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Numerical Analysis of Nonuniform Geoelectric
Field Impacts on Geomagnetic Induction
in Pipeline Networks

Min-zhou Liu, Graduate Student Member, IEEE, Yan-zhao Xie, Senior Member, IEEE,
Ning Dong, Zong-yang Wang, and Yi-fan Yang

Abstract—Modeling the geomagnetic induction in pipeline
networks is essential for the risk assessment and management of
geomagnetic disturbances. The induced geoelectric field (GEF) is
usually spatially nonuniform, depending on the distribution of the
geomagnetic variation and the earth conductivity. However, few
studies have been conducted on the induction in complex pipeline
networks with nonuniform GEF. In this paper, a calculation
model for induction in pipeline networks with nonuniform GEF
is proposed by utilizing the modified equivalent-pi circuits. Then
the proposed model is used to investigate the distribution of pipe-
to-soil potentials and geomagnetically induced currents in the
pipeline network under several typical nonuniform GEF scenar-
ios due to geomagnetic source fields, including local enhancement
and spatially gradual variation. Furthermore, taking the coast
effect as a typical case, the influence of the lateral variation of
earth conductivity on the induction is analyzed. The results show
that the nonuniform GEF may greatly affect the induction results
in the local parts of the pipeline network.

Index Terms—Geomagnetic disturbance, geomagnetically in-
duced currents, nonuniform geoelectric field, pipe-to-soil poten-
tials, pipeline network.

I. INTRODUCTION

EOMAGNETIC disturbances (GMD) caused by solar

activities induce a low-frequency geoelectric field (GEF)
on the earth’s surface [1]-[3], thereby generating pipe-to-
soil potentials (PSP) and geomagnetically induced currents
(GIC) in the pipeline network. The geomagnetic induction
may accelerate the corrosion of the pipeline, interfere with
the cathodic protection system and other electrical equipment
along the pipeline, which may have the potential to reduce
the service life and even affect the operational safety of the
pipeline [4]-[9]. Therefore, calculation of the geomagnetic
induction in the pipeline is of great significance for evaluating
the impacts of geomagnetic storms and identifying vulnerable
pipes for protection.
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The induced GEF on the ground surface is usually spa-
tially nonuniform, which is affected by the distribution of
both the geomagnetic variation and the earth conductivity.
For some types of GMD, such as auroral electrojet in the
ionosphere at high latitudes, the space current system as an
external source is relatively complex, and the resulting spatial
distribution of magnetic field disturbances is less uniform than
that at low latitudes [10]-[13]. Another cause of nonuniform
GEF is the complex distribution of earth conductivity [14]-
[20], especially the lateral variations in coasts, lakeshores,
and geodetic fault zones, which may lead to a local GEF
increase near the interface [20]-[22]. Some previous studies
on GIC measurements and simulations have shown that the
nonuniform GEF may greatly affect the induction results in the
power grid [12], [14], [16], [17], whereas few studies exist on
the nonuniform GEF induction in complex pipeline networks.

For the pipeline induction analysis, the transmission line
model is usually required to obtain the PSP and GIC along
the pipeline, which is different from the lumped circuit model
used for GIC calculation in the power grid [1], [23], [24].
The interconnection of pipelines forms a complex network,
which requires efficient induction algorithms for large-scale
network analysis. Boteler and Cookson first proposed the
distributed source transmission line (DSTL) model for geo-
magnetic induction in pipeline in 1986 [4]. Pulkkinen et al.
adopted the equivalent Thevenin circuit model of the pipeline,
and compared the induction results under different types of
discontinuities such as the bends, junctions and branch points
[5]. Boteler proposed the equivalent-pi circuit model of the
pipeline under the wuniform GEF in 2013, which is more
suitable for the induction calculation of large-scale pipeline
networks [6]. On the basis of the above studies, we propose a
more general induction calculation model of pipeline networks
under the spatially nonuniform GEF based on the transmission
line theory, and study the influence of non-uniformity of GEF
on PSP and GIC along the pipelines.

This paper is organized as follows. Section II briefly in-
troduces the DSTL model of the geomagnetic induction in a
pipeline with nonuniform GEF. Section III details the proposed
equivalent-pi circuit model of pipeline under nonuniform GEF,
and summarizes the algorithm of induction in pipeline net-
works. Then, the induction in the pipe network with nonuni-
form GEF caused by geomagnetic source field is analyzed
in Section IV, and the results under local enhancement and
gradual variations are compared. In Section V, the influence
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of the lateral conductivity variation on the induction results
is analyzed. Finally, Section VI presents the summary of this

paper.

II. GEOMAGNETIC INDUCTION IN A PIPELINE WITH
NONUNIFORM GEF

A. Modeling Nonuniform GEF

For the geomagnetic induction analysis of the pipe net-
work and power grid, the induced horizontal electric field
E = [E,, E,]" on the ground surface is required, which
can be calculated by combining the horizontal magnetic field
B = [B,,B,|T and the earth conductivity model. Their
relationship at frequency f is as follows [1], [15]:

E(f,x) = K(f,x) - B(f,%) (D

where K(f,x) € C?*? is the magnetotelluric transfer func-
tion (TF), also called magnetotelluric impedance in practical
magnetotellurics [15], which can be inferred from electromag-
netic measurements or numerical simulations; x is the spatial
coordinates on the ground surface; and sub-z and sub-y refer
to the components in the north and east directions.

The spatial distribution of the magnetic field can be calcu-
lated from the space source currents [1], [10], or obtained by
spatial interpolation from the measurements at one or multiple
geomagnetic observatories [13].

For the earth with 3-D complex distribution of conductivity,
the response K(f,x) is usually a full matrix as in (2), and
changes with the spatial coordinates [15]. In this case, the
magnetic field and electric field on the earth surface are usually
not orthogonal, thus resulting in a spatially nonuniform GEF.

Ko = [0 5] 0w @

For a uniform or 1-D horizontally layered earth model, the
TF is reduced to (3), which can be calculated by the plane
wave method [1].

T ()

B. DSTL Model of Geomagnetic Induction in a Pipeline

To analyze the geomagnetic induction of the pipeline, we
need to establish the transmission line model due to the weak
conductivity of the external insulating coating of the pipeline
in practice. Especially with the increase of service age, the
conductivity of the coating may increase, and leakage points
may even appear along the pipeline [25], [26].

In this section, the pipeline is represented as a 1-D transmis-
sion line along the x-axis for ease of expression. The DSTL
model of the geomagnetic induction in a pipeline [5], [6] is
shown in Fig. 1, where F(z) is the tangential component of
the GEF along the pipeline, Z and Y are the series impedance
and parallel admittance of the pipeline respectively, depending
on the resistivity and geometric parameters of the steel and
coating. In addition, the reactance and susceptance in the
DSTL model are usually ignored because of the relatively low
frequency of GMD (0.1 mHz-0.1 Hz).

li E, (x)dx E, (x +dx)dx
iy zae %0y zax ‘Emz Ird)
O ) > o
\% V(X)| | |Ydx V (X + dx) J Ydx J vV,
o o
x=0 T» - dx > x=L
Fig. 1. Schematic diagram of DSTL model of geomagnetic induction in a

pipeline with nonuniform GEF.

The propagation constant + and characteristic impedance
Zc of the pipeline can be calculated as follows:

N=VZY, Zc=\Z]Y 4)

The transmission line equations of the pipeline under the
external electric field are described as follows:

dviz) + Z1(x) = Ey(x)
ity ©)
d(;) +YV(z)=0

where V' and I are the voltage and current along the pipeline,

defined as PSP and GIC in pipeline induction, respectively.
Suppose the length of the pipe is L, and set the left end

x = 0. The solution of the transmission line equations [27] is

Viz)| _ V(0) ’ Ey(z2)
[I(z)]_q)(x) [I(O)]+/O @(w—z){ 0 }dz (6)
where the chain-parameter matrix ®(x) of the pipeline is

calculated by

_ cosh(vyx)
&(z) = {— sinh(yz)/Z¢

Thus, the relationship of the induced voltage and current
between the two terminals of the pipeline (i, k) is as follows:

—Zc sinh(’yx)] 7

cosh(yz)

Vi =cosh(yL)V; — Z¢ sinh(yL)I;

L 3
+ / cosh (v (L — 2)) Fy(2)dz
0
I, =— %(WL)W + cosh(vL)I;
¢ ©)

Esinh (y(L — 2))
,/O Z—cEt(Z)dZ

where the convolution term is the equivalent source to char-
acterize the effect of the GEF.

III. CALCULATION MODEL OF INDUCTION IN PIPELINE
NETWORKS WITH NONUNIFORM GEF

In this section, firstly the equivalent-pi circuit of the pipeline
with a nonuniform GEF is established. Secondly, a nodal
admittance matrix method for large-scale pipeline network
analysis is proposed, and then the induced voltage and current
along each pipeline can be obtained. Finally, the proposed al-
gorithm is summarized and verified using a pipeline example.
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The calculation formulas for the uniform GEF, as a special
case, are listed in this section, and are consistent with the
results in Reference [6].

A. Egquivalent-Pi Circuit for Induction in a Pipeline

The pipeline excited by the induced GEF can be modeled
as an equivalent-pi circuit. For discontinuities in the pipeline,
such as bends, insulating flanges, leakage points, and branch
points, additional nodes can be added to divide the pipeline
into multiple segments, and the equivalent-pi circuit model is
established for each segment.

Boteler proposed the equivalent-pi circuit model for the
pipeline with uniform GEF Ex(x) = Ey [6], as shown in Fig.
2. The external uniform GEF is characterized by an equivalent
current source I”, which is computed as follows:

Ey
7E=2 10
7 (10)
i\
| _/
i , |
— ! Z kI
o o)
|
Y’ Y’
V-J I el lvk
o o)
x=0 — x=L

Fig. 2. Equivalent-pi circuit for induction in a pipeline with uniform GEF
proposed by Boteler [6].

For the more general case of nonuniform GEF, we establish
an equivalent-pi circuit with two equivalent current sources
for the pipeline as depicted in Fig. 3, whose parameters are
derived in detail below.

i ' |
— L Z Kk
o ' 1 ——
|
Y’ Y’
Vi |iE H? ?[] IIE lvk
O O
x=0 x> x=L

Fig. 3. Equivalent-pi circuit for induction in a pipeline with nonuniform GEF.

The relationship betweent the two ends of the equivalent-
pi circuit in Fig. 3 can be obtained according to Kirchhoff’s
voltage and current laws:

Vi =Vi— 17
Y/

Y/
Ik:I—VkE—i-I,f

Thus, the voltage and current at node k£ can be expressed
by those at node ¢ as

Y'Z’'

Vk_<1+

Y'Z' Y'Z'
Ik:—Y,<1+ 1 >%+<1+ 5 )IZ-

Y'Z'
+ <1+ 5 )If+1,f

) Vi - 2'1; - Z'IF (12)

13)

Comparing the coefficients in (12)-(13) with the results in
(8)-(9) via transmission line theory, the parameters of the
equivalent-pi circuit can be derived as

7' = ZgsinhvyL
Y" cosh(yL) —1

=7 - 14b
2 ZgsinhyL (14)

1 L
IF = Z<;smh(7L)/0 cosh (v(L — 2)) By (2)dz  (14c)

1 L
F___ - L B(Nd
F Zg sinh(yL) /0 cosh (vz) Ey(z)dz

To calculate the equivalent current sources, different weights
are given to the electric field along the line, hence the
nonuniform electric field causes the difference in the amplitude
of the two current sources. The effect of the nonuniform GEF
depends on pipeline lengths: for an electrically short pipeline
satisfying L < 1/ [5], we obtain coshyz ~ 1 (0 < 2z < L),
thereby the influence of the non-uniformity of GEF is rela-
tively small in this case; whereas the opposite is true for an
electrically long pipeline.

In particular, for a uniform electric field Fi(z) = Ep, the
equivalent current sources in (14c)-(14d) can be simplified as

(14a)

(144d)

E E
E——io Ezio
Ii=——, Ii=— (15)

B. Calculating Nodal PSP via Admittance Matrix Method

The equivalent-pi circuits of pipelines are interconnected to
form a network, as illustrated in Fig. 4, where the equivalent
current sources on the connected pipelines are integrated into
the nodal current injection.

The pipeline network is represented as an undirected graph
G = (V, &), where V is a set containing n, vertices and &
is a set containing n. edges. The voltage of each node in the
network can be calculated using the nodal admittance matrix
method [1], [6]:

V=Y (16)
where J € R™*! is the current source vector, and J; is the
sum of the equivalent current sources injected into node ¢
via (17); Y € R™*™ js the nodal admittance matrix, and
the diagonal element Y;; and the off-diagonal element Y},; are

calculated via (18).
Ji= >

kei,k£i

a7
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Fig. 4. Schematic diagram of the pipeline network, where node ¢ is connected
to node k, m, and n through pipelines.

where 7,5 is the equivalent current source at node ¢ of pipeline
(i, k).

Yii=yiio+ > Wik +iro) Yii = Uk
kei ki

(18)

where y;;, and y;xo are parameters of the equivalent-pi circuit
of pipeline (i,k) as depicted in Fig. 4, and y;;o is the
admittance of the additional grounding branch of node 1.

C. Calculating PSP and GIC Along Pipelines

Different from the induction analysis in the power grid
that regards the GIC along a line as an invariant, all PSP
and GIC results along a line are usually required in the
pipeline analysis, which can be solved by (19)-(20) based on
the transmission line theory [5]. In addition, this step can be
performed only on some pipelines of interest in the network.

V(z)=Zc ((A+ P(2))e " — (B+Q(z)) ™) (19
Iz)=(A+ P(x))e "™ + (B+ Q(x)) e (20)
where ) .
P(z) = — | €7 Ei(z)dz
ek, @
Qx) = ~37 /. e " Ey(2)dz

The voltages at two terminals of the pipeline via the nodal
admittance matrix method are used as boundary conditions:

Vi =Zc (A— (B+Q(0)))
Vi = Zc ((A+ P(L)) e 7" — Be'™)

Thus, the coefficients of the general solution A and B can
be calculated as follows:

(Vi = Vie'h) / Ze — P(L)e™ 7" — Q(0)e? ™
e 7L — el
(Vi = Vie ") /Zo — P(L)e "2 — Q(0)e ™
e 7L — el

(22)

A=

7

(23)
B =

Especially, for a uniform electric field, the voltage and
current along the pipeline in (19)-(20) can be simplified into
Vi = Vied® Vi = Vie 7"

V(:E) T el _ ek - e—7L _ VL €

e (24)

Vk — VieWL —z
"= zeem —on* es)
Vi — V;eifyL z EO
+ e’ +
Zc (emrh —erh) vZc

D. Procedure of Induction in Pipeline Network Algorithm

The detailed procedure to calculate the PSP and GIC in
pipeline networks generated by the nonuniform induced GEF
is shown in Algorithm 1.

Algorithm 1 Geomagnetic Induction in Pipeline Networks

Input: A pipeline network G = (V, £) with topology, spatial
coordinates of each node and transmission line parameters
of each pipeline; spatial distribution of horizontal electric
field vector E.

Output: PSP and GIC of each pipeline.

1: for (i,k) in £ do

2:  Calculate the parameters of equivalent-pi circuit for
pipeline (7, k) using (14a)-(14d);

3: end for

4: Make the nodal current injection vector J and the network

admittance matrix Y as in (17)-(18);

5: Calculate the nodal PSP in the pipeline network via (16);

6: for (i,k) in € do
Calculate the induced voltage and current along the
pipeline (i, k) via (19)-(20);

8: end for

For a uniform GEF, the simplified (15) can be used to
calculate the current sources in the equivalent-pi circuit, and
(24)-(25) can be used to calculate the PSP and GIC along the
pipeline instead.

For an actual pipeline network on the 2-D ground surface
given the nodal coordinates, the 1-D line integrals of the
tangential electric field in the above equations need to be
extended to the 2-D line integrals of the electric field vector.
The line integrals along the pipeline (i, k) of the product of
a certain function g(x) and the GEF can be calculated as
follows:

/Xk g(x)E(x)dl = /Xk 9(x)E,(x)dz
X X (26)

+ ™ 90 B, () dy

i

i

where dz and dy represent the northward and eastward lengths
of dl respectively, which can be calculated via Reference [28]
if nodal coordinates are expressed in latitude and longitude.

E. Verification of Induction Algorithm With Nonuniform GEF

A single northward pipeline with insulated ends is used
to validate the induction algorithm for nonuniform GEF. The
pipeline length is 500 km. The series impedance Z is 0.005
1/km, and the parallel admittance Y is 0.05 S/km. The above
parameters are from a typical case of electrically long pipes in
[5], since the nonuniform GEF has a relatively greater effect
on electrically long pipes as discussed in Section III-A. The
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Fig. 5. Comparison of PSP and GIC results with respect to distance x along
the pipeline using nonuniform and piecewise uniform algorithms.

spatial distribution of the nonuniform GEF is assumed to be
Ei(z) = 0.00lx V/km, where x is the distance along the
pipeline in kilometers.

The induction algorithms in this paper are implemented in
MATLAB R2019b. The following two methods are used for
comparison: 1) Nonuniform method: an equivalent-pi circuit
model with nonuniform GEF is established via (14a)-(14d),
resulting in a 2-node network; 2) Piecewise uniform method:
the pipeline is equally divided into 500 sections by length, and
the GEF of each segment is taken as the value located at the
midpoint. An equivalent-pi circuit model with uniform GEF is
established for each segment using (10), resulting in a network
of 501 nodes. The PSP and GIC along the pipeline obtained
by the two methods are highly consistent, as shown in Fig.
5, which illustrates the accuracy of the proposed model. In
addition, the former method can reduce the order of the nodal
admittance matrix in (16) by simplifying each pipeline into
an equivalent circuit, thereby decreasing the computational
burden.

IV. EFFECTS OF NONUNIFORM GEOMAGNETIC SOURCE
FIELDS ON INDUCTION IN PIPELINE NETWORKS

A. Locally Enhanced and Gradually Changing Nonuniform
GEF Scenarios

The spatial distribution of the nonuniform GEF used in this
section is from the EPRI report [12], provided in a 0.5° x 0.5°
regular grid, which includes two scenarios visualized in Fig.
6. In scenario 1, there is a local enhancement in the GEF
magnitude to 12 V/km in an area of 1° x 1°, while the
remaining area is 1.2 V/km, and the GEF direction is modified
to east in this paper. This type of GEF is caused by the local
enhancement of the geomagnetic field occurring in areas of
hundreds of kilometers at high latitudes, rather than the lateral
changes in earth conductivity [11]. In scenario 2, both the
magnitude and direction of the GEF vary gradually with the
spatial coordinates. The spatial distribution of space currents
at high latitudes is quite complicated, and the above two
scenarios are regarded as typical GEF caused by nonuniform
geomagnetic source fields in this paper.

B. Synthetic Test Pipeline Network 1

A modified 9-node and 8-line test pipeline network pre-
sented in Fig. 7 is used for induction analysis in this section,
whose spatial cooridnates are listed in Appendix Table A-I,

including a main line ‘3-4-5-6-7-8 and three branch lines
‘1-3’, 2-3’ and “7-9’. The original data are obtained from
Boteler’s paper [6], and some parameters have been adjusted.
The length of each pipeline has been modified into twice
the original length to match the footprint of the GEF in this
section. The series resistance of the main and branch pipeline
is 0.00492 and 0.01544 Q/km, and the parallel conductance
is 0.012 and 0.006 S/km, respectively.

C. Induction Results With Nonuniform GEF

For the two nonuniform GEF scenarios, the induction results
in the pipe network are compared with the corresponding
uniform GEF. The nodal PSP and maximum line GIC are
shown in Table I and Table II, and the PSP and GIC along
the main pipeline 3-8 are shown in Fig. 8.

If we compare the induction results of nonuniform GEF
scenario 1 with those of 1.2 V/km eastward uniform base
case, we can see that the PSP of almost all nodes and the
maximum GIC of all pipelines in the network have increased
significantly due to local GEF enhancement. The spatially
locally enhanced GEF covers all of the pipeline 4-5 and a
part of the pipeline 3-4 and 5-6. The induction results of these
pipelines are directly affected by the nonuniform GEF, while
the changes in the results of other pipelines are mainly caused
by network interconnection.

In the case of a uniform GEEF, the peak of PSP is at the
end of the main pipe, which is called the corner effect, while
the peak of GIC appears in the middle of the pipe. After the
GEF is locally enhanced, the PSP peak appears at the edge of
the GEF enhanced area, and the GIC increse of the pipeline
located in the GEF enhanced area is higher than that of other
pipelines.

For the nonuniform GEF scenario 2, the spatial distribution
of the GEF amplitude is characterized by being smaller in the
west and larger in the east. As a comparison, the uniform GEF
case is taken as the average value of scenario 2, resulting in a
southeast GEF of E;, = —0.945 V/km, E, = 4.337 V/km. The
induction results along the main pipeline under nonuniform
and uniform GEF are compared in Fig. 8. It can be seen that
the overall spatial distributions of PSP and GIC are similar in
the two cases, but there is a deviation in amplitude. The spatial
averaging of the GEF leads to an underestimation of the PSP
and GIC magnitudes in the east of the network, corresponding
to the area with a larger local GEF, whereas the induction
results are overestimated in the area with a smaller local GEF.

V. EFFECTS OF LATERAL CONDUCTIVITY VARIATIONS ON
INDUCTION IN PIPELINE NETWORKS

A. Nonuniform GEF Due to Lateral Conductivity Variations

The lateral variation of the earth conductivity causes the
distortion of the GEF near the interface, which affects the
induction results in pipeline networks. Fig. 9 presents the thin-
sheet coast model from Reference [20] adopted for demon-
stration. The parameters in the model are set as follows: The
space source current is a uniform surface current at 100 km
in height, with an amplitude of 1 A/m and a cosine waveform
at 0.001 Hz; the depths of sea and land are 5 km and 500 km,
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Fig. 6. Spatial distribution of the nonuniform GEF. The arrow in the figure indicates the electric field vector from the EPRI report [12]; the colored map
visualizes the spatial distribution of the interpolated GEF; the blue line shows the location of the pipes, and the gray curve is the base map.
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Fig. 7. The synthetic 9-node and 8-pipeline network 1. The red labels indicate
the number of nodes, and the black labels are pipeline lengths in kilometers.
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Fig. 8. Comparison of PSP and GIC results with distance along the main
pipeline ‘3-8’ of network 1 in the case of nonuniform and uniform GEF. The
points in the figure indicate the positions of nodes along the main pipeline.
(In subfigure (a) and (c), the dark gray part of the pipeline is located in the
12 V/km enhanced area, the white part is located in the 1.2 V/km base area,
and the light gray part is located in the linear transition area from 12 V/km
to 1.2 V/km.)

TABLE I
NODAL PSP (V) IN PIPELINE NETWORK 17

GEF Scenario 1 GEF Scenario 2

Node

Nonuniform  Uniform  Nonuniform  Uniform
1 -266.76 -124.84 -297.46 -495.81
2 -299.47 -140.62 -284.65 -508.07
3 -274.63 -88.61 -236.49 -320.09
4 -104.01 4.86 -87.45 3.61
5 228.72 5.93 -7.83 57.37
6 345.66 34.40 130.34 161.00
7 246.97 44,77 165.08 166.21
8 250.29 111.31 504.54 342.27
9 260.46 79.56 384.28 322.46

* The gray cell indicates that the node is located in the local
enhancement area of the GEF.

TABLE 11
MAXIMUM LINE GIC (A) IN NETWORK 1°

From To GEF Scenario 1 GEF Scenario 2
Node Node Nonuniform  Uniform  Nonuniform  Uniform
3 4 979.27 173.49 613.02 649.59
4 5 995.50 173.07 665.63 649.26
5 6 914.65 167.49 666.27 617.93
6 7 617.87 150.90 619.45 528.45
7 8 33341 104.35 434.52 340.14
1 3 123.42 48.57 123.25 185.57
2 3 100.31 40.05 92.10 144.70
7 9 74.39 18.15 79.83 71.30

* The gray cell indicates that part or all of the pipeline is located in the
local enhancement area of the GEF.

and the conductivity is 4 S/m and 0.01 S/m, respectively. The
finite element method [19], [20], [22] is used to calculate the
spatial distribution of the induced GEF on the earth surface,
and the block model is used as a comparison to illustrate the
additional influence of ocean, i.e., the GEFs on the surface
of land and sea are calculated separately by the plane wave
method without considering their mutual influence [1], [14].
The direction of the space source currents is taken as east
and north respectively, and the resulting surface GEF distribu-
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tion is shown in Fig. 10. In the two cases, the GEFs near the
interface show different changes. For the space source currents
perpendicular to the coast, i.e., along the east direction, an
eastward GEF is induced on the earth surface, and the H-
polarization [20] causes the GEF to increase on the land side
near the interface. For the space source currents parallel to
the coast, a northward GEF is induced on the earth surface,
and the E-polarization [19] causes the GEF distortion, whose
changes are opposite to the H-polarization case.

Space Source Currents

Land

d I—»v

z

[

Fig. 9. Schematic diagram of coast model excited by space source currents.
The earth surface is on the z = O plane, and the coast is along the north
direction at y = 0. The height of the space source currents, the depth of the
ocean and land are h., ds and dj, respectively.

B. Induction Results Considering Coast Effect

This section adopts the synthetic test pipe network 2 from
Reference [6] for induction analysis, as shown in Fig. 11, and
the nodal coordinates are detailed in Appendix Table A-I. The
GEF results obtained by the thin-sheet model and the block
model, denoted as Fsp and F1p, are used as inputs to analyze
the induction in the pipe network. Due to the phase difference
between the GEF at different locations on the surface, the real
and imaginary parts of the GEF are used for the induction
calculation separately, which are then combined to obtain the
final amplitudes of the PSP and GIC in the pipelines.

The PSP along the main pipeline is shown in Fig. 12. The
PSP of node 8 near the coast is analyzed as an example: for
H-polarization, due to coast effect, the PSP of node 8 increases
to 138.0% of that in the case of 1-D uniform land; whereas
for E-polarization, it decreases to 33.8% of the original. The
induction results of other pipes have relatively small changes
due to the larger distance from the coast.

C. Influence of Coast at Different Frequencies

The influence of coast at different frequencies on the induc-
tion in the pipe network is analyzed. The ratio of GEF on the
land side near the coast obtained by thin-sheet model and block
model Fsp/E1p is used to illustrate the extent of the coast
effect. As shown in Fig. 13, with the frequency increases, the
enhancement effect of the H-polarization on the GEF gradually
decreases, whereas the weakening effect of the E-polarization
on the GEF tends to grow gradually stronger.

The effective distances of the coast effect, defined as the
distance from the coast within which the difference between
FEsp and E1p on the land is greater than 10% [20], at different
frequencies are shown in Fig 14. The effective distance of the

3 15
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1 S o5
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0 0
-500 -250 0 250 500 -500 -250 0 250 500
y (km) y (km)

(a) GEF, H-polarization (b) GEF, E-polarization

Fig. 10. Comparison of GEF at 0.001 Hz based on thin-sheet and block earth
model.
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Fig. 11. The synthetic 9-node and 8-pipeline network 2. The red labels
indicate the number of nodes, and the black labels are pipeline lengths in
kilometers.

PSP (V)

0 100 200 0 100 200

Distance along pipeline (km)

(a) PSP, H-polarization

Distance along pipeline (km)
(b) PSP, E-polarization

Fig. 12. Comparison of PSP with distance along the main pipeline 3-8 of
network 2 at 0.001 Hz in the case of 3-D and 1-D earth model.

E-polarization is larger than that of the H-polarization, and
both generally tend to decrease as the frequency increases.

Correspondingly, the PSP of node 8 using thin-sheet and
block model, denoted by PSP3sp and PSP;p, is presented in
Fig. 15. The change of the PSP magnitude in percentage is
smaller than that of the GEF, since the coast effect weakens
as the distance from the coast increases. As the frequency
increases, the enhancement effect of H-polarization on the
PSP amplitude gradually weakens, which is consistent with the
GEF change shown in Fig. 13a; whereas for E-polarization, the
weakening of the PSP amplitude is slight at higher frequencies,
which is different from the GEF change depicted in Fig. 13b,
mainly due to the shorter effective distance of the coast effect
at higher frequencies. The above results are similar to the
impact of the coast on GICs in the power grid [19], [20]. In
summary, for the pipe network example presented, the coast
affects the PSP of node 8 more at lower frequencies (10~*
Hz-10~2 Hz), regardless of H-polarization or E-polarization.
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Fig. 13. Comparison of GEF results on the land side near the coast using
3-D and 1-D earth model with respect to the frequencies.
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Fig. 14. Effective distance of coast effect at different frequencies.

D. Effects of GEF Spatial Distribution on Inductions in
Pipeline Networks Using Measured Magnetotelluric Re-
sponses

The regional GEF is usually spatially averaged due to the
lack of magnetotelluric measurements or the simplification
of induction simulation models [1], [29], [30]. This section
analyzes its influence on the induction results in pipeline
networks based on EMTF data measured near an actual coast.

The EMTF data at 1,112 USArray sites were obtained from
the IRIS Data Services website [31]. The geomagnetic time
series at the Ottawa (OTT) observatory from NRCan [32]
during March 13-14, 1989 was selected to calculate the GEF.
The calculation process of the GEF spatial distribution is as
follows: first calculate the GEF waveform at each EMTF site,
and then perform spatial smoothing, i.e., the updated GEF
result at each site is the average value at the sites within
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(b) PSP of node 8, E-polarization

Fig. 15. Comparison of PSP of node 8 using 3-D and 1-D earth model with
respect to the frequencies.

a given distance, finally the GEF is scaled according to the
geomagnetic latitude of each site via (27). For GMD risk
assessment, the empirical formula (27) can be used to scale
the GEF to characterize the intensity of geomagnetic activities
at different geomagnetic latitudes [11].

0.1, if A <40°
a(A) =< 0.001 x 1152 if 40<A<60° 27
1, if A > 60°

where )\ is the geomagnetic latitude in degrees.

A GEF peak at 1:17 on March 14, 1989 is selected for
the induction analysis of the pipeline network. The spatial
distributions of original GEF at the EMTF sites and the GEF
under different smoothing distances are shown in Fig. 16.
Spatial smoothing weakens the sharp peak of the GEF and also
causes the loss of local details of the GEF spatial distribution.

This section adopts another modification of the synthetic
pipeline network from Reference [6], denoted as network 3.
Network 3 is obtained by spatial translation of network 1
maintaining the pipe lengths. The geographic coordinate of
node 1 in network 3 is (41°N, 81°W), and the pipe network
passes through the GEF enhancement area on the east coast.
All nodes in the test network 3 are located within the envelope
of the EMTF sites in order to avoid spatial extrapolation of
the GEF.

EMTF sites are usually scattered points with irregular
spatial distribution. In this respect, in the pipeline induction
calculation, the GEF vector along the pipeline is obtained by
interpolation of the value at the EMTF sites based on the
Delaunay triangulation [17].
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Fig. 16. Snapshots of the simulated GEF spatial distribution on the east coast under different spatial smoothing distances at 1989-03-14 01:17. The arrow in
the figure indicates the GEF vector at the EMTF sites [31]; the color map visualizes the spatial distribution of linear interpolated GEF; and the gray curve is

the base map.

First, we compare the induction results along the main
pipeline of network 3 under GEF smoothing at different
distances, where the GEF is linearly interpolated along each
pipeline. As shown in Fig. 17, as the smoothing distance
increases, the peak PSP and GIC amplitudes of the pipeline
tend to decrease. The GEF spatial averaging may smooth out
the fluctuating details of the induction results along the line,
causing some risky sections of the pipeline to be unrecogniz-
able.

In addition, the influence of different interpolation methods
of GEF on the induction of pipe network is analyzed. The
original GEFs at the EMTF sites are interpolated along the
pipeline using linear, nearest neighbor, and natural neighbor
interpolation methods [33], respectively. Fig. 18 shows the
difference in pipeline induction results using different interpo-
lation methods, where nearest neighbor interpolation method
yields larger values. Hence, the modeling and measurement
of GEFs at finer spatial granularity are important for accurate
assessment of geomagnetic induction in pipeline networks.

VI. CONCLUSIONS

In this paper, we propose a calculation method for the
geomagnetic induction in pipeline networks with nonuniform
GEF. The influence of the typical nonuniform GEF distribution
due to geomagnetic source fields such as local enhancement
and gradual variation on the induction results in the pipe
network is investigated, which shows that there is a relatively
large difference in PSP and GIC compared with uniform
GEF. In addition, the lateral conductivity variations also have

0 100 200 300 400 500 0 100 200 300 400 500
z along the main pipeline (km) 2 along the main pipeline (km)

(a) PSP along the main pipeline (b) GIC along the main pipeline

Fig. 17. Comparison of PSP and GIC results along the main pipeline of
network 3 in the cases of different spatial smoothing distances.

100 200 300 400 500 0 100 200 300 400 500
z along the main pipeline (km) z along the main pipeline (km)

0

(a) PSP along the main pipeline (b) GIC along the main pipeline

Fig. 18. Comparison of PSP and GIC results along the main pipeline of
network 3 in the cases of linear, nearest neighbor and natural neighbor
interpolation of GEFs.

a great impact on induction in pipe networks, especially at
low frequencies, and H-polarization and E-polarization cause
increase and decrease of the PSP near the interface, respec-
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tively. Moreover, using the induction results in the pipeline
network based on magnetotelluric response measurements, the
influence of the spatial smoothing and interpolation method
of the GEF on the pipeline induction is analyzed. The model
proposed in this paper can be used to evaluate the geomagnetic
induction in pipelines passing through complex geology if
GEF distribution with finer spatial granularity is available.

APPENDIX

The nodal spatial coordinates of the synthetic modified 9-
node and 8-line networks are shown in Table A-I.

TABLE A-I
NODAL COORDINATES OF SYNTHETIC TEST PIPELINE NETWORKS"

Node Network 17" Network 2
Latitude (°N)  Longitude (°E) z (km) y (km)
1 34.200 -87.000 -3.536 -258.744
2 33.693 -87.035 -31.820 -260.460
3 33.693 -86.388 -31.820 -230.460
4 33.693 -84.231 -31.820 -130.460
5 33.122 -83.547 -63.640 -98.640
6 33.122 -82.797 -63.640 -63.640
7 33.503 -82.341 -42.426 -42.426
8 34.263 -81.424 0 0
9 33.185 -81.961 -60.104 -24.749

* The spatial coordinates of network 1 and network 2 are expressed in
latitude-longitude and distance, respectively.

™ The pipeline lengths in network 1 are changed into twice the original
data from Reference [6].
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