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Hazard Surveillance for Industrial Magnetic Fields:
Il. Field Characteristics from Waveform
Measurements
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Magnetic field characteristics have been surveyed systematically in six factories with the
Multiwave O 1l waveform capture instrument. These six facilities manufactured plastics,
pharmaceuticals, cement, liquid air products, aluminum parts, and aluminum-framed filters.
The study goals were to survey the physical characteristics of magnetic fields that may be
related to biological effects under various interaction mechanisms and to relate those charac-
teristics to the field’s sources. From 59 waveform measurements at worker locations near
sources, we calculated the extremely low frequency (ELF) and static field magnitudes, their
frequency characteristics, and spatial characteristics of the 60 Hz component. The RMS vec-
tor magnitude of the ELF magnetic field (the usual exposure metric in most studies) had
medians ranging from 0.53 to 12.83u.T in the six factories. The static magnetic field magni-
tudes had medians of 24.2—-46.AT, which is well below the geomagnetic reference field of
55.0T because of shielding from steel structures. The maximum static field was 1286I
near a DC motor. The frequency spectra of the most common fields is dominated by 60 Hz,
and has a median total harmonic distortion equal to 14.8%. The most common higher fre-
quencies are the third, fifth, and second harmonics of 60 Hz. However, magnetic fields in
these workplaces had many other 60 Hz harmonics and non-harmonic frequencies due parti-
cularly to electric motors and computer monitors. The 60 Hz component magnetic fields have
elliptical polarization with median axial ratio of 25.4%. The average proportion of the 60 Hz
component parallel to the static field vector was 51:83.0%, which indicates a significant
trend towards perpendicular orientation between these two field components. In this survey
of only six factories, the Multiwavell 1| measurements documented a wide diversity of com-
plex magnetic field characteristics and non-sinusoidal waveforms. Although these character-
istics are important to the various mechanisms postulated to explain biological effects, they
are overlooked by the popular exposure assessment methods which only measure the ELF
magnitude. Therefore, spot measurements with the Multiwave Il or similar waveform
capture instruments are necessary for a complete magnetic field exposure assessment.
Published by Elsevier Science Ltd on behalf of British Occupational Hygiene Society.
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INTRODUCTION vector in workplaces traces out a complicated shape
Workplace magnetic fields present an unusual ch ver time (Fig. 1). Atdn‘ferem magnenc f'eld. sources,
hese vector traces vary widely in magnitude, fre-

lenge for hazard surveillance because of their phys ) -
cal complexity and uncertainty about their healtffluency content, shape, and other field characteristics.
hich of these magnetic field characteristics should

effects (Portier and Wolfe, 1998). The magnetic fiel i .
e measured in research studies or health hazard

evaluations has been intensely studied and debated
- - — (Valberget al., 1995; McKinlay and Repacholi, 1999;
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Fig. 1. The static magnetic field vect8, and the trace of the extremely low-frequency field ved@er (t) measured by the
Multiwave 1l for five 60 Hz cycles (83.35 ms). The measurement was taken near a transformer in a liquid air separation plant.

two strategies. In Part | (Methner and Bowmane free radical mechanisms which respond to the total
2000), the exposure metric is the conventional choice magnetic field (ELF and static) (Walleczek, 1995;

for most health studies: the root-mean-square (RMS) NIEHS, 1997);
magnitude of the magnetic field vector at extremely ion parametric resonances that are a function of
low frequencies (ELFE 3-3000 Hz). This exposure the static magnetic field magnitude, the oscillating
metric is conveniently measured by the EMDEX and field’s magnitude, their relative spatial orientation,
other magnetic field monitors, and has been the basis and the frequency spectrum (Blanchard and Black-
for most occupational epidemiologic studies with man, 1994; Lednev, 1994; NIEHS, 1997);
measured EMF exposures (Portier and Wolfe, 1998, temporal coherence (Litovitet al., 1997).

bcgti\l/oégg tﬁ)e' tirl?wi(-:g\lj:fa g; Esll_an '&C:nrfetisﬁgféa%%nﬁhese biophysical mechanisms have only been stud-

nitude and chronic | mg hocviic Ieu?<emia in somged in theoretical and laboratory models, so their con-

. niclymphocy M&ributions (if any) to the etiology of cancer or other
studies, oc_cupatlon_al ELF-EMF has been .ClaSS'f'ecﬂseases is not yet established. However, all these
as a pQSSIb|e carcinogen, ye_t there_ remamns MuGye chanisms suggest that other EMF characteristics
unexplained variation in the risk estimates (Portlelgeyond the time-averaged ELF magnetic field magni-
and Wolfe, ?‘998’ Chapt?f 4'2)'. . . tude should be involved in any association with dis-

One possible explanation for inconsistent ep|dem|éase. One goal of this survey is to measure as many
tf these characteristics as possible with one instru-

ologic findings is that other EMF characteristicsO
besides the RMS magnetic field magnitude may affec . ;
ment as a foundation for improved exposure assess-

biological systems (NIEHS, 1997; Bowmast al., ments in future health studies.
Gin Part Il of the EMF hazard surveillance, many of

2000). Based on laboratory studies, researchers hav
proposgd sever al plophysmal mgchanlsms fof Iangzqese biologically relevant magnetic field character-
interactions which involve other field characteristics:_,: .
istics were measured by a waveform capture instru-
e internal electrical fields induced by external elecment, the Multiwavél System Il (Electric Research
and Management, Inc., State College, PA). The

tric fields and dB/dt (NIEHS, 1997);
¢ induced electric fields from high-frequency transiMultiwave Il has a three-axis fluxgate magnetometer
probe, which can measure both the static magnetic

ents (Sastreet al., 2000);
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field (0 Hz) and ELF fields up to 3000 Hz. The threesite, we also noted the time, primary work process,
dimensional waveform measurements are digitizeahd any specifications available for electrical equip-
and put through a Fast Fourier Transform (FFT) tonent (for example 10 HP electric motor—-3 phase—
obtain frequency spectra. From the FFT, the Multiwas A). After the walkthrough, the Multiwave data were
ve's software calculates and graphs many magnetiownloaded onto pre-labeled floppy disks.

field characteristics (Dietriclet al., 1992). In the analysis stage, the measurements were first

For this study, spot measurements with the Multireviewed for data quality with Multiwave’s QuickPlot
wave Il were taken during six of the walkthrough surprogram, which displays waveforms, frequency spec-
veys at industrial facilities described in Part I. Thesé&a, and the ELF vector as a function of measurement
field characteristics were also related to the electriciime. In addition, we used ERM’s Analysis program
properties of magnetic field sources recorded during make data sets with the sample time, ELF magni-
the walkthrough. tude, primary frequency, and flags for out-of-range
samples. With these tools, we reviewed all Multiwave
METHODS measurements, fand identified those that were prob-

lematic because:

For Part | of the hazarpl surveﬂ!gnce, walkthrougrl_ the field exceeded the probe’s limits;
surveys were performed in 62 facilities selected fror’a the baseline shifted: or
industries with high electrical consumption (Methnelé' the primary frequen(’:y was not an integer multiple
and Bowman, 2000). Since the 4.5 kg Multiwave II™

. of the base frequency.
required a second person to carry and operate, the
waveform measurements were only taken at a subseétis was all entered onto a spreadsheet, along with
of six facilities (10%) in the hazard surveillancethe EMDEX magnitudes, sample times, and source
(Table 1). specifications.

The Multiwave operator accompanied the EMDEX From this data review, only one of 59 measure-
operator during the walkthrough survey, and tooknents was out-of-range (due to a high static magnetic
spot measurements at work stations where workefigld from an aluminum anodizing tank). However, a
spent long periods of time near magnetic fieldarge proportion of the waveforms displayed shifts in
sources. The Multiwave operator placed the probthe baseline (Fig. 2) caused by the probe moving
mounted on a one-meter tall stand as close as possitheough gradients in the static magnetic field near
to an individual's work station (within 0.3 m). A sin- steel objects. Since probe motion from uneven floors
gle measurement was taken at each source. or vibrations creates artifacts in digital Fourier trans-

The Multiwave was configured prior to the surveyforms (Fig. 3), a new algorithm was developed to
so that all spot measurements consisted of 512 ddtatten the baseline (Fig. 2) and remove the FFT arti-
points per axis (the ‘A/D count’) recorded at a samfacts (Fig. 3). For this FFT correction algorithm (Gish
pling frequency of 6142.5 Hz (the ‘A/D rate’). With et al, 1995), we used the 12 Hz subharmonic as the
this configuration, the waveform’s duration isindicator of probe motion, and applied these correc-
83.35 ms, which encompasses five 60 Hz cycles. Thiens to all measurements in the primary data analysis.
frequency spectra have a base frequency of 12 Hz andThe qualitative review also identified waveforms
go up to 3000 Hz, the cut-point of the anti-aliasinghat did not have an integral number of cycles in the
low-pass filter in the Multiwave hardware. The 12 Hmsampling window. Since these waveforms contain
base frequency was chosen because it is a commibequencies that are not multiples of the base fre-
factor of both 60 Hz from AC electricity in the United quency, the FFT has broad bands centered on the
States and 72 Hz from computer monitors. multiple of 12 Hz that most closely approximates the

Once the waveform was captured, the second opérue frequency. To obtain the true principal fre-
ator put the EMDEX in the same place occupied bguency, we measured the time spAh betweenN
the Multiwave probe and recorded the measuremepeaks in the waveform, and calculated N/At.
after the instrument’s read-out had stabilized. At each Magnetic field characteristics were calculated by

Table 1. Facilities in the Multiwave survey

Process description SIC (four-digit) Area3m Monthly power usage
(KW-h)

Preparation of aluminum-framed filters 2621 5600 6000

Liquid air separation plant (N O,, Ar) 2813 9300 10 000 000

Convert plastic monomers into polymers (extrusion process) 2821 13100 135 000

Pharmaceutical manufacturing (oral drug delivery) 2834 1800 62 000

Excavate and crush rock, produce cement powder 3241 27900 5000 000

Custom aluminum extruder and anodizer 3334 7400 25000
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Fig. 2. Waveform measured with a moving probe: (a) the original measurement and (b) the waveform after processing with the
motion correction algorithm.

the Multiwave’s Analysis program (ERM, 1997) after The Analysis program was also run with digital fil-
all out-of-range waveforms were removed. We calcuers for the EMDEX’'s broadband and harmonic
lated the following characteristics for this survey: modes (Fig. 4) in order to calculate RMS vector mag-
nitudes that can be compared with the concurrent
EMDEX-II measurements. Summary statistics for
these field characteristics were calculated for all
gneasurements and for individual facilities.

To supplement the quantitative analysis of the field
haracteristics, waveforms with unusual harmonics or
on-harmonic frequencies were printed out for further

estudy and comparison with the source data. In
addition, we developed new graphics software to plot
Fhree -dimensional traces of the magnetic field vectors
over time (Fig. 1).

® rms vector magnitude of the ELF fiel®4 r);

e static field magnitudeR,);

e total harmonic distortion (THD) relative to 60 Hz
(that is the combined magnitude of all harmonic
of 60 Hz divided by the 60 Hz magnitude);

® rms magnitudes for 60 Hz and its harmonics u
to 360 Hz;

e primary frequency (that is the frequency with th
greatest magnitude);

® 60 Hz magnitude parallel to the static field vecto
B, (B);

e 60 Hz magnitude perpendicular B, (B.);

¢ the axial ratio at 60 Hz (that is the ratio of the RESULTS
minor axis to the major axis from the ellipse traced
by a sinusoidal magnetic field with a single
frequency).

The Multiwave surveillance was conducted at six
manufacturing facilities, or 10% of the plants in the
EMF hazard surveillance. Table 1 summarizes the six
Mathematical definitions of these characteristics afacilities surveyed, their primary products, Standard
given in Bowman (1998). Industrial Classification (SIC), and other statistics. At
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Fig. 3. Effect of the motion correction algorithm on the frequency spectrum: (a) spectrum calculated from waveform in Fig. 2
and (b) spectrum after motion correction.

each facility, 7-12 Multiwave measurements were The medians in Table 5 express the characteristics
taken, giving a total of 59 valid measurements. Fowf the ‘common’ magnetic fields at work locations
basic field characteristics from all the measurementgear visible sources in these manufacturing facilities.
are listed in Table 2 in order of increasing ELF mag€ommon fields like the one illustrated in Fig. 1 and
nitudes, along with their sources: 24 electric motorsfable 5 generally arise from electrical currents with
8 power supply devices, 5 heaters, 6 control devicethe 60 Hz power frequency, either in power supplies
and 16 other kinds of machinery. or simple electrical circuits such as those in resistance
Summary statistics for all field characteristics ar@eaters or AC motors. From this survey, some gen-
given in Table 3 for the total data set. For nearly aleralizations can be made about the common AC mag-
metrics, the mean is greater than the median, and lesstic fields in manufacturing plants.
than the standard deviation, indicating that the distri-
butions are skewed towards higher values. For most
metrics, the geometric mean is approximately equ&lLF magnitudes
to the median, indicating a log-normal distribution. The median ELF magnitude from all measurements
However, this generalization does not hold in somim these six plants was 1.0, and varied from 0.59
important cases (for example the geometric mean tf 12.83uT between the plants (Table 3). As determ-
the ELF magnitude is greater than the medianjned with EMDEX measurements, the ELF magni-
Therefore, the field characteristics for the differentudes are not a function of the two-digit Standard
facilities are most reliably summarized by non-paraindustrial Classifications (Methner and Bowman,
metric statistics—the median for the central tendenc®000). Also the median magnetic fields and the
(Table 4) and the range for the spread in the distrfacility’s power consumption (Table 1) correlate
bution (Table 5). weakly (Spearman correlation 0.371).
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Fig. 4. Digital filters for Multiwave analyses which emulate the broadband and harmonic response modes of the EMDEX-II.

Static magnitudes polarizations has been systematically studied for
The median static field was 39.24 for all high-voltage power lines (Deno, 1976) but not for

measurements. The medians by facility fell into twandustrial sources like these.

groups—<30uT for the liquid air and drug plants,

and >40uT for the others (Table 4). The static field

is generally the geomagnetic field perturbed by stee

in the vicinity. The mediarj measurements are V‘.’egtatic field vector had a median of 51.4% for all
below the 53.T geomagnetic referer_me field for Oh_'omeasurements (Table 3). In the six factories, the
where the surveys took place (National GeoPhys'Cﬁlnedian parallel component ranges from 29.5% in the
Data .Center, 1998). Therefo.re, .StEEI structures a[ﬁﬂer plant to 67.6% in the cement plant (Table 4).
machinery are, generally_ sh!eldlng Wor_k Ioc_atlons An interesting question is whether parallel or per-
f.rom the earth’s magnetic field, especially in thependicular orientations betwe®y andBg(t) are pre-
liquid air and drug plants. ferred because the sources of the two fields are
related. In most case®, is the geomagnetic field
Polarization perturbed by steel objects in the environment, and
The 60 Hz component of the field has elliptical polwould presumably have no connection to fields from
arization with a median axial ratio of 25.4% for allelectricity at the 60 Hz power frequency. Only when
measurements, which was substantially different on§0 Hz and DC currents are present in the same source
at the aluminum parts plant (median34.3%). The (like a DC motor) would these two fields have some
‘polarization’ of all frequencies combined can also b@referred alignment. Thispatial anisotropybetween
studied by examining the shape of the vector tracdd, and Be(t) is measured by the proportion of the
(Tables 6-9). The complex shapes of the vector tracé8 Hz vector parallel to the static vector:
come from the superposition of elliptical traces at the
different frequencies in the field’s spectrum. Even the B B
frequency combination of 60, 180, and 300 Hz, which %y = 100%8—” = 1000/(\7@ (1)
is typical of 60 Hz electricity, displays a wide variety 60 ! -
of shapes (Fig. 1 and Table 6). This overall polariz-
ation of the magnetic field is quantified by the specwhere B, and B, are the parallel and perpendicular
trum of frequency-specific axial ratios for the princi-<components 08g.
pal harmonics (Fig. 1, and Tables 6-9). Small axial For a statistical test of the orientation between
ratios for the principal harmonic mean thin traceshe 60 Hz and static fields, the null hypothesis is
approaching linear polarization (for example Fig. 1)zero correlation between the two vectorspdtial
while larger axial ratios result in more elliptical tracegsotropy), implying thatB, is on average as likely as
(for example Table 9). The origin of magnetic fieldeach of the two perpendicular components:

C/DC orientation
The percentage of the 60 Hz field parallel to the
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Table 2. Basic magnetic field metrics from the Multiwave spot measurement at each source in the six industrial facilites
(with Standard Industrial Codes)

Source ELF magnitude Static field magnitude  THD at 60 Hz Principal
uT) uT) frequency (Hz)
Aluminum-framed filter plant (SIC 2621)
Heat sealer 0.08 55.14 63.7% 60
Heat shrinker 0.13 46.17 14.8% 60
Electrical panel near work station 0.16 40.19 21.0% 60
Roll former 0.37 59.25 31.4% 60
Hand turndown motor 0.43 52.99 6.6% 60
Electrical panel near work station 0.59 43.89 33.6% 60
Fit line cut-off 0.65 55.32 12.8% 60
Electrical panel near work station 0.81 44.21 32.9% 60
Charcoal oven power supply 2.03 19.69 2.7% 60
DC forklift 2.21 24.87 322.4% 168
2 HP DC motor 4.04 128.58 2660.7% 120
Liquid air separation plant (SIC 2813)
Control panel work station 0.09 24.19 25.3% 60
Chart recorder 1.18 22.56 23.5% 60
Cooling water pump motor 2.94 72.49 65.7% 60
LAC induction motor 6.60 21.48 1.4% 60
Compressor motor 9.06 23.57 1.5% 60
Compressor motor 12.83 40.02 3.2% 60
3500 HP motor 17.95 53.56 2.4% 60
DC battery charger 24.20 22.13 1.7% 60
Compressor motor 27.84 26.62 16.1% 60
Transformer 32.08 31.42 45.5% 60
Glove warmer 77.31 12.70 45.8% 60
Plastics plant (SIC 2821)
Banbury control room 0.16 21.32 37.8% 60
Extruder line 0.23 47.73 37.4% 72
Blender control room 0.26 25.52 15.9% 60
Extruder operator station number 2 0.38 43.26 70.3% 60
Extruder operator station 0.53 45.69 30.0% 60
Mill roll operator station 0.94 56.26 323.6% 360
200 HP motor power line 1.87 26.78 7.1% 60
Substation 17.49 4.95 5.3% 60
Heat transfer 21.58 47.05 8.5% 60
Drug plant (SIC 2834)
Air dryer 0.33 27.35 26.1% 60
Electronic scale control panel 0.41 39.24 39.5% 60
Electronic scale control panel 0.42 31.64 39.6% 60
Electrical panel 0.51 26.14 4.5% 60
Control panel for separator 2.29 42.37 18.0% 60
15 HP motor on boiler 2.49 45.83 5.8% 60
10 HP induction motor 3.01 28.23 1.9% 60
15 HP motor 3.86 32.92 2.5% 60
Air compressor motor 5.84 24.75 3.2% 60
800 A switchgear 37.09 8.75 2.6% 60
Cement plant (SIC 3241)
Lab work area 0.13 38.04 96.3% 60
Rock belt motor 0.20 122.03 9.7% 60
Cement bagging station 0.43 33.28 5.7% 60
30 HP motor 0.54 104.51 4.8% 60
Mill motor 0.74 66.64 14.8% 60
Electrostatic precipitator 0.74 41.80 105.4% 120
1500 HP motor 1.09 27.84 20.0% 60
Crusher motor 1.49 13.30 12.9% 60
Rock elevator motor 3.69 44.65 9.4% 60
200 HP induction motor 4.22 37.34 5.2% 60
Main air compressor 21.11 49.26 5.8% 60
Pump motor 22.54 39.64 13.1% 60

Aluminum parts plant (SIC 3334)
Operator work station 0.20 20.21 3.0% 60
(Continued on next page
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Table 2. Continued

Source ELF magnitude Static field magnitude  THD at 60 Hz Principal
uT) uT) frequency (Hz)

Miter saw (no load) 0.77 48.06 22.9% 60

Chop saw (no load) 0.84 56.84 8.6% 60

Radial arm saw (no load) 1.10 54.77 33.7% 60

DC motor 2.81 34.12 16.3% 60

Air compressor 19.82 19.98 5.8% 60

7000 A anodizing tank Out of range

B. =vB.,2+B,,2 The mean of % from an iso- (3.1%) and the second (2.3%). The frequency content
tropic distribution can be derived by equalizing allvaries dramatically between facilities. The third and
three vector components s, in Eq. (1), which fifth harmonics dominated the spectrum in the liquid
gives: %y, = 100%4#3 = 57.7%. Therefore, a meansair plant, but the second and higher harmonics played
test can determine whether the averagei#a work-  significant roles in the other facilities, especially the
place shows spatial isotropy. The test statistic is: plastics plant. Table 7 gives examples of waveforms
with unusual harmonics in different plants.
un These features of the ELF frequency spectra are
t = (Yy—Yoyiso)— explained by electrical engineering principles. As a
Sy rule, the third and fifth harmonics are most common
in magnetic fields from electrical power (Table 6).
wheres, is the standard deviation of pandn is the The third harmonic is developed largely by the satu-
number of measurements (Rosner, 1995). ration characteristics of transformers throughout elec-
For all Multiwvave measurements, the meary i trical distribution systems. The fifth and seventh are
51.5:3.0%, which is significantly smaller than thealso common because the distribution system can
57.7% value for spatial isotropy 0.04). For five accentuate these harmonics through resonances with
of the six individual facilities (Table 4), the percent-the capacitor installations used for voltage control.
age parallel td, was not significantly different from Three-phase distribution systems tend to eliminate
spatial isotropy, as expected. The exception was tigayen harmonics because of their relatively hlgh over-
filter plant, where the mean Y& 35.067.0% is sig- all impedance and cancellation with the power fre-
nificantly anisotropic (P=0.009). Contrary to our guency (an odd harmonic). Moreover, power gener-
prediction, this anisotropy in the filter plant was duétors cannot produce even harmonics in normal
to AC equipment where the 60 Hz component i§peration.
nearly perpendicular t8, (for example the AC con-  When electric power for a building is stepped down
trol panel in Table 7). It is difficult to explain this to a lower voltage, the presence of harmonics is no
significant preference for a perpendicular AC/Ddonger controlled by the distribution system character-
orientation, which may be due to some regularity ifstics, so many other harmonics begin to appear from
the steel near 60 Hz sources in that one facility. IfPcal sources. For example, single-phase rectifiers
another surprise, three strong DC sources Wgh> produce mostly 120 Hz along with many even har-
100uT had an average alignment close to the isgnonics. The most common use of this circuit is in
tropic value (mean %= 55.113.9%). Clearly, the computer power supplies, where 120 Hz components
relative orientation of 60 Hz and static fields cannc@re frequently found to be strong. This perhaps
be easily predicted from the presence or absence ®fplains the fields from the extruder operator station
DC currents. At most facilities in this survey, how-in the plastics plant and the electrostatic precipitator

ever, the spatial orientation was isotropic on averade the cement plant (Table 7). In the rest of the work-
as predicted. place, these even harmonics from computer usage are

usually diluted by larger currents going to other

equipment.
Frequency spectrum _ The ranges for the magnetic field metrics in Table

Of the 59 measurements, 55 (that is 93%) hagjngicate the diversity of fields to be found in factor-

60 Hz as their primary frequency in the ELF rang€eg The ELF magnitude varies from 0.08 to 71
which is obviously due to AC electricity. The mediangenending on the electric currents in the source and
for the total harmonic distortion was 14.8% for a”the distance to the measurement. Maximum ELF
facilities and varied from 5.1 to 30.0% for the individ-fig|qs were measured near electric heaters such as the
ual plants. The leading harmonics expressed as a P§lave warmer in the liquid air plant (77|8) and

centage of the 60 Hz magnitude are the third hafjo,r Ac power supplies such as the 800 A switches
monic (mediar8.2% for all facilities), the fifth ;, e pharmaceutical plant (37.09).
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Table 6. Examples of ‘common’ magnetic fields

Facility Drug plant Aluminum parts plant Liquid air separation plant
Source Electronic scale control panel Radial arm saw (no load) Chart recorder
B ELF (t)

Vector trace B, B,

(five 60 Hz cycles; B (Y

B, vector not to scale) ELF

B
° e ®
28.70. -13.0 -40.0
Waveform S NN NN AN N N A
(one selected axis) fj) APV ADNPVA DNV A YA v \ Y \ T N
ol AR A ¥V ] VYV VY
.29.30° -180 000 T 5335
0.00 Time (ms) 8335 0© Time (ms) 833 ime (ms) :

Static field mag. (uT) 31.64 54.77 22.56

ELF magnitude (1T) 0.420 1.098 1.184

%THD at 60 Hz 39.5% 33.7% 23.5%

Proportion of 60 Hz 36.3% 25.2% 64.9%

parallel to B,

Principal Harmonics .
Frequency (Hz) 60 180 300 60 180 300 60 180 300
Magnitude (1 T) 0.391 0.152 0.022 1.037 0.306 0.158 1.161 0.259 0.070

Axial ratio 25.0% 20.0% 38.7% 31.4% 26.8% 21.5% 9.8% 8.1% 15.2%

Table 7. Magnetic fields with unusual harmonics
Facility Liquid air separation plant Cement plant Filter plant
Source Cooling water pump motor Electrostatic precipitator AC control panel near workstation
Vector trace
B B
(five 60 Hz cycles; 0 B_ Q) B0 °
B, vector not to scale)
B

Waveform
(one selected axis)

Static field mag. (nT)
ELF magnitude (nT)

%THD at 60 Hz

Proportion of 60 Hz

Parallel to B,

Principal Harmonics

Frequency (Hz)
Magnitude (p.T)
Axial ratio

-16.10 436
00 ST VUSSR Y WS U A IS — /
s T 1 1 1 s AN R S [ NV V]
T P T \) \/ \/v 1 W Wl Wl |
o W W N N N 720 - VUV vV
Y Time (ms) 8335 -0 Time (ms) - 00 Time (ms) 83.35
12.70 41.80 44.21
3.042 0.741 0.829
65.8% 105.4% 34.0%
91.0% 96.7% 35.7%
60 120 240 120 60 180 60 180 72
2446 1.080 0.644 0.550  0.501 0.095 0.761 0.250 0.044
204%  88.7%  13.9% 375% 255%  13.6% 21.3% 157%  23.3%
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Table 8. Magnetic fields from DC motors
Facility Filter plant Plastics plant Filter plant
Source 2 HP DC motor Mill roll operator station DC forklift
B EL'( ) B
B 0
’ BELF(t)
Vector trace @
(five 60 Hz cycles;
B, vector not to scale) B ()
Ba ELF
4.40
16 | o UM M M S wo

Waveform % | AA/!/I/M/M/\AAU/I\I/I\I

(one selected axis) s L 3 \V!V vvvvvv \vl Vv Ay
1 00 e (x) . 83 "o Time (ms) 53 o0 Time (ms) , B35
Static field mag. (1T) 128.58 56.26 24.87
ELF magnitude (uT) 1.354 0.937 2.237
%THD at 60 Hz 908.4% 323.6% 1440.9% .
Proportion of 60 Hz 82.4% * 43.7% 30.1%
Parallel to B,

Principal Harmonics " "
Frequency (Hz) 120 240 360 360 60 720 168** 156 324
Magnitude (p.T) 0.884 0.553 0.175 0.772 0.249 0.170 1.476 1.006 0.849

Axial ratio 53.7% 25.0%  20.8% 88% 88%  122% 228% 242%  33.8%

* Statistic is unreliable because the 60 Hz component is negligible.
** The FFT’s harmonics are wrong because the signal’s true frequencies (161.3 and 322.6 Hz) are not integer multiples of the 12 Hz base frequency.

For the static field, the minimum magnitudethe 2 HP DC motor in the filter plant with a static
(8.7uT) was measured within the steel shielding ofield of 128.6uT along with a 120 Hz rectified field
the electric power switching room in the drug plant(Table 8).

The maximum (128.6.T) occurred near a DC motor  With variable-speed induction motors, the fre-
in the filter plant (Table 8). guency need not be a multiple of 60 Hz, but is instead

With the THD, the lower values were generallyrelated to the motor’s slip speed. For example, the
measured near AC power supplies, but the minimumprincipal frequency of the DC fork lift in the filter
harmonic distortion (1.4 and 1.9%) were generated Iplant (Table 8) lies between the 156 and 168 Hz
induction motors. The largest THDs were greater thatomponents of the FFT, and is actually 161.3 Hz
100%, and occurred when 60 Hz was not the principathen calculated from the waveform. The FFT data in
frequency, due to either DC electric motors or comTable 8 are therefore approximate. Note the forklift
puter monitors. measurement had an unexpectedly low static field of

Electric motors can produce either a simple AQ4.87uT, due perhaps to a probe location far from the
magnetic field (60 Hz with third and fifth harmonics,DC power supply or shielding from the steel body.
such as the radial arm saw in Table 6) or a complex Finally, we observed two electric motors with high-
array of harmonics generated by rectifiers anftequency components that could not be easily
inverters in the electrical circuits that alter the speeexplained: a 200 HP motor in the plastics plant with
of the motor (Table 8). Depending on the motod280 Hz (Table 9) and a crusher motor in the cement
design, three-phase rectifiers tend to produce the 5ffiant with 1044 Hz (not shown). Without more details
7th, 11th, 13th, 17th, 19th, 23rd, and 25th harmoniasn the motor design, we can only speculate that these
on the motor's AC side. The amount of each harhigh frequencies may be caused by solid-state elec-
monic depends on the filtering in the motor’s circuitstronic devices for controlling the motor’'s speed or
Even harmonics are seen on the DC side, which sednergy efficiency. One possibility is a tachometer that
dom has much filtering. For example, rectifications somehow coupled to the motor's power circuits;
with the 6th and 12th harmonics was measured atamother is a ‘cyclo-converter’, which alters the
mill roll operator station in the plastics plant (Tablemotor's basic frequency by switching a high-fre-
8). In addition, DC motors often have high statiqquency carrier wave on and off at the proper times.
fields as well as their ELF frequencies. For exampld similar electronic device was probably responsible
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Table 9. Magnetic fields with higher frequencies

Source Power line to a 200 HP motor Banbury mixer control room

Vector trace
(five 60 Hz cycles;
B, vector not to scale)

g
g

=
Waveform s .
(one selected axis) ] N :
@ 1 e O "
15.00 18.00. - ‘ .~ W \
.00 Time (ms) 83.35 0.00 Time (ms) 83.35
1.50 0.15
=
2
Frequency spectrum 2
@
0.00 L 0.00 Ny
300 1500 3000 300 1500 300
Frequency (Hz) Frequency (Hz)
Static field mag. (uT) 26.78 21.32
ELF magnitude (uT) 1.873 0.161
THD @ 60 Hz 7.1% 38.7%
Principal Harmonics
Frequency (Hz) 60 1272 300 60 180 360
Magnitude (uT) 1.850 0.234 0.086 0.150 0.053 0.015
Axial ratio 45.9% 19.6% 54.6% 41.6% 88.7% 45.1%

*  This FFT harmonic is wrong because the signal’s true frequency (1280.1 Hz) is not an integral multiple of the
12 Hz base frequency.

for a field with a distinct frequency of 2148 Hz andSince the Multiwave’s configuration was set so that
magnitude 0.00%HT, which was measured at an AC72 Hz is one of the FFT harmonics, we examined
control panel in the liquid air plant (not shown).  with our data that signature of computer monitor
Higher frequency fields (>1000 Hz) were occasionfields. In fact, 72 Hz was the principal frequency in
ally detected that were probably due to electricdleld measured near an extruder line at the plastics
noise, for example the Banbury mixer control roonplant (Table 2), and the- andz-axis waveforms show
of the plastics factory (Table 9). In contrast to fieldsome sawtooth characteristics (mixed with other
with distinct high frequencies, the ‘noisy’ fields haveharmonics) which would be expected from a video
small irregular spikes in their frequency spectraweep current (Fig. 5). Waveforms with a 60 Hz prin-
extending out as far as 3000 Hz. Since we did natipal frequency and the appearance of a 72 Hz saw-
observe any equipment which deliberately creatadoth were measured at an electric panel in the drug
sparks (for example welding, sputtering), the mostompany (72 Hz magnitude equal to 0.Q20) and
likely cause of this electrical noise in the Banburythe laboratory of the cement company (0.Q08.
control room is therefore arcing in motors or heaterdVith other 72 Hz occurrences (for example the AC
Another source of unusual frequencies is computeontrol panel at the filter plant in Table 7), it is hard
monitors, which can have vertical sweep rates of 6@ see a sawtooth, so this frequency may be noise or
and 72 Hz, among others. (The 15 kHz horizontad motion artifact.
sweep fields are outside the Multiwave’s bandwidth.) To study the effects of VDT fields further, Fig. 5



628 J. D. Bowman and M. M. Methner

X-axis Waveform

B-field (uT)

Z-axis Waveform

0.4 T
02+

0.0 £\

B-field (uT)

0.2 + —— Measurement
------- Superposition of 60 and 72 Hz components

_04 lIl)IIlll:llllllIII{lIII!lIII:IIlllllIl}l

0 20 40 60 80

Time (ms)
Principal Harmonics

Freq (Hz) Mag. (uT)

72 0.181
60 0.118
360 0.039

Fig. 5. Waveform measurements (solid line) which include 60 and 72 Hz components, due probably to a computer monitor. The
mathematical superposition of the 60 and 72 Hz components (dotted line) shows 6 Hz beats on 66 Hz carrier waves.

also shows waveforms generated from a Fourier semeasurements in Table 10. From the Multiwave
ies with only 60 and 72 Hz components whose magnineasurements, the ELF magnitudes are calculated
tude and phase are the FFT parameters from the plagth and without a digital filter to represent the
tics plant measurement (Jackson, 1991). IEMDEX'’s broadband mode (Fig. 2). When the Multi-
accordance with basic wave physics (Elmore andave magnitudes passed through the EMDEX filter
Heald, 1969), the superposition of these two freare compared to the simultaneous EMDEX measure-
quencies produces 6 Hz ‘beats’ (half their differencanents, the Spearman correlation is equal to 0.85.
modulating a 66 Hz carrier wave (the averagdlthough the correlation between the two instruments
frequency). Mixed with the other harmonics in thes highly significant (R210~1%), the percentage differ-
spectrum, the beat pattern produces ultra-low-freence ranges from-90 to 2325% (mediarl5.4%),
quency undulations and aperiodic behavior in thesedicating the large spatial variability in magnetic
unusual waveforms (Fig. 5). However, undulationfields over the short distance between the two instru-
and aperiodicity in a waveform can also be produceahents.
by probe motion, rapidly changing sources or other The accuracy of the EMDEX filter in measuring
magnetic field irregularities that produce FFT artiELF magnitudes is generally good, as indicated by
facts. The lack of fit between the measured and mothe slight bias in the Multiwave measurements with
eled waveforms in Fig. 5, especially in tleaxis, and without the filter (mean errer —1.14+0.28% in
suggests that the beats may be mixed with sudfable 10). The percentage difference is small as long
irregularities. as the principal frequency is 60 Hz. As the plot of the
The EMDEX is compared with Multiwvave EMDEX filter in Fig. 2 suggests, measurements with
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Table 10. Multiwave ELF magnitudes (unfiltered and with the EMDEX broadband filter) compared with the simultaneous
EMDEX measurements

Summary statistics Multiwave measurements EMDEX % Difference
broadband between EMDEX
magnitude (T) and Multiwave (with

filter)

Unfiltered Magnitude with % Difference
ELF EMDEX broadband with and without
magnitude filter (o) filter
(uT)
N 59
Minimum 0.08 0.7 —10.78% 0.05 —90.04%
Maximum 77.31 7715 0.00% 68.40 2325.59%
Mean 6.88 6.84 —1.14% 8.07 152.94%
Std. dev. 13.03 12.98 2.18% 13.64 404.82%
Geometric mean 1.61 1.59 red. 2.52 n.c®
Median 1.10 1.10 —-0.14% 2.10 15.36%
Correlation with 0.999 1.000 - 0.808 -

Multiwave (with
filter)

o data: the geometric mean is not defined for varialst€s

strong contributions from higher frequencies wouldultiwave System with induction coil sensors in
have the greater biases. For example, the mdsbmes, electric substations, and a chemical plant; Phi-
extreme bias 0f~10.78% was measured at the milllips et al. (1995) used a magnetic field spectrum ana-
roll operator station in the plastics plant, where th&zer with induction coil sensors and a fluxgate mag-
primary harmonics were 360, 60, and 720 Hz (Tableetometer in a hospital; Wenzl (1997) used the
8). At these higher frequencies, EMDEX measureMultiwave Il on electric railways; and Dietrich and
ments become inaccurate owing to the fall-off in itdacobs (1999) used the Multiwave System with both
filter (Fig. 2). induction coil and fluxgate sensors in the transpor-
Finally, we calculated Spearman correlationsation sector, including automobiles and airliners. The
between the ELF magnitude calculated witlpresent study used the Multiwave Il with its three-
EMDEX'’s broadband filter and the other characteraxis fluxgate probe to measure both ELF and static
istics (Table 11). These correlations indicate whethenagnetic field characteristics reported in the previous
a traditional exposure assessment with EMDEX-type&ork, and surveyed a variety of factories in industries
monitors can be a surrogate for other biologically relwhere detailed EMF characteristics have not been
evant exposure metrics. The only metric consistentipeasured before.
correlated with the EMDEX magnitude was the 60 Hz The walkthrough strategy took systematic measure-
magnitude (= 0.93). The association with the 60 Hzments at sources near work locations throughout the
magnitude is weakened at the filter plant=(0.55) factories and correlated the field characteristics with
where the DC forklift and 2 HP motor had other prin-qualitative information about the sources. The num-
cipal frequencies (Table 2). Significant correlationer of measurements was large enough so that several
were occasionally found with harmonics of 60 Hzhypotheses about the fields could be tested statisti-
especially the third and fifth harmonics, but thecally. Finally, new graphics software was used to plot
EMDEX was associated with different harmonics irthe vector traces, which are particularly useful for vis-
different factories. Correlations with the static fieldualizing spatial characteristics. With these advan-
THD, and the spatial metrics were even weaker. Thiages, this Multiwave Il survey has explored the
axial ratio consistently showed no correlatiorcharacteristics of workplace magnetic fields and their
(r=0.15 overall). In this sample of factories, therelationship to sources in new depth and variety.
60 Hz magnitude was the only exposure metric that This survey documented both common magnetic
can be reliably predicted with EMDEX broadbandield characteristics (Tables 4 and 6) and unusual
measurements. characteristics (Tables 5, and 7-9). The most com-
mon frequency spectrum in our survey was dominated
by 60 Hz and its third and fifth harmonics, a pattern
also seen in homes (Dietrig al.,, 1992) and a hospi-
This study is one of a few exposure assessmentd (Philipset al, 1995). The homes and the hospital
on magnetic field characteristics in workplaces. In thalso had THDs similar to the median of 14.8% in the
previous studies, Dietrictet al (1992) used the six factories. In contrast, the median THD was 1.4%

DISCUSSION



Proportion parallel to

0.58
—0.18
0.72

0.54
0.41
-0.20

60 Hz spatial characteristics
0.40

Axial ratio

0.21
—0.10
0.23
0.52
0.20
-0.14
0.15

360 Hz
0.26
0.65
0.35
0.54
0.75
0.77
0.58

300 Hz

0.79

0.83

0.92

0.75
0.80
0.94
0.82

Magnitude spectrum
180 Hz 240 Hz

120 Hz

60 Hz

THD at 60 Hz

0.23
0.08
—0.57
-0.81
-0.16
0.14
-0.39

Static magnitude
-0.14
-0.13
0.08
-0.35
-0.20
-0.26
-0.27

Number

11

11

10
12

Table 11. Spearman correlatiGraf magnetic field characteristics with the EMDEX broadband magnitude (calculated with a digital filter applied to Multiwave measuremen%)
59

a/alues in bold face are different from zero with<B.05. Values in italic are different from zero with<®.10

Facility
Filters
Liquid air
Plastics
Drugs
Cement
Al parts
All sites

J. D. Bowman and M. M. Methner

in electric substations and 51.3% in a chemical plant
(Dietrich et al,, 1992). More diverse are the frequency

spectra of transportation systems (Wenzl, 1997;
Dietrich and Jacobs, 1999). For example, the princi-
pal frequency is 400 Hz in airliners and 25 Hz in

some electrified rail lines.

For other magnetic field characteristics, the median
of the axial ratio was 25.4% in our survey, which is
more elliptical than in homes (mean equal to 20.3%)
and substations (mean equal to 16.7%) but more lin-
ear than the chemical factory (median equal to 37.2%)
(Dietrich et al., 1992). The median static field magni-
tude of 39.2uT was less than the 55T geomagnetic
field, which Philipset al. (1995) also found in their
hospital survey. Lastly, the percentage of the 60 Hz
magnetic field parallel to the static field vector had a
median of 51.1%, which is significantly less than the
isotropic value of 57.7%. This spatial anisotropy met-
ric was not measured in the previous surveys.

The wide divergence from these norms is another
important result of this survey. We observed second,
fourth, and sixth harmonics larger than the 60 Hz
magnitude, so the THD was greater than 100% (Table
5). Dietrich et al. (1992) also found the maximum
THD was 213% in the chemical plant. The polariz-
ation in our measurements approached linear at one
extreme (minimum axial ratio equal to 4.8%) and cir-
cular at the other (maximun?7.2%). At the chemical
plant, the polarization was even more circular
(maximun¥90.6%). In our survey, the 10.2-96.7%
range in the anisotropy also approached the maximum
possible extent. The static field magnitude ranged far
from its norm, due to steel shielding at the minimum
(8.8uT) and a DC motor at the maximum (12816).

In comparison, the static field’s range was only 25.0—
48.0uT in the hospital survey (Philipst al,, 1995),
which resembles the range in homes (Bowngtn
al., 1995).

The wide diversity of magnetic field characteristics
in only six factories suggests that EMF in the manu-
facturing sector is often a heterogeneous mixture.
Although the sample of factories is small and their
selection opportunistic (Methner and Bowman, 2000),
a larger sample would only increase the diversity of
field characteristics. Measurements of the ELF magni-
tude cannot reliably assess the components of this
mixture, outside of the 60 Hz magnitude (Table 11).

This variability of magnetic field characteristics has
implications for the evaluation of the possible cancer
hazards from ELF magnetic fields. Epidemiologic
studies have reported significant associations of leu-
kemia and brain cancer risks with the TWA magni-
tudes of workplace magnetic fields. However, occu-
pational EMF was only rated a ‘possible’ carcinogen
because of the lack of an established mechanism and
inconsistencies between epidemiologic results
(Portier and Wolfe, 1998).

The epidemiologic inconsistencies could be
explained by exposure assessments that measured
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only the ELF magnitude and not the other magnetiare sensitive to an erroneous FFT. In order to prevent
field characteristics. Inconsistency generally suggestach errors, we set the Multiwave configuration to
that epidemiologic associations are not causal becaltsmgcompass most of the frequencies we expected in the
differences between study results may be due to undeerkplace, adjusted for probe motion, and laboriously
tected confounders or other sources of bias. Howevesearched for artifacts. This was not always enough.
the mechanistic hypotheses listed in the IntroductioAlthough we planned for the 72 Hz fields from Super
suggest that some of the other EMF characteristi®ddGA monitors in setting the Multiwave’s configur-
could beeffect modifierschanging the risks from the ation at a 12 Hz base frequency, we did not anticipate
ELF magnitude observed from study to studythe 75 Hz sweep frequencies which other computer
According to this hypothesis, inconsistencies betweenonitors have.

epidemiologic studies would be more likely in work- A Multiwave configuration that can encompass
places like our six factories where magnetic fieldoth kinds of monitors would have a base frequency
characteristics vary markedly and are mostly uncorref 3 Hz, that is the sampling window equals 333.3 ms.
lated with the ELF magnitude. Since our 83 ms measurements sometimes captured

The diverse magnetic field characteristics observedriable waveforms, we had to be alert for inaccurate
in our survey provide further evidence that the varyFFT in the interpretation of our results. Therefore,
ing risks associated with the ELF magnitude may bmeasuring four times longer would produce trouble-
explained by a better assessment of occupatiormdme FFTs much more frequently. One solution
EMF exposures. The hypothesis that these charactereuld be measuring the waveform over a long 0.33 s
istics may be effect modifiers can be tested by usingindow, but calculating the FFT only for the periodic
waveform capture instruments like the Multiwave lilsegments of the waveform which meet the FFT cri-
to measure exposures in future epidemiologic studie®ria for the frequencies actually present. This strat-
Such studies would not only clarify whether work-egy would require new software which can identify
place EMF causes cancer, but also indicate whidhe important frequencies in the entire waveform and
exposure characteristics should be measured duritigen ‘window’ the periodic segments for the accurate
occupational hygiene surveys. FFT calculation.

As a pioneering effort, our survey had weaknesses The motion correction algorithm also needs further
which provide lessons for future surveillance and epresearch because we were not always able to correct
demiologic studies. Since the Multiwvave measurehe FFT successfully. The present algorithm cannot
ments were an adjunct to the EMDEX walkthrouglhdistinguish between irregularities in the baseline of a
survey, the small sample of facilities can not be corperiodic waveform owing to probe motion and those
sidered representative of manufacturing plants. Takiue to variable amplitudes or frequency content over
ing only 6-12 Multiwvave measurements at eacthe course of the sampling window. With a baseline
facility was marginal for making statistical inferencesaffected by motion, the FFT artifacts can be com-
between plants and too few for comparisons within pletely corrected by using all the frequencies below
plant. Moreover, the information collected about th&0 Hz as indicators of motion. With variable ampli-
sources was sometimes inadequate to explain the figladles, however, motion correction based only on
characteristics. In particular, the design of electri¢2 Hz removed some of the artifacts, but using
motors and the sweep rate of computer monitors (@dditional frequencies created new artifacts. Unre-
their make and model) should be recorded systematirovable artifacts sometimes occurred in this survey
cally. when the unstable probe stand had vibration fre-

Another limitation is that the Multiwave Il only quencies of its own. Improved analysis methods and
responds to static and ELF magnetic fields (Osoftware are clearly needed to correct for probe
3000 Hz) with a peak amplitude of less than 300 motion in workplace measurements.

More complete EMF surveillance would use other The most difficult problem with measuring mag-
instruments to measure high-amplitude magnetitetic field characteristics is their implications for eva-
fields, ELF electric fields and radio frequency (RFJuating workers’ health risks. The Multiwave
fields. For example, the static magnetic field from theneasurements do have clear implications for
anodizing tank at the aluminum parts plant (Table 3ssessing adherence with the ELF magnetic field
exceeded the dynamic range of the Multiwave Il, buguidelines for acute health effects (ICNIRP, 1998;
could be measured with a Hall-effect probe (BrackerRhysical Agents TLV Committee, 1999). Since these
1994). Also, the heat sealer in the filter plant wouldjuidelines are derived from the induced current
probably emit 5-40 MHz electric and magnetic fieldsnechanism, they depend on the frequency spectrum
which require an RF instrument (Conovet al, as well as the ELF magnitude (Bowman, 1995), so
1980). the Multiwave can measure adherence more accu-

More research is needed on a systematic methoately than conventional ELF meters. How to measure
for calculating accurate FFTs of workplace magnetiguideline adherence with the Multiwave is the subject
fields. Since the Multiwave software does all its calef current research.
culations from the FFT, many (but not all the metrics) The second issue is to link EMF hazard to possible
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risks for cancer and other chronic diseases. Epidemi- REFERENCES
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