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Understanding the exposure of marine life to

electromagnetic fields generated by subsea

cables

V. Caradonna, P. Sigray, A. B. Gill, A. Azzellino, D. Vicinanza and J. F. Borsani

Abstract— Electromagnetic fields (EMF) generated by
wave and tidal energy subsea power cables can potentially
impact marine life. The primary source of artificial EMF is
subsea power cables, whose estimates of the propagating
levels are typically conducted using theoretical models.
However, these models must be validated with empirical
data collected in situ. This study proposes a new
measurement methodology that enhances the accuracy of
the estimated fields in the water column. The new
methodology employs two fluxgate magnetometers
operating simultaneously: one stationary near the cable
and the other moved around to map spatial variations. The
stationary magnetometer thus serves as a reference.
Changes in the magnetic field recorded by the stationary
fluxgate can be attributed solely to variations in the electric
current flowing through the cable. The advantage of this
configuration is that it enables linear corrections of
changes
Consequently, data from the moving fluxgate can be
adjusted according to the fluctuating current. This
methodology will produce corrected data suitable for

in the cable current during measurement.
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modelling where the current is assumed to be constant.
The methodology was tested in situ on a High Voltage
Alternating Current offshore export cable.
Additionally, it was observed that there were two
contributions to the observed magnetic field: the magnetic
field from a balanced load that attenuates effectively with
increasing distance and the magnetic field generated by an
unbalanced load that decreases more slowly and, as a
result, influences a larger volume.

wind

Keywords— balanced current, data collection, EMF
propagation, magnetic field, subsea power cables,
unbalanced current.

L INTRODUCTION

AVE and tidal energies are important resources for

the decarbonization process. However, their use
raises environmental concerns, including electromagnetic
field (EMF) emissions into the marine environment.
Subsea power cables are the primary source of artificial
EMF at sea [1]. In the case of wave and tidal devices,
there may be additional sources of EMF, such as
permanent magnets mounted on certain turbines [2]. A
network of cables between devices, known as inter-array
cables, connects all devices either to a collector device or
an offshore substation. Current is then carried to the
onshore grid through several high-voltage export cables.
The transmission of marine derived power generates
EMF in the adjacent environment, namely the water
column and seabed [1], [3]. The electrical current in the
cables induces magnetic fields (expressed as B-field;
measured in pT). In cables transmitting alternating
currents (AC) changing magnetic fields also create
induced electric fields (i-E field). In the ocean, this leads
to electric currents flowing through the saline water [2],
[4]. AC and DC (Direct Current) are the two types of
transmission used for marine renewable energy devices.
These can vary in voltage —low, medium, or high (HV)—
with HVAC being the most common for distances up to
50 km from the shore and HVDC the most suitable for
further distances from the shore [5], [6]. Cables are
typically buried within the seabed but may be placed on
top with external protection when the seabed is rocky.
They can also be deployed in the water column for
floating devices, such as wave converters [5], [7].
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Fig. 1. Representation of the magnetic field, electric field (E-
field) and induced electric field in the case of DC cables (a) and
AC cables (b) experienced by a sensitive species [4].

All species live within an EM-environment and several
have been determined as sensitive to electromagnetic
fields (Fig. 1). They include chondrichthyes (e.g. sharks
and rays), crustaceans (e.g. lobsters), certain teleosts (e.g.
salmonids), as well as chelonians (i.e. sea turtles), and
cetaceans (i.e. and dolphins) [8], [9].
Electromagnetic sense can be used for prey detection as
well as orientation and communication [8], [9]. EMF
radiated by renewable energy devices is likely to disturb

whales

some of these fundamental functions [10]. Effects of
exposure to anthropogenic EMF were reviewed by [11] as
well as [12]. Observed effects
changes in foraging as well as swimming and sheltering
(e.g. [13], [14]). Subtle modifications in migration routes

include behavioural

and swimming speed were also noted, e.g. by [15] and
[16]. Other observations are attraction or repulsion
EMF early-stage
development, as well as freeze response activation (e. g.
[17], [18], [19]). Further studies reported no significant
response by examined species when submitted to an
artificial magnetic field, e.g. [20].

While the above suggests an effect, more substantial
evidence on  how species
anthropogenic EMF is necessary, as emphasized by [21].
To achieve this objective, the first step is to understand
the EMF propagation of subsea cables. Typically,
modelling is employed to simulate the EMF environment
that animals are likely to encounter [21]. Discrepancies
between in situ measurements and modelling underscore
the importance of comparing models with measurement
results for a reliable understanding of EMF [22]. Section 11
addresses the challenges in measuring magnetic fields.
The new methodology is detailed in Section III. Section IV
presents findings from a simulated case study where a
sudden drop in power transmission occurs. In Section V,
the methodology is applied, and the results from an in
situ measurement are analysed, considering both
balanced and unbalanced loads. Finally, conclusions are

towards sources, alterations in

sensitive perceive

drawn.

1L B-FIELD MEASUREMENTS AND OBSTACLES

Until today, few in situ measurements have been
conducted to describe the EMF of subsea cables [11]. Such

endeavours were made employing autonomous

underwater vehicles (AUVs) or vessel-towed three-axis
sensors. The magnetic field, and sometimes the electric
field, were measured simultaneously at various distances
from the cable. The sensor was moved across the cable
approximately perpendicular [23], [24], [25], [26], [27].
Previous observations from [28] indicate that this
methodology may have limitations. Throughout a
measurement session, the intensity of the current flowing
through the cable is likely to change. If this occurs, the
resulting B-field levels may show unusual changes due to
temporal increases or decreases in current (Fig. 4 blue
line). A concerning consequence is that data collected
using this procedure does not solely represent B-field
values as a function of distance; they also depend on the
current flowing through the cable. If the cables were
consistently powered at the same level, methods to
compensate for potential changes in current would not be
necessary. However, experience shows that changes in
current during in situ measurements are likely to occur.
Knowing the power data corresponding to the time of
data acquisition could offer a solution to this issue.
Unfortunately, researchers do not always have access to
this type of “commercial” data. Even when power data
are provided, their time resolution is generally low,
which is not ideal for data adjustment procedures.
Therefore, alternatives must be explored. In this paper we
present a new approach. The methodology was tested for
magnetic field data
procedure is also valid for the electric field.

collection; nevertheless, the

I1I. METHODOLOGY

Data were collected at the landfall zone of a 220kV
HVAC offshore wind export cable in northern UK. in
early November 2024, from 09:48 to10:28 am. For
practical reasons, the measurements were conducted on
land where the cables came approximately within 1.5 m
burial depth parallel to the surface after being
horizontally directionally drilled under the nearby beach.
Knowing the exact value of the burial depth is not
necessary in this paper, since the aim is not modelling the
emitted magnetic field. Measuring the magnetic field on
land does not limit the validity of the results, as EMF
propagation was quasi-static, meaning the difference in
magnetic field propagation between water and land can
be ignored. It is possible to acquire data underwater, but
of course it would be more complicated. One crucial
aspect is that the sensors must remain stationary during
data collection, hence, measurements were conducted on
land to achieve greater stability than in water. The cable
was a 3-core 220kV HVAC cable with three copper
conductors. The conductors are helically twisted to
reduce the emitted magnetic field compared to the
untwisted configuration [28], [29], [30]. Although the
cable connects to an offshore wind farm, our proposed
methodology is equally applicable to wave and tidal
energy converters. The rationale behind our methodology
remains relevant across cables for different devices.
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Fig. 2. Field setup with positions of the two fluxgates along
a survey transect during data collection. a) upper left: fluxgate
1 (stationary on the cable); bottom right: fluxgate 2 (moving); b)
and c) both fluxgates at point zero in two different
configurations: b) fluxgate 2 behind fluxgatel; c) fluxgate 2 in
front of fluxgate 1.

A digital EMF meter (EMF-390), which is a portable
device able to identify an EMF source, was used to
determine the location of the cable. The meter was held in
hand and moved along the expected perpendicular
direction to the cable direction until maximum magnetic
field intensity was obtained. This location was assumed
to be vertically above the cable. The position was marked
with a flag and named point zero. Then, flags were placed
perpendicularly to the expected cable direction at every
metre on both the east and west sides, extending up to 20
meters from point zero (Fig. 2).

Two three-axis fluxgate magnetometers (Bartington
Mag-13MSS1000) were utilized for data collection. They
were connected via separate cables to a data acquisition
unit (Bartington Spectramag 6), which in turn was
connected to a laptop for data acquisition and real-time
visualization. The fluxgates were oriented parallel to the
power cable, all aligned with one another, with the
output cables facing the landside. Fluxgate 1 (also fl;)
remained stationary at the point zero throughout the entire
data collection period. Consequently, any recorded
changes in the B-field can only be attributed to variations
in the current flowing through the cable, as the distance
from the cable was constant. Fluxgate 1 served as the B-
field reference. Fluxgate 2 (also f1,) was moved one metre
at a turn, perpendicular to the cable, as shown in Fig. 2a.
This fluxgate had the role to measure the B-field as a
function of distance from the cable. The range extended
from -20 m (20 m away from the cable toward the east
side) to +20 m (20 m away from the cable toward the west
side).

The two fluxgates were sampled synchronously.
Measurements were collected for 30 seconds at each flag,
with a sample rate of 1 kHz. This resulted in a total of
30000 samples at each position. When both fluxgates were
at point zero, data were collected in two different

configurations. Fluxgate 2 was placed once behind
fluxgate 1 (Fig. 2b) and once in front of the latter (Fig. 2c).

TABLE I
B-FIELD MEAN VALUES AND LINEAR FITTINGS

{rlé)dol Beot fL, (WT)  Beor flas (T) ?;?ﬁa}fl?ttlngs R?

20 5197 0.094 y=0019x-0.003  0.333
19 503 0.098 y=0.042x-0.115  0.289
a8 5020 0.098 y=0.004x+0.119  0.004
47 4803 0.100 y=0061x-0.192 0311
46 4749 0.100 y=0014x+0.036 0274
A5 469 0.103 y=0.037x-0.071 0417
a4 461l 0.105 y=-0.024x+0.214  0.066
A3 4629 0.117 y=-0.148x+0.804  0.128
42 4686 0.120 y=0.024x+0.008  0.452
A1 4684 0.132 y=0.025x+0.017  0.044
40 4666 0.140 y=0.037x-0036 0473
9 4547 0.150 y=0.030x+0.013  0.580
8 4551 0.171 y=0.034x+0.018  0.698
7 4479 0.199 y=0.038x+0.029  0.291
6 4535 0244 y=0.095x-0.185  0.783
5 4725 0344 y=0.077x-0017  0.459
4 4771 0.508 y=0.092x+0.071  0.651
3 4.830 0.855 y=0.183x-0.030  0.973
2 4799 1529 y=0312x+0.034  0.942
1 4.820 3.081 y=0.699x-0288  0.993
0 4.863 4863 y=0.826x-0.082  0.988
A 4902 5.043 y=1.031x-0010  0.999
2 5223 2.957 y=0511x+0.290 0,938
3 5230 1367 y=0261x+0.001  0.978
" 5305 0.677 y=0.171x-0229  0.889
45 5.116 0365 y=0423x-180 0375
6 5.188 0.234 y=0.060x-0.077  0.480
7 5.172 0.179 y=0.024x+0.054  0.766
8 5303 0.156 y=0.027x+0.014  0.335
+9 5362 0.139 y=0021x+0.027  0.752
40 5166 0.122 y=0.029x-0.028  0.597
a1 519% 0.114 y=0.141x-0617  0.032
a2 5219 0.099 y=0.002x+0.089  0.003
a3 5279 0.095 —0.155x+0.915 0132
14 5167 0.080 y=0011x+0.024  0.396
45 50248 0.075 y=0.001x+0.083  0.002
a6 5290 0.067 y=0007x+0.031  0.046
a7 5329 0.061 y=0011x+0.001 0217
18 5347 0.057 y=0.059x-0256  0.235
19 544 0.053 y=0027x+0.201  0.150
20 537 0.047 y=0.009x-0.002  0.072

Mean B-field is reported for f1; (fly;) as well as for fI, (fl,;)
for each 30 s measurement corresponding to the position i of fI,
(i=-20m, -19 m,..., +20 m). At 0 m fI; value is replicated for f1,.
This choice was made because fI, was not aligned with all
measurements taken from -20 m to +20 m. To avoid biases
during the data correction process, f1; value was directly used
when using the mean method. Linear fittings of every pair fl;-
fl, and the corresponding R? are reported.

A. Data analysis

MATLAB version 24.1.0.2628055 (R2024a) Update 4
was used for data analysis. The magnetic field was
acquired through its x (B,), y (B)), and z (B,) components
by both fluxgates. The influence of the Eart’s magnetic
field was removed by subtracting the mean of each
component before the amplitude of the total magnetic
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field (hereafter magnetic field) was calculated according
to the formula:

Bio: = /sz +B,” + B,? (1)

6 T T T T T T T
—=a—— Mean
Linear reg
St Raw data 1

Total B-field (uT)
@

o — I M e — Y

-20 -15 -10 -5 0 5 10 15 )
Horizontal distance (m)

Fig. 3. Total B-field of f1, as a function of distance from the
cable (d,) in the case of data corrected with the mean method
(green), data corrected with the linear regression method
(violet), and raw data without any correction (light blue).

Hilbert transforms were used to determine the positive
and negative envelopes of the magnetic components. This
exercise was performed to assure that the observed
change in B-field was due to changing magnetic field
density and not to electronic drift. Two strategies were
employed to adjust Fluxgate 2 data. The first involved the
mean, whereas the second utilised the correlation
between Fluxgate 1 and 2.

Concerning the first method, the mean B-field of each
30 second recording was determined for fl; (fl;;) as well
as for fl, (fly,), as listed in Table I. Index i is used to
distinguish the different positions covered by fluxgate 2,
i.e. each metre from -20 m to +20 m.

With respect to the 0 m position, two measurements
per fluxgate exist due to the dual configuration of
fluxgate 2 (Fig. 2b and 2c). Therefore, only one of the two
configurations was chosen for the analysis.

Once the 30-second means (fl;; and fl,;) were
computed, the overall mean of fl;; was determined,
denoted as fl;. This value represents the average of the
previously 41 computed 30-second means. The overall
mean fl; was then used to adjust each measurement
made by f1, at the position i, according to the following
formula:

fladj; ZfIZi& 2
f lli

By averaging all fl,, values, fI; turned out to be 4.989
uT.

An example of the application of (2) is provided. When
Fluxgate 2 is at +19 m, mean B-field recorded by Fluxgate

1is 5.442 uT, which is approximately 9% higher than fl;
(4.989 uT). Consequently, the corresponding value of fI,
must be reduced to account for this variation. The initial
value of fl, at +19 m is 0.053 uT (Table I). With the
application of (2) the adjusted value of fI, becomes 0.049
uT. The small difference between the original and
adjusted values is due to the relatively weak fluctuation
detected by Fluxgate 1. In principle, the fundamental
aspect of this methodology is that Fluxgate 1 allows 1) the
detection of eventual changes in the current flowing into
the cable and 2) the right compensation for these changes
at different distances from the cable.

The second method was based on the hypothesis that
there is a linear relationship between fI; and fI, at each
position. A each
measurement pair using linear regression (Table I). fl;
was treated as the independent variable and fI, was the
dependent one. Thus, f1, values were adjusted according
to fl, using the regression. fl; (4.989 uT) was again
substituted to the x value at each distance of every

regression was performed for

equation to compare the two methods. The two strategies
are strictly comparable, except for a few observations
(Fig. 3).

The linear fitting method can be extremely useful for
predictions at distances closer to the cable. For further
distances R? becomes too low, and adjustments seem not
to be reliable anymore (see Table I).

The data analysis revealed that the point zero was not
situated directly above the cable, which will affect the
comparison between measured and modelled data. Thus,
the point zero was adjusted horizontally by 0.60 m using
the following formula:

d, =d, —0.60 3)

Table I shows the original horizontal distance from the
cable (d,), while graphs of Fig. 3 and Fig. 4 are plotted
using the corrected distances (d;). Proof of this horizontal
offset is the fact that, in Fig. 3 as well as in Fig. 4, when
d, = 0m there is no corresponding field observation
marked with a symbol. This is because the curve had to
be shifted to align its peak with the cable position, i.e. at 0
m. Fig. 3 and fig. 4 clearly show that field observations do
not correspond exactly to each metre but are all
horizontally displaced. All of this demonstrate that point
zero was not placed exactly above the cable.

Whilst the curve describing the raw data does not
appear very different from the two corrected modelled
datasets (Fig. 3), the variation of the current measured by
fl; was weak and the corresponding variation of fl, was
low. In the next section, the result of a simulation across
different currents emphasises why the method is
important for understanding changes across a range of
currents transmitted.
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Fig. 4. B-field measured by f1, as a function of distance from
the cable (d,) in the case of raw data (blue) and data corrected
with the mean method (orange).

V. THE SIMULATION

The simulation is used for the visualization of the
method. It is assumed that the linear relationship still
holds when the measured values are lower. The
simulation was conducted using the original data. All
recorded B-field values reported in Table I were kept
unchanged. The only modified measurements were those
acquired when fI, was at +2 m (meant as d, here and
hereafter). The B-field values of both fIl, and fl, were
reduced by 75% to simulate a significant drop in the
current during data acquisition at that position. We
compared the measurements obtained while f1, was at +2
m with those recorded when fl, was at +20 m because the
time interval between the two data acquisitions was
substantial, resulting in a high likelihood of a change in
the current flowing into the cable, for the period we
collected. Table II summarises the results for both
fluxgates. We have to look at f1; values to understand the
usefulness of having a stationary fluxgate. At 10:10 fI,
was recording the B-field at +2 m from the cable. In the
meantime, fl; was doing the same at point zero. The
simulated mean value for fl; was 1.31 pT. Seventeen
minutes later, fI, was relocated 20 m away from the point
zero. At 10:27, fl; was measuring the B-field, and its mean
value was 5.37 uT. The data indicate that the B-field
changed significantly in 17 minutes at the point zero (5.37
puT vs. 1.31 uT). This illustrates the strength of our
methodology.

Such imbalance at point zero can be corrected once it is
noted. Purely for demonstration purposes, we wanted to
show what happens if such data with the simulated value
are adjusted. The mean method is used for the demo.
Because of the 75% drop at +2 m, a new fI, had to be
determined before the application of (2). It resulted in
4.894 uT. B-field values reported in Table II were used for
fl; and fl, when at the position i +2 m. Values reported
in Table I were used for all the remaining positions for

TABLE IT
B-FIELD COMPARISON FOR fl, AT+2M AND f1, AT+20M

Time (am)  Position of f1(d,)  Fluxgate B-field

10:10 +2m 1 1.306 pT
10:10 +2m 2 0.739 uT
10:27 +20 m 1 5.376 uT
10:27 +20 m 2 0.047 uT

Comparison of the B-field of fl; while fl, was at +2 m
(Time 10:10) and then at + 20 m (Time 10:27). B-field values
are always expressed as average value of each 30 s-recording.
Comparison is useful to understand that changes in the B-
field, i.e. in the current flowing into the cable, are possible.
Eventual changes must be taken into account when
modelling B-field propagation.

both fluxgates. The comparison between raw data and
those adjusted with (2) is shown in Fig. 4. The blue line,
i.e. the raw data, is characterized by a strong drop of the
B-field at +2 m. Such drop corresponds to the simulated
drop of the current at 10:10 am. The result is an
asymmetrical curve. Using fIl; data is possible to
compensate for this imbalanced (orange curve). After the
correction, B-field values are more accurate, and
subsequent modelling will be more reliable. It should be
stressed that the current drop was overemphasized in this
simulation, just to show the strength of this methodology.
Nevertheless, such variations in the current might occur
in reality.

V. UNBALANCED CURRENT

When dealing with three-phase power transmission,
two important concepts must be defined: balanced and
unbalanced systems. An ideal condition corresponds to a
balanced system, in which phase currents are displaced
from each other by 120 degrees, and the currents flowing
through each phase have equal magnitude. In real
situations we might encounter unbalanced systems.
These arises when there is a disruption in current and/or
phase, causing more current to flow through one
particular phase to which the load is connected’.

High voltage distribution lines are likely to exhibit a
modest unbalanced current phenomenon [31]. Its
occurrence was investigated herein in a descriptive
manner. The presence of unbalanced current affects the
propagation of the B-field. Theoretically, the B-field
should attenuate significantly at a close distance to the
cable when the system is dominated by a balanced load.
The helical twist of the cable further enhances the
attenuation [29]. If there is only a balanced load, sensitive
species will encounter a magnetic field limited to the
immediate vicinity of the cable. However, the B-field
attenuation changes when the power transmission is

! https://www.theelectricalguy.in/tutorials/three-phase-balanced-vs-
unbalanced-system-load/
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Fig. 5a. Total B-field of data corrected with the mean as a
function of distance from the cable (d;). For the next steps we
consider only the left side (in red).
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Fig. 5b. Total B-field on the logarithmic scale as a function of
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different colours indicate different linear fittings.
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unbalanced. At greater the B-field will
predominantly reflect the unbalanced current, even if it is
much weaker than the balanced currents. At a certain
distance, the unbalanced current will become the
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Fig. 5d. Linear relationship between the B-field and the
distance from the cable when further from the latter (from 8 m to
20 m).

prevailing one since it does not nullify [32]. In this
scenario, the magnetic field extent is greater in area.
Therefore, species might be exposed over greater
distances from the cable, up to tens of metres, as
highlighted in [11]. Quantifying the

component is crucial for an accurate environmental

unbalanced

impact assessment of marine renewable energy devices.
Previous studies indicate that the unbalanced current
decreases with distance according to the relation 1/r,
while the balanced component attenuates according to

2nr

the relation e” » -1/r? , where the first factor is due to
radial offset of the three conductors and the second due
to the helical twist [22]. r is the radial distance measured
from the centre of the cable to the measurement location,
and p is the pitch of the helical twist (corresponds to lay
length). The investigation of the unbalanced current was
made using the data corrected applying the earlier
described mean method. Only the left side of the curve is
shown in Fig. 5a. The right side gave the same result.

Distances from the cable were corrected using (3) as
well as adjusting for the offset inferred by the assumed
burial depth (1.5 m):

d, = /dlz +1.52 )

Distance and B-fields converted to the
logarithmic scale in base 10. It is clear that the result does
not follow a straight line (Fig 5b). The data were split into
two groups to restrict the fitting to “close” to and “far”
from the cable. B-field values at a closer distance to the
cable (up to 7 m) were described by the equation y =
—2.463x + 1.548 (R* = 0.999) (Fig 5c). For a further
distance (from 8 m up to 20 m) B-values are defined by a
different equation: y = —0.8933x + 0.1322 (R? = 0.980)
(Fig 5d).

There are two indications of the unbalanced current
hypothesis. The first one is that the B-field is described as
1/r, and the second is the variations still present in Fig.
5d after the corrections are made. The reason might be

were
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that the method in this study compensated for variations
in the balanced load. Quantification of the unbalanced
component should be an objective of future study to
ensure EMF modelling is representative of the reality of
the total EM-environment encountered by species.

VI. CONCLUSION AND FUTURE STEPS

The novelty and significance of our data collection
method have been demonstrated, especially given the
current lack of guidelines or regulations for EMF
measurements and their related environmental impact
assessment. This method is essential for obtaining a
reliable dataset, particularly in in situ conditions, where
large power variations are expected, due to typically
weak winds (and consequently low wave heights) during
field experiments.

The ultimate goal is to quantify the magnetic field
exposure that could potentially impact marine species by
employing models that align with the measurements.
Developing a suitable model will be possible when
accurate information on the measured cable as well as
power data will be obtained. Unfortunately, at this stage
the authors have not received them yet.

Existing models are applied considering only the
balanced load. Our results enhance the characterisation of
the balanced current and represent a step forward in
comparing models with real data. Findings indicate that
variations can be compensated by accounting for changes
in the balanced load, as the stationary fluxgate —being
close to the cable—is primarily influenced by it.
However, our results highlight a new challenge. Beyond a
distance of 6/7 metres, the magnetic field appears to be
primarily influenced by unbalanced loads, which our
current method cannot compensate for. A potential
solution is to extend the method by incorporating a
second stationary fluxgate positioned at a greater
distance, allowing for a more comprehensive assessment.

We encourage the collection of EMF measurements
from subsea cables in situ. At present, the EMF emitted
by wave and tidal energy converters has not been
investigated. The focus should be expanded to include
cables connected to this type of energy generation.

With respect to the transmission operators, the
unbalanced component cannot be ignored, even if it is
much weaker compared to numbers encountered in high-
power transmission systems. Its identification may help
to set mitigation strategies, which may favour power
transmission as well as a decrease of the area that might
impact sensitive species.
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