotates, consequently
modifying the current. The current is typically
modulated using the shaft rotation rate frequency and
its harmonics. This action increases alternating field
emissions as the current flows through the sea water.
Modern mines can detect these fields and use them to
detect and classify passing ships [3].
Some studies on modeling these corrosion
processes have been undertaken to predict and reduce
electromagnetic signatures. In a previous study [4],
current dipoles formed between the cathodic
protection (CP) system and the bronze propeller are
utilized to model the various electrical currents that
flow within the seawater. Predicting the SE signature
is done by solving Maxwell’s equations using
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Weaver’s method [5]. It is worth noting that the
commercial BEASY boundary element package [6] is
available for corrosion related electric and magnetic
field modeling. Previous studies [7] describe the
application of finite-difference time-domain (FDTD)
method to simulate extremely low frequency (ELF)
electromagnetic signals underwater. In addition,
considerable research is being published on the study
of corrosion related magnetic fields of ships using
physical scale modeling [8]. However, a prior
determination of the electromagnetic signatures due
to corrosion faces many challenges. The factors are
too complex and generally uncertain [2]. Thus,
measurements must be carried out in order to identify
precisely these sources and reduce their
electromagnetic signatures. A ship’s electric field,
including AE and SE, has been measured using a data
acquiring system with a three-axis Ag-AgCl electric
field sensor [9]. In order to improve the efficiency of
the countermeasures, a measurement method of the
corrosion related magnetic (CRM) field is introduced
in [10] to separate the static magnetic field from
ferromagnetism induced by the earth’s natural
magnetic field. The 3D alternating and static
underwater magnetic and electric fields were
measured using an underwater electromagnetic
sensor AMI (Antenne Multi Influences) similar to
that used in [11]. However, the alternating magnetic
fields have not been measured because the magnetic
sensor accuracy was not adapted to such
measurement.
Although SE, AE, and SM fields related to
corrosion and anticorrosion are being investigated for
a long time, the study of corrosion-related AM field
is not attracting similar attention. In the present
study, we predict the AM field of ships using a
submerged horizontal electric dipole (HED) model
within shallow sea. An acquisition system involved
in a sloshing platform was developed to measure the
ship’s AM signature. Based on the acquired data, the
characteristics of ship’s AM field were analyzed
using techniques from signal processing.
In Section 2, we describe the modeling techniques
and the ELF electromagnetic field from an air-seaseafloor three-layer HED. Section 3 provides details
on the simulations. Section 4 introduces the
experimental method utilized in sea trials, the data
acquisition system, and signal processing of the
acquired data. We conclude in Section 5.

2. Modeling of Electromagnetic Field
from a HED in Shallow Sea
From previous research, a finite length alternating
HED can be adopted as the origin of ship’s AM and
AE signatures. A priori determination of the electric
dipole moment of the HED is difficult. Hence, a twostep method is adopted in this study. First, we deduce
the magnetic field intensity of various points in AM
field which is produced by the HED submerged in
sea by solving the corresponding Maxwell’s
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equations. Sea trial experiments are subsequently
performed to collect the actual AM intensity with
respect to a moving ship. Finally, the electric dipole
moment of the ship is estimated by comparing the
theoretical values and the experimental results.

2.1. Expression of Magnetic Vector Potentials
(MVP)
Given that our experiment is performed in the
shallow sea, an air-sea-seafloor three-layered model
is used. A three-layer physical model, which contains
a semi-infinite air layer, a finite deep seawater layer,
and a semi-infinite seabed-layer, is better suited to
shallow seawater.
As shown in Fig. 1, an interesting and practically
important three-layer region consists of a half-space
of air (Region 0, z > 0 ), a finite sea depth (Region
1, − D < z < 0 ), and a homogeneous conductive
half-space of seabed (Region 2, z < − D ), as
illustrated in Fig. 1. A HED with moment
J = Il aligned along the x axis and angular
frequency ω is located at the origin (0,0,0). In the
applications, Regions 1 and 2 comprise a good
conductor. Hence, the three regions are characterized,
respectively, by the following wave numbers:

k0 = ω μ0ε 0 ; k1 ≈

jωμoσ 1 ; k2 ≈

jωμoσ 2

(1)

Fig. 1. Geometry of the EM radiation problem
in the shallow seawater.

The properties of the three regions at the
operating frequency are assumed to satisfy the
following inequalities:

k02  k22 < k12

(2)

According to classical electromagnetic theory, the
formula of the MVP An ( n = 0,1, 2) in the three
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regions can be represented using Equation (3). The
boundary condition is provided in Equation (4).

2.1. Expression of Electromagnetic Fields

∇ 2 A 0 = 0; ∇ 2 A1 + k12 A = − μ0 J; ∇ 2 A 2 + k2 2 A = 0 (3)

The relationship
induction intensity B
expressed using:

n ⋅ ∇ × (A n +1 − A n ) = 0; n × ∇ × (

A n +1

μ n +1

−

An

μn

) = 0;

B = ∇× A

(4)

A
A
n × ∇∇ ⋅ ( 2n +1 − 2n ) = 0
k n +1 k n

where n represents the normal unit vector.
Combining Equation (3) and (4), the expression of
An (n = 0,1, 2) can be derived.

between the magnetic
and MVP A can be

(5)

Inserting equation (5) to the derived results for the
upper segment, the magnetic induction intensity in
the sea (Region 1) can be derived as follows:

∂Az1
μ Il ∞
= − 1  ( Ez1e − zv1 + Fz1e zv1 )λ 2 J 2 (λρ )d λ cos θ sin θ
4π 0
∂y
∂A
∂A
By1 = x1 − z1
∂z
∂x
∞
∞
Il
μ
 1
− v1 ( z + d )
d λ −  λ v1 J 0 (λρ )(C x1e − zv1 − Dx1e zv1 ) d λ ]
 4π [− 0 λ J 0 (λρ )e
0

+ μ1 Il ∞ ( E e − zv1 + F e zv1 )(λ 2 cos 2 θ J (λρ ) − λ J (λρ ))d λ
0 > z > −d
2
z1
 4π 0 z1
ρ 1
=
 μ1 Il [ ∞ λ J (λρ )ev1 ( z + d ) d λ − ∞ λ v J (λρ )(C e − zv1 − D e zv1 )d λ ]
0
x1
x1
0 1 0
 4π 0
 μ Il ∞
λ
+ 1  ( Ez1e − zv1 + Fz1e zv1 )(λ 2 cos 2 θ J 2 (λρ ) − J1 (λρ ))d λ
z < −d
ρ
 4π 0
Bx1 =

Bz1 =

(6)

∂Ax1
μ Il ∞ e− v1 z + d
=− 1  (
+ C x1e − zv1 + Dx1e zv1 )λ 2 J1 (λρ )d λ sin θ
4π 0
v1
∂y

where,

Cx1 = −

Dx1 =

E z1 =

R e − v1 (2 D − d ) + R01e − v1 (2 D + d )
e − v1d Dx1
+
= − 12
v1
R01
v1
R01 R12 e −2 v1D + 1

1 e − v1d − R12 e − v1 (2 D − d ) R01 e − v1d − R12 e − v1 (2 D − d )
=
v1 R e −2 v1D + 1
v1 R01 R12 e −2 v1D + 1
12
R01

M 01 + 1
λC G − 1
Fz1 − x 0 01
M 01 − 1
v0 M 01 − 1

μ2
v
Dx 2 (G12 − 1)( M 01 + 1)e− ( v + v ) D − 1 Cx 0 (G01 − 1)( M 12 − 1)e−2 Dv
v0
λ μ1
2

=

v1

1

( M 01 − 1)( M 12 − 1)e−2 Dv1 + ( M 01 + 1)( M 12 + 1)

1

,

μ2
v
Dx 2 (G12 − 1)( M 01 − 1)e− ( v + v ) D + 1 Cx 0 (G01 − 1)( M 12 + 1)
v0
λ μ1
, vn = λ 2 − kn2，n = 0,1, 2 ,
Fz1 =
−2 Dv
2

v1

R01 =

( M 01 − 1)( M 12 − 1)e

1

1

+ ( M 01 + 1)( M 12 + 1)

v1μ0 − v0 μ1 ,
k2
k2 μ v
k2 μ v
k2
v μ −v μ
R12 = 2 1 1 2 , G01 = 02 , G12 = 12 , M 01 = 02 1 1 , M 12 = 12 2 2 .
k2
v1μ0 + v0 μ1
k2 μ1 v1
k1 μ0 v0
k1
v2 μ1 + v1μ 2
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2.3. Computation of the Sommerfeld
Integrals
The calculation of the field components in
Equation (6) requires the evaluation of Sommerfeld
integrals. These integrals can be expressed in the
form as follows:
∞

s ( ρ , z ) =  W (λ ) J n (λρ )e

− λ 2 −k 2 z

0

dλ

z-component of magnetic field intensity produced by
HED (its moment is J = 1A ⋅ m ) near the sea
surface are about 0.1 nT. Given the development of
modern magnetic sensors, this weak magnetic signal
is observable.

(7)

,

where W (λ ) is the elementary function of

λ

,

J n (λρ ) is the first kind Bessel function of order
n = 0,1, 2 , and ρ is the radial distance from the
source point to observation point in a cylindrical
coordinate system. These integrals are difficult to
evaluate
because
their
integrands
possess
singularities near the integration path and are, in
general, oscillatory and slowly convergent. A review
of the extrapolation methods for accelerating the
convergence of Sommerfeld type integrals is
presented in the literature [12]. A practical method
which combines two different numerical integration
techniques was adopted in a previous study [13].The
two numerical integration techniques are Gauss
Laguerre Quadrature method and Romberg-Shanks
composite method. The method to be adopted
depends on the value of ρ / z , the ratio of horizontal
distance ρ and the vertical distance z between
source point and observation point. We use this
similar composite method in this study. When ρ / z
is less than 1, Gauss-Laguerre quadrature method is
used. When ρ / z is greater than 1, the Sommerfeld
integral above can be expanded into a sum of subintegrals, as written in the following equation:
∞

∞

m =1

m =1

S =  Bm = 

xm

xm−1

W (λ ) J n (λρ )e

where xm is the m

− λ 2 −k 2 z

dλ

(8)
,

th

Fig. 2(b). 3D distribution curve of magnetic field intensity
in the plane above seabed z-component.

zero of the Bessel function

J n (λρ ) , and x0 = 0 . The Bm integrals are
evaluated via Romberg
transformation is adopted

Quadrarure. Euler
to accelerate the

convergence of the sequence {Bm } instead of
Shanks transformation.

2.4. Numerical Result
As far as possible, we assumed that the moment of
HED is J = 1A ⋅ m , and its location is (0,0,-1). The
depth of the sea is 30 m, and the series of observation
points is distributed on a plane, which is 5 m above
the seabed.
As shown in Fig. 2, using the above assumptions,
the maximum values of y- component and
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Fig. 2(a). 3D distribution curve of magnetic field intensity
in the plane above seabed y-component.

3. Measurement of AM Signatures
In our sea trial experiments, a moored contact
platform was used as shown in Fig. 3. A steel cable
connecting the platform to an anchor on the seabed
prevents it from drifting away. Given the action of
the water flow, the platform was constantly swinging.
As shown in Fig. 3, the experimental area depth is
approximate 30 m. A 3-axis flux-gate magnetic
sensor and a measuring system were placed in a
sealed experimental module. The vertical distance
between the magnetic sensor and the seabed is about
5 m.
A strapdown 3-axis accelerometer was adopted to
get the z-component of the magnetic field intensity.
The block diagram of the magnetic measurement
system is shown in Fig. 4.
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Comparing Fig. 5 (d) and Fig. 2 (b), we observe that
the alternating magnetic fields which are produced by
the trial ship are comparable to the fields produced by
a HED whose dipole moment is 1 A ⋅ m .

Fig. 3. Schematic diagram of the experimental condition.

Fig. 5 (a). Raw sensor data.

Fig. 4. Block diagram of the measuring system.

As shown in Fig. 4, the magnetic field
measurement system is a data acquisition and
recording device. 24-bit Σ-Δ analog-to-digital
converter, LTC2444, is used to sample sensor data. A
TF card is used to save the data gathered. After the
experiment, the measurement system was salvaged
and the data recorded were uploaded to upper
computer via USB.
The measured magnetic field of a medium size
ship is shown in Fig. 5, including its time-frequency
diagram and amplitude-frequency curve.
Given the diversionary error related to the threeaxis system parameters of the magnetic sensor, such
as the orthogonal error between axes, the inconsistent
error of amplification, and bias for each axis, the
estimation of z-component of the magnetic field is
influenced by the carrier’s vibration. Thus, the
z-component of the magnetic field contains a
modulated wave caused by the swaying platform, as
shown in Fig. 5(a). A 1–20 Hz narrow-band filter was
used to reject the modulated wave. After filtering, an
envelope curve of AM as the ship passes can be seen
between 200–250 s in Fig. 5 (b). Fig. 5 (c) shows the
time-frequency diagram, whereas Fig. 5 (d) shows
the amplitude-frequency curve. From Fig. 5 (d), we
observe that the ship’s AM signal has a stable line
spectrum whose basic frequency is equal to the
rotation rate of the propeller (about 1Hz). The AM
signal also has distinct harmonic components.

Fig. 5 (b). After narrow-band filtering.

Fig. 5 (c). Time-frequency diagram of (b).
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Fig. 5(d). Amplitude frequency curve with ship passing
and no ship.

4. Conclusions
The experimental results demonstrate that
alternating magnetic fields produced by a ship
contain rich frequency components. The basic
frequency is observed to be equal to the rotation rate
of propeller. Each frequency band of these fields is
strong enough to be detected by normal detection
technology. The equivalent dipole moment of the
trial ship is in the order of 1 A ⋅ m obtained by
comparing the test model and the experimental
results.
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