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Catalogue of Electromagnetic Environment
Measurements, 30-300 Hz
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W. Lauber, Member, IEEE, and M. Mclnerney, Member, IEEE

Abstract—The IEEE Electromagnetic Compatibility Society’s
Technical Committee on Electromagnetic Environments (TC-3)
has undertaken a long-term project to compile an inventory or
catalogue of published measurements of electromagnetic environ-
ments. The frequency spectrum has been divided into tractable
bands which will be considered one at a time. We have now
completed the 30-300 Hz band. This paper presents the resulting
bibliography, along with a brief overview of what has been
measured.

I. INTRODUCTION

HE IEEE Electromagnetic Compatibility Society’s Tech-

nical Committee on Electromagnetic Environments (TC-
3) has undertaken a long-term project to compile an inventory
or catalogue of published measurements of electromagnetic
(EM) environments. The first frequency band (30-300 Hz)
has now been completed, and this paper contains the resulting
bibliography. An abbreviated version of the bibliography has
already been published [1]. The focus of the project is on
published measurements of electric and magnetic fields. It
includes measurements of average fields or the time integral
of the field, often referred to as the “exposure.” We do not,
however, include measures of energy deposition or absorption,
such as the specific absorption rate (SAR). Our principal aim in
the project is to collect information on what has been measured
on EM environments and to make available a bibliography
for anyone interested in pursuing the matter further. We
are interested primarily in what has been measured in what
environments, rather than in the actual results. In general we
do not include calculations, effects, or unpublished results.
There are some exceptions, but we have not attempted to be
complete in our coverage of anything except original published
measurements. The restriction to publish results was made
in order to insure some quality control by requiring that the
papers had undergone peer review and also because we wanted
a bibliography of papers which are available to the reader. A
few review articles have been included because we thought
that they provide good overviews or useful sets of references.
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Also some papers prescribing standard measurement methods
have been included.

The search method employed was not entirely systematic,
and the resulting bibliography is not likely to be entirely
complete. Committee members listed papers with which they
were familiar and searched databases which were easily acces-
sible. We performed an issue-by-issue search of the following
journals and series of conference proceedings up to mid-1993:
IEEE Transactions on EMC, from 1982; IEEE Transactions
on Power Delivery, from 1986; Radio Science, from 1987;
Bioelectromagnetics, from 1982; IEEE International (and Na-
tional) Symposia on EMC, from 1981; and International Zurich
Symposia on EMC, from 1985. The reference lists of the
papers which were found were searched for additional relevant
papers. Announcements of the project were placed in the
Newsletter of the EMC Society, the Power Engineering Re-
view, and the Newsletter of the Bioelectromagnetics Society,
along with invitations for authors to call their papers to our
attention. Finally, preliminary versions of the bibliography
were sent to several experts in the field, who had agreed to
point out any omissions.

We have divided the papers into the following categories:
natural noise, power-line fields, residential fields (including
those from appliances), and workplace and other environments
(including VDT’s). Each is accorded a section in the remainder
of the paper. The categories are not completely distinct, and
papers whose results overlap several categories will generally
be mentioned in each relevant section. In discussing the resuits,
we will use the term “magnetic field” to refer generically to
both the magnetic field (H) and the magnetic flux density (B);
since all the measurements considered were performed in air,
the distinction between H and B is largely semantic for this
paper. Results of magnetic field measurements will be given
in terms of B in teslas (T, uT, {T, etc.) rather than the other
common units, B in gauss (1 G = 10~% T) or H in amperes per
meter (where H = 1 A/m corresponds to B = 47 x 10=7 T).

II. NATURAL NOISE

References [2]-[25] deal with natural ambient levels at
extremely low frequency (ELF). Propagation studies, by which
we mean measurement of a signal which was transmitted for
the purpose of that measurement, are generally not included
in our inventory unless they include measurement of the
background noise. For frequencies between 30 and 300 Hz,
the natural ambient noise arises primarily from lighting, the
major part of which occurs in storms in the tropics. In
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general, the magnitude of the natural noise will exhibit diurnal,
seasonal, and geographic variations, but below about 100 Hz
the variations are relatively small. The naturally occurring
noise fields are broadband, and they have been studied almost
exclusively in connection with communications applications.
The results are typically given in terms of the noise factor f,
or quantities derived from it. To define fa, one introduces the
concept of the noise power p,, available at the terminals of an
antenna which is lossless but equivalent in other respects to
the antenna of the system used in the measurements 2], [3}.
The noise factor is then defined by

Pn

fa= Fptob’ (1)
where kp is Boltzmann’s constant, ¢ is the reference tem-
perature (288 K), and b is the bandwidth of the system in
hertz. The noise figure is simply the noise factor expressed in
decibels, F, = 10log,, f,. While the noise factor is useful for
communications applications, it is important to note that the
noise factor by itself is not sufficient to determine the actual
EM fields or power density. Information about the antenna
and the system bandwidth is needed in order to relate the
noise factor to the field strength.

An early review of measurements of atmospheric noise was
that of Fischer [4], who compiled several sets of measurement
results to span the spectrum from 5 Hz to 1 GHz, converting
all the results into a common base (1V/(m+/Hz). His principal
source of 30-300 Hz data was Large and Wormell [5], who
measured one component of the electric field at a single site.
The first really extensive surveys covering the ELF range were
those conducted by Maxwell and Stone [6], [7], who measured
both vertical and horizontal components of the magnetic field,
as well as the ratio of the vertical electric field to the horizontal
magnetic field, at several locations worldwide. [7] gives data
on the vertical electric field, including average and rms values
and amplitude probability distributions. These results were
included in the data fit in the model of Field and Lewinstein
[8]. Other early measurements are cited in 9], which contains
an exhaustive bibliography of surveys of ELF noise up to 1981.
Other good reviews with extensive references are [10], [11].

Results of measurements made before 1978 were summa-
rized by Spaulding and Hagn [2], who produced a plot of the
worldwide maximum and minimum levels of natural noise as
functions of frequency. The report was subsequently adopted
by CCIR [3]. The ELF portion of the spectrum is reproduced
in Fig. 1. The two curves C and D represent the maximum and
minimum of all measurements worldwide. The spread between
them indicates the magnitude of geographic and temporal
(diurnal, seasonal) variations. As noted above, the temporal
and geographic variations are not very great (<10 dB) below
100 Hz, though by 300 Hz they exceed 20 dB.

The most recent major survey is the Standford University
ELF/VLF Radiometer Project [12]-[17]. The measurement
system and the general program are described in [12]. There
are eight sites worldwide, each of which monitors the two
horizontal components of the magnetic field. The systems
can record temporal variations of the field and can determine
both rms and average values, as well as amplitude proba-
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Fig. 1. Minimum (D) and maximum (C) natural noise levels, from [2], [3].

A refers to micropulsations, B to lightning.

bility distributions. [13]-[16] contain results for the average
magnetic field at the various sites. There are also results for
the voltage deviation Vg, the ratio of rms to average signal,
which is a measure of the impulsive content of the noise. [17]
concentrates on the average magnetic field noise amplitude at
the two common power frequencies, 50 and 60 Hz, and their
harmonics. It also contains the information needed to convert
between the average field and the noise factor. In general
the Stanford project finds that the average field amplitude
decreases with frequency roughly as 1/f(1/f2 for the noise
factor). The value at 60 Hz typically lies between 150 and 600
fT/\/Hz, depending on location and season. A recent model
and program for detailed prediction of natural noise over a
range of frequencies including ELF is described in [18]-[20].

There have also been other measurement results reported
at various specific locations over the past 12 years (since
{9]). Bannister {21] and Bruno [22] measured noise levels
in Connecticut and at locations in the Atlantic near the
New York and Connecticut coasts. Smuszkiewicz, Kiszkowski,
and Szydlowski [23] measured noise levels at 50 Hz (and
harmonics) in a rural area of Poland. Bashkuev, Haptanov,
and Buyanova [24] measured electric and magnetic fields,
their relative phase, and diurnal variations in central Asia,
with instrumentation which was able to track the location
of heavy thunderstorm activity as it progressed through the
tropics. In [25] Chisholm et al. reported a detailed study of
fields radiated by lightning strikes in northern Ontario. They
studied peak radiated field and were particularly interested in
the shape of the tails of the statistical distribution, which reflect
the occurrence of very high-field lightning strikes.

III. POWER-LINE FIELDS

Fields from power lines are treated extensively in the
Electric Power Research Institute (EPRI) handbook [26], but
its availability is rather limited. There are a number of papers
which are devoted to measurements of power-line fields.
Measurements of the electric field, obtained with three dif-
ferent meters under and near high-voltage transmission lines,
were reported and compared to calculated results by Bracken
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[27]. (Regarding the title of [27], in the power engineering
community the term “electrostatic” has, or at least had, a
broader interpretation than in some other segments of society.)
Tell et al. [28] also reported measurements of electric field,
while Deno [29] presented results of measurements of both
electric and magnetic fields under transmission lines. All three
[27]-{29] compared measured and calculated results and found
good agreement. Frazier and Dabkowski [30], [31] measured
the longitudinal component of the electric field, which is of
interest because it can induce sizable currents and voltages in
long horizontal structures such as rail lines or water pipes.

Reviews of power-line fields, including some otherwise
unpublished results, can be found in [32]-[38]. ([33] and [34]
are the same paper.) A good, accessible, relatively recent
review of power-line magnetic fields is that of Olsen et al.
[36]. Besides a prescription for calculating the magnetic fields,
[36] also discusses various factors affecting the amplitude
of the fields around transmission and distribution lines and
compares calculated results to measurements. It also con-
tains information on harmonics and notes the usefulness of
a statistical treatment of magnetic fields from power lines.
A statistical treatment is appropriate because the magnetic
field is determined by the currents on the lines, and (unlike
the voltage) the currents on power lines are not constant and
well controlled. Generally power-line electric and magnetic
fields are understood quite well, provided that the currents
in the lines are known [26]-{30], [36]. Agreement between
measurement and prediction is typically within 10% or less in
the absence of nearby structures or irregular terrain. Effects of
nearby structures and trees have been measured and compared
to calculations in [39]. The amplitudes of the fields depend
on the voltage, the currents, the geometrical configuration of
the wires, and the location at which the measurement is made.
For the particular transmission lines measured in {271-1291,
the maximum amplitudes for the fields under the transmission
lines were in the range 2-10 kV/m for electric fields and
1-40 uT for magnetic fields for lines in normal use. Magnetic
fields near distribution lines can be comparable to those of
transmission lines, due to the greater (locally) unbalanced
currents in distribution lines.

A recent study by Gledhill [40] in New Zealand measured
electric and magnetic fields from transmission lines as well as
magnetic fields from low-voltage distribution lines, from 11-
kV underground lines, and in areas of substations accessible to
the public. Other measurements in and around substations were
made by Feero, Yontz, and Dunlap for magnetic fields [41] and
Vinh, Yi, and Shih for electric fields [42]. Magnetic fields from
distribution lines were also measured by Vinh and coworkers
[43]. A statistical study of electric and magnetic fields from
a distribution network was performed in Quebec Province
and was reported by Héroux [44]. A mobile unit was driven
through various representative human environments. Typical
values of electric and magnetic fields encountered were 32
V/m and 0.16 uT. A statistical study of magnetic fields in a
neighborhood in Buffalo was conducted by Dlugosz et al. [45].

Both ANSI/IEEE [46] and IEC [47] have standards for
measurements of power-frequency fields. The ANSI/IEEE
standard covers both electric and magnetic fields, whereas the

IEC standard is restricted to electric fields. Instrumentation for
measurement of power system magnetic fields was evaluated
by the Magnetic Fields Task Force of the IEEE Power Engi-
neering Society’s Transmission and Distribution Committee in
[48], which also contains measurement results. The effect of
the observer on the readings of hand-held meters was measured
by Lambdin [49], who also reported measurement results for
electric and magnetic fields as functions of distance from
power lines. A recent review of ELF measurement methods
can be found in [50]. There are also recommendations for
measurement of power-frequency magnetic fields away from
power lines [51]. There are several reasons for using different
measurement methods away from power lines than those used
in their proximity. Away from power lines, the fields have a
much greater dynamic range, and the harmonic content is more
important. Also, power lines provide a well defined, relatively
simple geometry, which is not the case in other environments.
Other papers relevant to ELF measurement and calibration
methods are those of Greene [52] and Fulcomer [53].

There are a number of papers not devoted specifically to
measurements of power-line fields which nevertheless contain
relevant measurement results. Besides [48] and [49], men-
tioned above, there are papers by Valentino [54], D. Miller
[55], Tell [56], and Skomal [57]. Additional papers which
bear on power-line fields can be found in the sections below.
In particular, fields in homes near power lines are treated
with residential fields in Section IV, and offices near power
lines and exposure of electric utility workers are included in
workplace environments in Section V. Finally, we note that
measurements in space of power-line fields have been reported
by Yoshino and Tomizawa [58].

IV. RESIDENTIAL FIELDS

There has been a great deal of recent activity in measuring
residential EM environments. Results of several substantial
surveys of residential fields and exposure [59]-[62] have
been published, and other surveys are in progress. References
[59]-{61] all measured all components of the magnetic field
at several locations in each of numerous residences. Kaune et
al. [59] and Silva et al. [61] performed periodic measurements
over continuous 24-hour periods as well as single-time (spot)
measurements, whereas Barnes er al. [60] did only spot mea-
surements. Barnes and Kaune both also measured the vertical
component of the electric field, though the location chosen in
the Kaune study was not representative of human occupation.
All three studies investigated the correlation between field
strength and wiring configuration. Other factors considered
were harmonic content and temporal variation in [59], [60] and
power use in [61]. Reference [60] also investigated correlations
of the field strength with power-line proximity, population
density, grounding, age of the home, and location in the
room. The mean values of the magnetic fields found in these
studies fall in the range 0.05-0.3 uT, with significant (a
factor of 2) temporal variation. For the electric field, [61]
found that the mean ranged from about 8 V/m to 12 V/m
for the different classes of wiring configurations. An exposure
study by Kavet er al. [62] measured the average magnetic
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field to which participants were exposed during the day, both
at home and away from home. Participants were grouped
according to whether they lived near overhead transmission
lines. Average magnetic fields fell in the range 0.01-0.3 uT at
home and 0.18-0.6 nT away. (For a caveat regarding exposure
measurements, see section 5.)

A extensive study of residential magnetic fields conducted
by EPRI is now in the data analysis stage, and results are
becoming available [63]-[65]. The EPRI study focused on
determining and characterizing the sources of residential mag-
netic fields, as well as measuring the field strength. They
measured at regular intervals and on grids of points in the
residences, and were thus able to obtain lateral profiles of the
field through the property, peripheral profiles around it, and
surface plots of fields in the home. They were also able to
measure spatial distributions around appliances and temporal
variations of fields.

Results of more limited residential studies are reported
in [45], [66], [67]. Caola, Deno, and Dynek [66] measured
primarily electric fields in houses at three different distances
from a 500 kV transmission line. Dlugosz et al. [45] measured
magnetic fields at locations in a residential neighborhood,
including front sidewalks and doorsteps. Gillette and Hill [67]
conducted a small-scale magnetic-field exposure study.

The studies mentioned above [59]-{67] were all performed
on residences in the U.S. Surveys of residential magnetic fields
have also been performed in several other countries. Gledhill
[40] measured magnetic fields in living areas of homes and
along city streets in Christchurch, New Zealand. Boal and
Joyner [68] made measurements in homes and offices in
Australia, including around appliances and office equipment.
Magnetic field measurements were made in Braunschweig,
Germany, by K8mer and Stamm [69], who reported results
for suburban, urban, and business-quarter areas. Kirner and
Stamm also compared spot measurements to 24-hour averages.
Rauch and coworkers compared magnetic fields associated
with different grounding practices in different countries [70],
including Australia, Germany, Japan, the United Kingdom, and
the U.S.

Several epidemiological studies have included measure-
ments of residential magnetic fields. Wertheimer and Leeper
[71] made measurements outside homes in the Denver area,
grouping the homes according to wiring configurations. Tome-
nius [72] measured the magnetic fields outside the front doors
of dwellings in Stockholm County, Sweden, and presented the
results according to distance from power lines and presence
or absence of visible electrical structures. Juutilainen et al.
[73] also presented results of some residential magnetic field
measurements. The field measurement results of Savitz ef al.
[74] are presented in more detail in [60]. Repeatability of spot
measurements over 24-hour and 5-year periods was studied by
Dovan, Kaune, and Savitz [75].

There are other papers besides the epidemiological studies
which did not focus on residential field measurement but which
reported residential field measurement results in addition to
their principal results. Bowman et al. [76] and Deadman et al.
[77] did occupational exposure studies for both electric and
magnetic fields and included residential or nonwork exposure

results for comparison. Tell’s review [56] includes measure-
ments of both electric and magnetic fields in homes in Las
Vegas, Nevada. Valentino [54] measured the electric field in a
“typical” home. A 1985 EPRI report [78] contains domestic
electric-field exposure results, but they are quoted in terms of
an “equivalent” uniform electric field from a transmission line
which would induce the same current, and there seems to be
insufficient information given to convert to more conventional
quantities. Mader et al. [79] measured household magnetic
fields to check their model.

Magnetic fields from many household appliances have been
measured, with the most extensive studies being those by
Gauger [80] and Silva et al. [61]. Gauger measured the
maximum magnetic field as a function of distance from the
appliance, using at least three different models for each type of
appliance. Silva et al. measured the magnetic field in typical-
use configurations for a number of appliances, using from
1 to 59 different examples of each appliance. Delpizzo [81]
measured and averaged the magnetic field over a grid corre-
sponding to the human body in order to estimate the exposure
from various appliances. The measured fields from appliances
fall off rapidly with distance. For distances corresponding to
typical use the field is usually a few microteslas for most
appliances, but several have fields exceeding 20 1T, and fields
above 100 uT were found. Appliances with the largest fields
tended to be relatively small devices—such as shavers, can
openers, or hair dryers—which lack the shielding of large
devices like dishwashers, refrigerators, or clothes dryers. Other
measurement results for appliances can be found in Hartell,
Miller, and Abromavage [82], for electric field; Valentino [54],
electric field; D. Miller [S5], electric and magnetic fields;
Wertheimer and Leeper [71], magnetic field; Caola, Deno, and
Dynek [66], electric field; Stuchly, Lecuyer, and Mann [83],
magnetic field and harmonic content; Boal and Joyner [68],
magnetic field; Hayashi, Isaka, and Yokoi [84], magnetic field;
and Johnson [65], magnetic field.

Good, general reviews of residential fields are given by D.
Miller [55], Deno [85], and Tenforde and Kaune [86].

V. WORKPLACE AND OTHER ENVIRONMENTS

The ELF EM fields have been measured for a variety
of work environments. As might be expected, electric-utility
workers have been the subject of several studies, including
[771, [871, [88]. The Bonneville Power Administration (BPA)
study [87] reported average daily accumulated electric-field
exposure, whereas the Canadian study [77], [88] reported the
geometric mean of both electric and magnetic fields to which
the workers were exposed. Both studies used exposure of
office workers for comparison, which provides data on the
office environment also. The office exposures indicated field
strengths comparable to residential levels, of order 1-10 V/m
for electric fields and 0.1-0.2 4T for magnetic fields. In the
BPA study electric-field exposures of “exposed” occupations
(lineman, electrician, splicer, etc.) were all much (100-1000
times) higher than those of the office workers. In the Canadian
study, some of the exposed occupations experienced elevated
electric-field exposure (a few hundred volts per meter), and
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all experienced higher magnetic-field exposure (1-4 uT) than
office workers. An interesting extension of the Canadian study
was to compare a number of the different statistical indices
which can be used to characterize exposure. Armstrong et al.
[89] presented a comparison and correlations between indices
such as mean, median, peak, 90th percentile level, etc. Direct
measurements of electric fields encountered by utility workers
in live-line work have been reported by Barnes, McElroy, and
Charkow [90], Miller [91], Kouwenhoven et al. [92], and Yan
et al. [93]. The measurements were made for both grounded
and ungrounded workers and for various configurations of
buckets or cages containing the workers.

An important consideration in exposure measurements is the
perturbing effect on the field caused by the person wearing
the dosimeter or exposure vest. Some exposure studies, for
example [77], [88], give results for the measured (perturbed)
field, while others calculate an unperturbed field by using
an “enhancement factor” [87] or “activity factor.” An en-
hancement or activity factor is just the ratio of the perturbed
field strength with the person present to the unperturbed field
strength without the person. The activity factor is typically
measured in a separate, controlled experiment. It depends
on the position of the meter, grounding, body configuration
(standing, sitting), etc. Extensive measurements of (electric-
field) activity factors were reported by Silva, Zaffanella,
and Hummon [94]. The effect of different positions of the
dosimeter was considered by Delpizzo [95] as well as by
some of the exposure studies, e.g. [87]. Instrumentation for
measuring and displaying the electric field intensity around a
person has been developed by Shimizu, Endo, and Matsumoto
[961.

Other electric utility environments which have been mea-
sured are a French nuclear power plant, where Champiot and
Agostini [97] measured magnetic fields, and power substa-
tions. In substations, Vinh, Yi, and Shih [42] measured the
electric field, and Hayashi and coworkers [98], [99] measured
the magnetic field. Hasselgren and Hamnerius [100] measured
magnetic fields in an office located directly above a substation,
both before and after installation of shielding between the
substation and office.

A number of measurements of office EM environments
have been made. Results for electric-field exposure of office
workers were obtained in the electric utility studies men-
tioned above [77], [87], [88]. Laflin [101] made magnetic
field measurements in four office buildings in Denver and
New York, measuring speciral densities, amplitude probability
distributions, and diurnal variations for both business days and
weekends. Measurements of both electric and magnetic fields
in an office building near a transmission line have been re-
ported by Nielsen [102]. The building provided some shielding
for the electric fields, although fields inside were somewhat
high. The building provided little or no shielding of magnetic
fields. Spot measurements in particular offices were reported in
[531 and [83]. Boal and Joyner [68] measured magnetic fields
in several offices in Australia, including near typical office
equipment. The specific case of VDT emission at ELF has
been addressed in several papers [83], [103]-[107]. Harvey
[103] measured the electric field in the presence of a model

person. Stuchley, Lecuyer, and Mann [83], Juutilainen and
Saali [104], and Tofani and D’Amore [105] measured mag-
netic field; and Jokela, Aaltonen, and Lukkarinen [106] and
Takemoto-Hambleton, Dunseath, and Jones [107] measured
both electric and magnetic fields. Typical values measured 30
cm from the screen were 0.2-0.6 4T. Note, however, that these
measurements may not reflect the behavior of newer model
VDT’s.

A variety of other EM environments have been measured.
Bensema, Kanda, and Adams measured magnetic fields in coal
mines to determine background for a communications system
[108], [109]. Electric-field exposure during farming operations,
particularly near power lines, was the subject of an EPRI report
[78] and a paper by Deno and Silva [110]. Magnetic fields in
hospitals were measured by Frank and Londner in the early
1970’s [111]. Magnetic fields in the electrosteel industry, in
particular near welders and electric furnaces, were measured
by Lovsund, Oberg, and Nilsson [112). Mauriello and Clark
[113] measured magnetic emissions from rail and transit
vehicles. Haradem, Gauger, and Zapotosky [114] conducted
a long term ecological monitoring program at 50 sites to
assess the environmental effects of an ELF communications
system. [114] contains results of electric and magnetic field
measurements and references for measurements at other sites.
Hartell, Miller, and Abromavage [82] measured electric fields
at a small number of specific sites to assess the environmental
impact of Project Sanguine. Other measurements at specific
locations can be found in [51], [55], [76].

VI. SUMMARY

We have presented an overview of measurements of electro-
magnetic environments in the 30-300 Hz frequency range. In
discussing measurement results and characteristics of specific
environments, we have indicated only general, approximate
features to provide some perspective in comparing differ-
ent environments. Results we quote should be regarded as
representative, not definitive. Anyone needing a quantitative
characterization of particular electromagnetic environments
should consult the original papers for exact, detailed results
and for discussion of measurement methods and limitations. In
doing so, the reader should also consider the date of the paper
and bear in mind that many electromagnetic environments
have changed significantly over the past decade or two.
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