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Abstract
The authors have been investigating metrics of extremely low frequency magnetic
field exposure in different circumstances. In this paper, we describe the properties of
magnetic fields in homes, in the vicinity of powerlines, on trains and from a library
security system. We conclude that there are key differences between each of these
fields. This suggests that there may be a characterisable pattern for magnetic fields in
different situations.

1. Introduction
The prevalence of electrical systems in today’s society means that, at extremely low (ELF)
frequencies, magnetic fields are extremely complex. In general, magnetic fields are not easily
attenuated, and field characteristics are dependent on the interaction of fields from all the
sources in the vicinity. The complex nature of the interaction of factors affecting magnetic
fields means that it is not always easy to accurately predict field characteristics. In homes,
sources of magnetic fields may include overhead powerlines, indoor and outdoor wiring and
appliances (Preece et al. 1997). Fields also depend heavily on power usage, which varies
with time of day and time of year (Reitan et al. 1996). In the vicinity of powerlines it is well
documented that the lines themselves make the dominant contribution to the levels of
magnetic field strength (e.g. Levallois 1999, Forssen et al. 2002). However, metrics such as
field polarisation and rate of change are respectively dependent on the phases of fields from
all other nearby sources and the occurrence of transients.
Many different metrics have been proposed for magnetic field characterisation. Investigations
normally include spot measurements (e.g. Feychting and Ahlbom 1993) and calculations of
time weighted average (TWA) magnetic field strength (e.g. Foliart et al. 2001). Despite the
large body of research to date, conclusions regarding the relationship between magnetic fields
and health effects remain conflicting. It is therefore desirable to investigate metrics other than
those that are normally considered in the literature. Recently, metrics such as rate of change
(RCM) and total harmonic distortion (THD) of the field have become more popular (e.g. Yost
1999). In epidemiological studies, metrics are discussed in the context of their relation to
health effects. In two recent studies by Li et al. (2002) and Lee et al. (2002), the authors
explored the association between 24-hour magnetic field exposure and spontaneous abortion.
Li et al. detected no associated miscarriage risk with wire-code, but increased risk was seen
with maximum magnetic field levels above 1.60 µT (odds ratio = 1.8; 95% CI = 1.2 - 2.7).
Lee et al. found an association only when considering a maximum field above 3.5 µT or with
the RCM. RCM is defined as the root mean square value of the change in magnetic field
between successive sequential samples, and is used to explore the variation in the magnetic
field with measurement timescale. The standardised RCM (Yost 1999) is a measure of the
temporal stability of the field. As with all metrics, its usefulness depends heavily on the
circumstances of exposure: RCM is directly related to the length of time between successive
measurements. Wilson et al. (1996), for example, found that the RCM was much more
effective in characterising magnetic fields from electric blankets and waterbed heaters than
TWA. The results of these studies suggest that metrics other than the commonly used time-

weighted average may be of biological importance. There is evidence to suggest that
combinations of magnetic fields at different frequencies could also be biologically relevant
(Ishido et al. 2001). Villeuneuve et al. (1998) suggested that variability in the field intensity
between successive measurements may be related to health effects. The THD is a measure of
the harmonic content of the field. In this study we have calculated THD by taking the ratio of
the field strength at the fundamental frequency (e.g. 50 Hz for powerlines) to the sum of the
fundamental plus harmonic field strengths, to give the percentage field at the fundamental
frequency. Field polarisation is the ratio of the minor to major axes of the ellipse traced out
by processional orientation of the field vector. A ratio of 0 indicates a linearly polarised field
and 1 indicates a circularly polarised field. In this study we represent the ratio values in terms
of a percentage: 0% is a linearly polarised field and 100% is a circularly polarised field.
Much work has been carried out exploring the appropriate metrics for magnetic field
classification (e.g. Bowman and Methner 2000). However, little has been done to
characterise the properties of magnetic fields in different exposure situations. The authors
have compared the properties of magnetic fields found in six areas where members of the
public may be exposed to extremely low frequency magnetic fields.

2. Methods
The dc and ac field strength and broadband frequency (0 - 3000 Hz) of the magnetic fields
were measured using the Multiwave® System II and software (ERM 1997). The Multiwave
II was calibrated by the manufacturers on the 17/10/05, and the ability of the Multiwave II to
resolve magnetic flux densities of up to 5 nT (ERM 1997) across the range of operating
frequencies was confirmed. The configuration of the Multiwave II limited the sampling rate
to one measurement per second and this configuration was used to collect all of the data
presented in this study, unless otherwise stated. The EMDEX II, and EMCALC™ 95
software (ENERTECH Consultants 1997) was used to measure the x, y and z components and
the resultants of the harmonic (100 - 800 Hz) and broadband (40 - 800 Hz) magnetic fields.
The EMDEX II display limits the resolution of the measurements to 0.01 µT. A sampling
rate of 1.5 seconds was used to collect all of the data presented in this study.
The homes and powerlines summaries are based on previously published data (Ainsbury
2005, Ainsbury 2006). The substations summary is based on numerous repeated observations
at two locations in the Bristol area over the period October 2003 to June 2005. The trains
summary is based on data collected on fourteen journeys in the South West, London and
Birmingham areas, in November 2004 and March 2006. Fifteen measurements were carried
out on electrified lines (25 kV ac) and third-rail electrified (750 V dc) lines; seven
measurements were carried out on non-electrified lines. In all cases the meters were
positioned on a seat as close as possible to the centre of the carriage, on scheduled passenger
services.
Electronic article surveillance (EAS) systems are normally comprised of two pedestals placed
at the exit of a shop or library. Audio frequency magnetic (‘EM’) systems are usually at
frequencies between 218 Hz and 530 Hz: Tags of magnetic material are placed in the
merchandise or books. Passage of the tag through the electromagnetic field between the
pedestals results in magnetic saturation of the tag. The security system summary is based on
observations carried out in five libraries in the Bristol area, between October 2003 and July
2006. For each of the measurements, the TWA magnetic field strength; percentage field
vector polarisation; total harmonic distortion and rate of change of field strength were
calculated. For the library security systems as the levels of field strength encountered were
considerable greater than the maximum measurable field of the Multiwave II of 70 µT. The
EMDEX II was used for these measurements, and therefore no values of field polarisation are
presented.

3. Results
Table 1 summarises the results of the magnetic field measurements in six common exposure
situations, with four common metrics of field classification: TWA, vector polarisation, THD,
and RCM. Figures 1 to 4 show examples of the magnetic field strength and/or polarisation
for each type of exposure.
Figures 1 (a) and (b) illustrate the overnight 50 Hz magnetic field strength and polarisation in
the bedroom of a one-bedroom flat, ‘Residence A’. Both the field strength and polarisation
data are reasonably variable, with values of 0.02 ± 0.01 µT and 44 ± 28% respectively, and in
both cases, there are peaks greater than two standard deviations in the mean.

Table 1. Magnetic field characteristics in several situations of human exposure.

Distinguishing characteristics
MF location

Description
Field strength

Polarisation

Harmonic
distortion, THD

Rate of change, RCM

Constant and steady in the centre
of the room, variations dependent
on the wiring of the home and
other outside interactions,
generally 50 Hz

Typically 0.01 - 0.02
µT at room centre

~ 50%, extremely variable
due to interactions of fields
from all sources in the room

Low, field at 50 Hz
90 – 100% of the
time

Medium to low (if no
appliances in use), ≤
0.005.

Close to
appliances

Dependent on appliance usage and
configuration, generally 50 Hz

≤ several hundred µT
adjacent to appliance,
decreasing by ~ 1/r2 to
~ nT at 1 m from
appliance

Typically <10%
adjacent to appliance,
increasing to background
level at 1 m from appliance

Generally low (in
most cases the
majority of the field
contribution is from
the appliance)

Generally low,
consistency depends on
type of appliances and
sampling time scale

High voltage
powerlines

Complex and turbulent,
vary with line configuration and
individual line load, dependent on
many factors including time of
day, time of year, weather,
generally 50 Hz

Max dependence line
height, ~1 – 10 µT
under centre line,
background levels ~100
m from the line

0 – 100%, dependent on
interaction of fields from
line conductors, peaks
directly under the line or to
either side of the line

Low, dependent on
line configuration,
field at 50 Hz 80 –
90% of the time.

Extremely low (<
0.001) over short
measurement periods,
variable over longer
periods

Background
field in homes

Table 1 continued.

Distinguishing characteristics
MF location

Substations

Trains

EM Library
security
systems

Description
Field strength

Polarisation

Harmonic distortion,
THD

Rate of change, RCM

As high voltage lines

≤ tens µT depending on
distance

0 - 100%, depending on
substation configuration
and measurement location

Low, fields at 50 Hz 90 –
100% of the time

Medium (0.01 – 0.1),
due to interactions of
fields from all the
constituent lines

Complex and varying

Non electrified: up to
~5 µT, 50 Hz
Electrified: ~ tens µT
dc and ac broadband

Non electrified:
0 - 50%
Electrified:
50 – 100%

High for electrified lines,
low for non-electrified
and dc lines

High: ~ 0.5 for non
electrified and dc, ~ 1
for electrified lines

Centred on the security system
scanner

Dependent on type of
system: ≥ 600 µT for
constant field EM
systems

No data available

Medium (80 – 90% field
at operating frequency),
system interacts with
other fields in the scanner
vicinity

Medium - high,
extremely dependent
on system type

1 (a)

1 (b)

Figure 1. (a) 50 Hz magnetic field strength and (b) magnetic field polarisation overnight in Residence
A, from 20:00 on the 2nd July to 08:30 on the 3rd July 2004.

Figure 2 illustrates the vector polarisation of the magnetic field under ‘F’ line, a Western
Power 132 kV powerline, at Yatton, South Bristol, between winter 2004 and summer 2005.
The arithmetic mean (AM) magnetic field strength was highest in summer in the morning and
lowest in summer in the afternoon; the mean AM over all measurements was 5.30 ± 2.41 µT.
The field polarisation under the centre of the line was consistently greater than 20%, and was
between 40 and 50% up to 30 m either side of the line. The THD was low; the field was at 50
Hz for 92 ± 8% of the time. The RCM of the field at each measurement position was
extremely low, with a mean value of 8 x 10-4 µT s-1 under the centre of the line, and 5 x 10-5
µT s-1 at distances greater than 40 m from the line.

Figure 2. 50 Hz magnetic field polarisation measured underneath and close to Western Power’s ‘F’
132 kV high voltage powerline, Yatton (South Bristol), winter 2004 and summer 2005.

Figure 3 illustrates the magnetic field strength measured every 12 seconds, on the Euston to
Birmingham line, on the 11th November 2004. The line is electrified with a voltage of 25 kV.
The field was at 50 Hz for 93 ± 10% of the time; for the non-electrified line (not shown) the
THD was extremely high, with the field at 50 Hz only 13 ± 7% of the time. RCM was high in
both cases, with values of 0.94 µT s-1 for the electrified line and 0.38 µT s-1 for the nonelectrified line.

Figure 3. AC broadband (1-3000) Hz magnetic field strength on the Euston - Birmingham (electrified,
25 kV) train line on the 11th November 2004.

Figure 4 illustrates the magnetic field strength measured in between the pedestals of the
library A security device, over a 1 ½ hour period on the 26th July 2006. The magnetic field
strength is highest at the pedestals, and peaks at 566.1 µT. The THD was 96 ± 11%; the
RCM had a value of 0.84 µT s-1.
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Figure 4. 218 Hz magnetic field strength between the pedestals at library A.

4. Discussion
Figure 1 (a) shows peaks in the night-time magnetic field strength of Residence A, at
approximately 22:00 (just before ‘bed-time’) and at 08:00 (breakfast time), when the
electricity usage in the home is greatest. As suggested by table 1, the background magnetic
field in the home was low, 0.02 ± 0.01 µT. Field polarisation was extremely variable, in this
home the measured value was 42 ± 28%. Standard error calculations have confirmed that the
polarisation calculated using the Multiwave II software are accurate to for field levels ≥ 5 nT.
As this level is approached in this case it is possible that the large variations may be due to
errors in the calculations. However in the fifteen other homes summarised for this study, the
polarisation showed the same degree of variability for higher mean field strengths. It is
assumed from this that the variation is real, and was probably due to the interaction of
magnetic fields from all the sources in the room. The THD and RCM were also generally
low, although the THD from appliances such as televisions and microwaves can be much
higher as a result of the way in which they operate. RCM also varied between rooms due to
the different appliances present, and can be much higher as a result of the large transient
fields induced by switching of appliances. Measurements taken close to appliances showed a
reduction in magnetic field strength, and an increase in field polarisation, with distance from
the appliance. This was as expected, as the contribution of the appliance magnetic field to the
overall field strength diminishes with distance from the appliance, while the field polarisation

increases due to the increasing contributions to the field from all other magnetic field-sources
in the room.
Figure 2 illustrates the polarisation of the magnetic field in the vicinity of Western Power’s
‘F’ powerline, at Yatton, in winter of 2004 and summer of 2005. The dip in magnetic field
polarisation at the very centre of the line is due to the interaction of fields from the two sides
of the line. The large increase in polarisation to 40% at approximately 12 m either side of the
line indicates that there was an imbalance in the currents on the line. The high values of
polarisation at large distances from the line are due to the increasing importance of
background magnetic field contributions with distance from the line. The THD was low: the
field was at 50 Hz for 92 ± 8% of the time, indicating that the powerline was the major source
of the magnetic field in the area. The RCM at each measurement position was extremely low,
as the measurements were taken over a short time period (≤ 60 seconds). The RCM would be
much greater over longer measurement periods, as the field varies with power usage.
Magnetic field strength and polarisation varied along the boundary of the substations
measured, with varying distance from the powerlines and main transformer. The THD was
low, as the 50 Hz powerlines and transformers are the dominant sources of magnetic fields
close to substations. The RCM varied between 0.003 µT s-1 and 0.039 µT s-1 with position
around the substation boundary.
An example of the magnetic field strength measured on an electrified train line (Euston Birmingham, 25 kV) train line on the 11th November 2004, is illustrated in figure 3. Magnetic
fields on trains are generally complex. In addition to the magnetic field produced by the 25
kV ac and 750 V dc lines on the electrified services, operating equipment such as the traction
motors give rise to large fields at 50 Hz and harmonic frequencies (Chadwick and Lowes
1998). In this study, meters were positioned on a seat as close as possible to the centre of the
train carriages. However, Chadwick and Lowes (1998) found that peak magnetic field
exposures were recorded at the ends of carriages and close to the floor. More work is
required here to more fully characterise exposures from all sources of magnetic fields on
trains. Passengers are also exposed to magnetic fields from external sources and fields
induced by moving through the Earth’s field, though it is estimated that this contribution
would be small in comparison to the fields from other sources. The mean field strength was
much lower on the non-electrified lines, (e.g. Bristol – Salisbury line: 0.27 ± 0.34 µT) than
the electrified lines, such as the Euston – Birmingham line shown (5.6 ± 1.4 µT). The source
of the apparent increase in field strength through the course of the measurement is assumed to
be due to the increase in external sources of magnetic field exposure. This increase was
confirmed by two meter readings independent to the illustrated data. In all cases the
polarisation was variable, due to the changing field contributions throughout the journey.
Polarisation was much higher for the electrified lines: 76 ± 16% compared to 22 ± 26% on the
non-electrified lines, due to the interaction of the magnetic fields from the several sources on
electric trains with the overhead line. The THD on the electrified lines was low, with the field
at 50 Hz for 93 ± 10% of the time; for the non-electrified lines the THD was extremely high:
13 ± 7% of the field was at 50 Hz. The RCM in most cases was high, as the magnetic field at
each location was dependent on the (changing) position of the train with regard to the various
sources of magnetic fields along the line. There was no significant difference between the ac
(25 kV) and dc (750 V) electrified lines for any of the measured metrics.
Measured values of field strength of the library security systems were variable, depending on
the design and operating frequency of the individual system. As with as with all the
situations, magnetic fields measured in the vicinity of library security systems are subject to
contributions from field from other sources. At library A, as in all the libraries, the field
strength was highest adjacent to the system pedestals. The maximum value of magnetic field
strength was 556.1 µT, adjacent to the centre of the right-hand pedestal. This value is much
greater than the ICNIRP recommended limit of 100 µT for public exposure at 50 Hz (ICNIRP

1998). It should be noted here that much of the research into the effects of EAS systems has
focussed on the currents that are induced in the body by these magnetic fields (e.g. Harris et
al. 2000). EAS systems often operate at frequencies much higher than 50 Hz, and the
magnitude of currents induced by magnetic fields increases with f. The THD at library A was
variable, with 96 ± 11% of the field at 50 Hz, and this is also dependent on the operating
frequency of the system. The RCM of the library security system magnetic field was 0.84 µT
s-1, again indicating there is some interaction of the field with other sources within the
vicinity.
The results of this study suggest that, for the exposure situations investigated in this study, the
characteristics of the magnetic fields in may be summarised by field strength, polarisation,
RCM and THD, as in table 1. For the homes background, appliance, powerline and
substation magnetic fields, the summaries in table 1 are based on large amounts of data from
repeated measurements at several locations, and hence it is valid to summarise the data in this
manner. For homes, other authors have found similar values of field strength from appliances
and background field strength. In a sample of 50 homes, Preece et al. (1996) found that the
mean background field level was 0.044 ± 0.06 µT. This value is slightly higher than the value
presented in table 1, and more work is required to investigate this. For powerlines and
substations, the values of field strength summarised in table 1 are similar to those measured in
other studies (Grainger and Preece 2000, Swanson 1995). The summary of the trains’
magnetic field characteristics is based on fourteen sets of data, collected on several journeys.
Chadwick and Lowes (2000) found field strengths of approximately 5 µT at a seating position
with the field varying between 0.1 and 100 µT, this corresponds well to the results of this
study. It is well documented that magnitude of magnetic field strength in the vicinity of
powerlines varies diurnally and annually, and this may also be true of train magnetic fields, so
the summary of train magnetic fields presented in table 1 may be incomplete. However, it is
expected that this would only affect the magnetic field strength, and not the field polarisation,
THD or RCM characteristics, as these metrics continually change throughout the journey,
with the changing location of the train.
The summary of the library security systems’ data is based on repeated observations of
magnetic fields from ‘EM’ security systems. The values of field strength measured
correspond well to data collected in other studies (e.g. Harris et al. 2000). However, data
were only collected for five library security systems, which may not display magnetic field
characteristics typical to all systems. More work is needed here to fully characterise magnetic
fields from the many types of individual low frequency security systems.

5. Conclusions
This work confirms the complex nature of magnetic fields at power frequencies. Figures 1 to
4 and the summaries given in table 1 highlight the marked differences between magnetic field
characteristics in the different situations. Magnetic fields are generally difficult to predict,
however, the findings indicate that metrics such as magnetic field strength, vector
polarisation, THD and RCM may be used to estimate the field’s origin. In conclusion, we
find that the circumstances of magnetic field exposure depend heavily on the field
characteristics and exposure situations. This suggests that magnetic fields may display a type
of ‘genetic fingerprint.’ Much more work is needed to fully characterise each type of
magnetic field, and future work should also focus on identifying the metrics appropriate to
each specific type of magnetic field.

Acknowledgements

The authors would like to thank the charity CHILDREN with LEUKAEMIA, registered
charity number 298405, for their support of this work. We would also like to thank Alasdair
Philips for the use of his Multiwave System II, and Jonathan Ward, Paul Keitch, Alison
Buckley and Matthew Wright of the Bristol University Human Radiation Effects Group, for
their invaluable assistance in data collection.

References
Ainsbury E A, Conein E and Henshaw D L 2005 An investigation into the vector ellipticity of
extremely low frequency magnetic fields from appliances in UK homes Physics in Medicine
and Biology 13 3197-3209.
Ainsbury E A, Buckley A J and Henshaw D L 2006 Power frequency magnetic fields
exposure metrics in the vicinity of high voltage powerlines in the Bristol Area
Bioelectromagnetics. In Press.
Bowman J D and Methner 2000 Hazard surveillance for industrial magnetic fields: II. Field
characteristics from waveform measurements Annals of Occupational Hygiene 44 615-633.
Chadwick P and Lowes F 1998 Magnetic Fields on British Trains Annals of Occupational
Hygiene 42 331-335.
Electric Research and Management Inc. ERM 1997 Multiwave ® System II users manual,
version 4.60T. P.O. Box 165, State College, PA 16804, USA.
ENERTECH Consultants 1997. 300 Orchard City Drive, Suite #132, Campbell, California
95008, USA.
Feychting M and Ahlbom A 1993 Magnetic fields and cancer in children residing near
Swedish high-voltage lines American Journal of Epidemiology 138 467-81.
Foliart D E, Iriye R N, Tarr K J, Silva J M, Kavet R and Ebi K L 2001 Alternative magnetic
field exposure metrics: relationship to TWA, appliance use, and demographic characteristics
of children in a leukaemia survival study Bioelectromagnetics 22 574-580.
Forssen U M, Ahlbom A and Feychting M 2002 Relative contribution of residential and
occupational magnetic field exposure over twenty-four hours among people living close to
and far from a power line Bioelectromagnetics 23 239-244.
Grainger P and Preece A W 2000 The contribution of local distribution substations and
associated area distribution system to personal exposure to power frequency magnetic fields
International Journal of Environmental Health Research 10 285–290.
Harris C, Bolvin W, Boyd S, Coletta J, Kett L, Kempa K and Aronow S 2000
Electromagnetic field strength levels surrounding electronic article surveillance (EAS)
sustems Health Physics 78 21–27.
International Commission on Non Ionising Radiation Protection 2004 ICNIRP statement
related to the use of security and similar devices utilizing electromagnetic fields Health
Physics 87(2) 187–196.

Ishido M, Nitta H and Kabuto M 2001 Magnetic fields (MF) of 50 Hz at 1.2 µT as well as
200 µT cause uncoupling of inhibitory pathways of adenylyl cyclase mediated by melatonin
1a receptor in MF-sensitive MCF-7 cells Carcinogenesis 22 1043-1048.
Lee G M, Neutra R R, Hristova L, Yost M and Hiatt R A 2002 A nested case-control study of
residential and personal magnetic field measures and miscarriages Epidemiology 13 21-31.
Levallois P, Gauvin D, Gringas S and St-Laurent J 1999 Comparison between personal
exposure to 60 Hz magnetic field and stationary home measurements for people living near
and away from a 735 kV power line Bioelectromagnetics 20 331-337.
Li D-K, Odouli R, Wi S, Janevic T, Golditch I, Bracken T D, Senior R, Rankin R and Iriye R
2002 A population-based prospective cohort study of personal exposure to magnetic fields
during pregnancy and the risk of miscarriage Epidemiology 13 9-20.
Preece A W, Kaune W, Grainger P, Preece S and Golding J 1997 Magnetic fields from
domestic appliances in the UK Physics in Medicine and Biology 42 67-76.
Reitan JB, Tynes T, Kvamshagen KA, Vistnes AI (1996) High-voltage overhead power lines
in epidemiology: Patterns of time variations in current loads and magnetic fields
Bioelectromagnetics 17 209-217.
Swanson, J 1995 Magnetic fields from transmission lines: comparison of calculations and
measurements IEE Proceedings Generation Transmission Distribution 14 481–486.
Villeuneuve P J, Agnew A D, Corey N P and Miller A B 1998 Alternate indices of electric
and magnetic field exposures among Ontario electrical utility workers Bioelectromagnetics 19
140-151.
Wilson B W, Lee G M, Yost M G, Davis K C, Heimbigner T and Buschbom R L 1996
Magnetic field characteristics of electric bed-heating devices Bioelectromagnetics 17 174–
179.
Yost M G 1999 Alternative magnetic field exposure metrics: occupational measurements
Radiation Protection Dosimetry 83 99-106.

