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Abstract

A digital signal processing system for the measurement and monitoring of fluctuations
of the Earth's magnetic field with frequencies in the range 0.01-10 Hz, i.e., predom-
inantly in the ultra-low frequency range (ULF; f 4 5 Hz), is described. The system
was designed and developed at Stanford University with support from the Office of
Naval Research. It operates automatically under the control of a small computer and
it generates indices by computing the logarithm of the average power in the frequency
bands of interest, including in particular the band used for magnetic anomaly detection
(MAD). The indices are therefore a direct measure of the levels of magnetic activity
in their respective frequency bands. Two such systems were operated in the U.S., one
on the East Coast (geomagnetic latitude 55* N) and the other on the West Coast (ge-
omagnetic latitude 430 N). Real-time information on the levels of magnetic activity in
the bands monitored by either of the systems was accessible from anywhere in the U.S.
at any time via telephone line. The automatic operation of these systems, combined
with a diagnostic/calibration capability that could be activated over the telephone line,
allowed them to operate unattended for many months.

As shown by illustrative examples, the indices on the East Coast are usually substan-
tially larger, and have a greater variation, than those on the West Coast, a difference
which we ascribe to the greater geomagnetic latitude of the East Coast measurement
site. Some of the indices, including some of those for the MAD band, have a well
defined diurnal variation, whereas others have little or no such variation. In the MAD
band, the East Coast indices can vary by 20 dB or more in a single day, illustrating
the desirability of active monitoring. Our interpretation of the measurements suggests
that the diurnal and other variations could be even larger at higher latitudes. There is
little correlation between time variations of our indices and variations of the standard
three-hour range index Kp, and there is of course no 'diurnal' variation in the latter
index to match those in some of our indices, since Kp was intended to be a planetary
index and it is constructed in such a way that it has essentially no 24-hr variation. We
find that linear prediction techniques can be used effectively to predict our indices for
up to 24 hours ahead. It should therefore be possible to anticipate the level of natu-
ral noise that will be encountered in the MAD band for up to a day before an MAD
mission.
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Summary

This report details the results of a project, begun at Stanford in 1981, to improve
the U.S. Navy's Magnetic Anomaly Detection (MAD) capability by providing better
information about the state of natural geomagnetic activity in the frequency range used
for MAD.

At present, the Navy uses three indices, Kp, Ap, a.id Ape, to provide information
about the level of geomagnetic activity in the MAD band. This use can only be justified
by the current lack of better indicators, for, while there can be correspondences on
occasion between increases in the above indices and increases in natural activity in the
MAD band, the indices were never intended to be indicators of MAD-band activity and
on many occasions they provide no reliable indication of the state of natural activity in
the band. In fact, as we show in this report, they can provide misleading information.
The indices also have other defects from the point of view of the Navy's need. In
particular, they provide little information about the diurnal variation of MAD-band
activity, which can sometimes amount to about 20 dB or more at higher latitudes,
and they give no reliable information about the level of geomagnetic activity at high
latitudes, which can be much greater than the level at middle and low latitudes. This
latter point is of particular concern, because the northern high latitudes include ocean
areas of great importance to the Navy.

In response to this -problem, we have designed, constructed, tested, and deployed
two operating versions of a geomagnetic activity measurement system that runs under
the control of a small computer and which automatically derives half.bour indices of
geomagnetic activity for nine non-overlapping frequency bands covering the range 0.01-
10 Hz. The indices for these bands provide important diagnostic information about the
predominantly ultra-low-frequency (ULF; frequencies less than 5 Hz) activity occurring
in and around the MAD range. In addition, half-hour indices are also derived for three
frequency bands specific to the MAD frequency range; one band covers a commonly
used band for MAD operations (0.04-0.60 Hz), and the other two cover the upper (0.20-
2.00 Hz) and lower (0.04-0.20 Hz) parts of the nominal overall MAD range (0.04-2.00
Hz).

Unlike the K and A range indices, our indices provide a direct measure of the
average power of the magnetic field fluctuations in the MAD and adjacent frequency
bands. They are derived by sampling the output voltage of the solenoid field sensor at
a 30 s-1 rate, frequency analyzing the data in blocks of 4096 samples (136 s of data),
and averaging 13 or 14 of the resulting power spectrums to get an average half-hour
power spectrum. The individual indices are then obtained by taking the logarithm
to the base two of the average power in the appropriate frequency bands. This index
generation process is clearly very flexible and the time interval covered by the indices
can be varied within wide limits; our choice of a half-hour interval was prompted by a
desire for greater time resolution than that provided by the K and A indices.

The two MAD index generation systems were deployed on the East and West coasts
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of the U.S., one in New Hampshire and the other in California, at relatively remote
locations to avoid magnetic noise from man-made sources. The precise locations are
not critical, since the systems are designed to have their indices (and other system
information) accessed over a telephone line. As a result, the indices were continuously
available, under password control, to users anywhere, provided only that they had an
appropriate computer terminal, a modem, and access to a telephone line.

Comparison of the East and West coast indices gives interesting results. First,
the indices are larger in New Hampshire than they are in California, as would be
anticipated due to the higher geomagnetic latitude of the East Coast location (54"35'N)
compared with that in California (43"23'N). However, the difference in amplitude can
be substantial: for example, the East Coast indices can be up to 6-9 dB greater than
those on the West Coast in the 0.05-0.1 Hz frequency band. Second, cross correlations
of the two sets of indices show that there are correlations between the activity in the
0.01-0.1 Hz and 5-10 Hz ranges, but there is little or no correlation for the 0.1-5 Hz
range. There is an observed time lag in the California data of approximately 3 hours.
These results suggest that measurements of MAD indices on one coast could be used
to make rough estimates of the activity in the MAD range on the other coast, or,
more generally, that only a few MAD index generators would be required to monitor
MAD-band activity over large areas. However, our measurements have not included
any high-latitude locations, where the natural activity is likely to have a greater spatial
variation.

Using a linear prediction filter method, we have investigated the possibility of mak-
ing predictions of the MAD indices. The method is most accurate" for short time
intervals, from one half-hour to several hours ahead, but comparatively successful pre-
dictions can be made for longer time intervals. In particular, moderately accurate
predictions of the indices for 24 hours ahead appear likely to be feasible.

Several evolutionary improvements of the MAD index generators are possible, but
even in their present configuration they provide the Navy with a powerful new moni-
toring capability. The indices can be accessed at any time from a Naval Air Station,
or other Navy facility (with telephones), and they provide an accurate measure of
natural activity in the MAD range at the locations of the index generators, and over
large surrounding areas (the full extent of these areas remains to be established, but
a surrounding area of a few thousand square miles at middle latitudes does not ap-
pear unreasonable at this time). New indices are computed every half-hour, and the

indices currently in preparation are also available in preliminary form at any time, thus
providing the user with real-time information. Finally, predictions of the indices for
up to 24 hours ahead can also be provided, thus facilitating mission planning. The
index generation systems are compact and inexpensive in the form in which we have
built them. Since one system is likely to give adequate information about the state of
MAD-band activity over a surrounding area of a few thousand square miles, it may be
possible to deploy enough systems to give complete coverage of all important regions
for Navy MAD operations.

vii



1 Introduction
This report describes a signal processing system developed at Stanford University for
the study of naturally occurring geomagnetic signals on Earth's surface at frequencies
in the range 0.01 Hz to 10.0 Hz. The system wiUl be referred to here as the Magnetic
Activity Index (MAI) Generation System, and two such systems were operated, one on
the West Coast of the U.S., the MAI-West system, and the other on the East Coast,
the MAI-East system.

The primary goal of this work was to develop a new, real-time, capability for study-
ing geomagnetic activity in the above predominantly ULF range over long periods of
time, of the order of years. Similar long term studies have not been aimed at these
ULF ranges [Sentman, 1987]. Other real-time indices of geomagnetic activity have been
proposed before [Josellmn, 1970], but they lack the frequency resolution needed for our
work.

Each MAI Generation System is intended to be operated at a location as far away
as possible from ac power line interference and other forms of man made noise that
are found in ,ity environments. The artificial magnetic signals encountered in city
environments have been discussed before [Fraser.Smith and Coates, 1978; Ho et al.,
1979; Samadani et al., 1981], and an example of the MAI Generation System response
to such signals is presented in Section 5. The geomagnetic data collected by the MAI
Generation Systems at our remote sites were further processed at Stanford University to
obtain profiles of the magnetic activity at those sites, and they were analy7ed to provide
information concerning correlations between the data from the two sites. Predictions
of magnetic activity were also made, based on the collected data using linear prediction
techniqueb, and these restults are reported in Section 9.

From earlier studies of naturally occurring low frequency magnetic signals (Jacobs,
1970; Frajer, 1975] it was expected that there would be no significant polarization
of geomagnetic activity in either the East-West or North-South directions over long
periods of time. Thus, the MAI Generation System was designed as a single channel
system with an overall frequency range of approximately 0.01 Hz to 10 Hz. In addition,
the system is capable of operating unattended for approximately seven months, and
the only operator requirement is to change the data storage disk at the end of the seven
months.

The MAI Generation System can generate spectral information in frequency band-
widths of order of 7.32 mHz (136 second period) and these individual frequency bands
can be combined to cover larger frequency bands that may be of interest. The system
can be set to record spectral information in several such frequency bands, and the
number of these bands is limited solely by the storage capacity of the system. There
are no restrictions on whether these bands have to be overlapping or non-ov&.rlapping,
although the larger tb0e desired number of bands the larger the amount of data -ecorded
by the MAI Generation System and so more frequent operator visits would be .,equired
to install new data storage discs.



Figure 1: The large dots indicate the geographic locations where the East and West
Coast MAI Generation Systems were operated.

The indices stored in the system can be retrieved at any time by communicating
* with the MAI Generation System via telephone line. This communication capability

is an important aspect of the system, as it allows for the unattended operation of the
system ovez several months. The system is capable of responding to a variety of user
requests and inquiries concerning the data and other operational information of the
system, and up-to-date information about the magnetic activity at the site can be
obtained whenever desired.

The system cost was kept as low as possible to facilitate the ultimate deployment
of a number of units. The approximate hardware cost for each of the systems was
approximately $5000.

The first Magnetic Activity Index Generation System was successfully tested at
Monterey, California (geographic: 36*35'N, 121°55'W; geomagnetic: 43°00'N, 58°33VW)
for approximatel. six months from July 1986 to January 1987. A second system
was then constructed and the two systems were operated at Corralitos, California
(geographic: 36°59'N, 121°48'W; geomagnetic: 43°23'N, 58°31'W) and Grafton, New
Hampshire (geographic: 43°34N, 710571W; geomagnetic: 54"35'N, 1018'W). Figure 1
shows the geographic locations of the two MAI Generation Systems. These systems
have successfully provided indices of magnetic activity on the West and East coasts of
the U.S.
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2 Overview of the MAI Generation System

Each MAI Generation System is a computer-based signal processing system in which
the computer initiates all the data processing tasks and responds to user interactions
either from the keyboard or across telephone lines.

Each system has two main sections that are connected to each other via a 500 ft
cable. The first section consists of the computer and the signal receiving circuitry.
These are normally housed in a shed or other shelter which is equipped with ac power
and a telephone line. The second section of the MAI Generation System, located at
the input end of the 500 ft cable, consists of the low noise amplifiers and magnetic field
sensor. Separation of the two sections is needed to keep the sensors away from the
electromagnetic signals generated by the equipment in the shed. Figure 2 shows the
general arrangement of the components of the system, and the individual subsections
are described in Section 4.

The sensors for the MAI Generation System are solenoidal coils of aluminum wire
enclosing high-permeability steel cores. The variation of the magnetic field through the
coil generates very small voltages at its terminals, which have amplitudes of the order
of several hundred nano-volts. These voltages are amplified by low noise amplifiers
with an overall voltage gain of approximately 118 dB (800,000 times). The amplified
signals are then sent back to the shed by a set of differential line drivers. Differential
line drivers are used to minimize external noise pick up.

The transmitted differential signals are received in the shed by a differential ampli-
fier. The difference signal is then amplified if necessary, to achieve approximately a one
volt amplitude level, and is then passed through a sharp anti-aliasing filter before it is
sampled. The filtered signal is sampled at a rate of 30 samples per second by an 8 bit
analog.to-dig;tal converter. Finally, the digital stream of data is sent to the computer,
which constantly processes the incoming data samples without any loss of data.

The relative response of the analog section of the MAI Generation System to a fixed
amplitude sine wave magnetic signal is shown in Figure 3. The data were obtained
during a calibration procedure using a known sinusoidal source of magnetic field and
stepping through the frequency ranges of the system. At frequencies less than 0.1
Hz the response of the system was not practically observable due to the limits of the
calibration circuitry, but it can be expected to follow the slope downward until about
0.01 Hz. The increase in the relative response of the system as a function of frequency is
due to the increase in the induced voltage across a coil as the frequency of the incident
magnetic field is increased. That is, if the magnetic field applied to the coil sensors is

B(t) = B0 sin(wt) (1)

then the voltage induced across the coil terminals is

V(t) = •,.A,N dB(t) = yA,NBowcos(wft) (2)
dt

3



CompLJw Facility Used
for Date Processing lho•Ln

Telephone into

I eehf Int

Reot Shd

I

500ft Cable R~eceve Circul"r

-- - - - - - - - -
Remno Shed

SAmpWxs

end Sens

Figure 2: The MAI Generation System consists of two main sections which are sepa-
rated by a 500 ft cable. The computer and receiving circuitry are housed in a shed and
send dc power out to the amplifiers near the sense coils.
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where N is the number of wire turns of the coil, and A, is the effective cross sectional
area of the coil. We can represent the effective area as

A-a
A,= A-+a (3)

Pr

where A is the cross sectional area of the coil, and a is the cross sectional area of the
core. The relative permeability of the core material is denoted by p,, and it is in general
a non-linear element that can depend both on the frequency of the applied magnetic
field, and the level of that field. The core material can saturate at large signal levels,
but such large signal levels are not expected from exposure to natural geomagnetic
activity.

In the MAI Generation System the value of u, is approximately 10 to 20, depending
on the core used, and it remains constant over the frequency range of the system. One
can rewrite

V(t) = Cw sin(wt) (4)

where C is defined as
C = pANBo (5)

Thus, the induced voltage increases linearly as the frequency is increased, with the
slope being approximately equal to 1 on a log-log plot.

The digitized stream of data is processed continuously by the computer. The data
are collected in blocks of 4096 samples (136 seconds of data) and frequency analyzed.
A fast Fourier transform (FFT) is performed on the data after multiplying the data by
a 4096 point Hamming window. The power spectrum of the transformed data is then
computed and the average power in various desired frequency bands is calculated. The
averaging reduces the statistical variance of the power spectrum estimates. This process
is constantly repeated and it generates a set of spectral estimates every 136 seconds.
The statistical variance of the spectral estimates is further reduced by the method
of averaging non overlapped modified periodograms [Welch, 1967]. The averaging is
performed over half hour intervals, which include 13 or 14 spectral estimates (depending
on the exact timing of the transform operations) and the results are stored every half
hour. The above averaging technique has the unavoidable effect of reducing the time
resolution of the estimates to half hourly.

The information stored in the MAI Generation System is the logarithm to the base
two of the half hourly average of the average power spectrum in the various frequency
bands. These numbers comprise our MA indices, and currently there are 12 such
numbers generated every half hour, covering 12 frequency bands in the 0.01 Hz to 10
Hz range. Table 1 lists the 12 frequency bands, together with the FFT bins that are
used in calculating each MA index. Notice that the MA3 through MAll bands span
the 0.01 Hz to 10.0 Hz frequency range without gaps and without overlapping, whereas
the MAO, MAl and MA2 bands cover frequency ranges that overlap each other as well
as parts of the other nine ranges.

5
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Figure 3: The relative response of the analog section of the MAI Generation System.
In practice an incident magnetic field of 100 m-y peak-to-peak sine wave will generate
a signal level of 2.6 volts peak-to-peak at the maximum point of the plot. Measured
values are shown by hollow boxes and interpolated ones are the solid boxes.
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Table 1: The 12 MA indices are calculated from the average power in the following 12
frequency bands. Note that the MAO, MAl, and MA2 bands overlap others.

MA Index Frequency Band (Hz) FFT Bins
MAO 0.04. 0.20 5 - 27
MAl 0.04-0.60 5 - 82
MA2 0.20- 2.00 27 - 273
MA3* 0.01 2 - 2
MA4 0.02-0.04 3 - 6
MA5 0.05-0.10 7 - 13
MA6 0.10- 0.20 14 - 27
MA7 0.21 - 0.50 28 - 68
MAS 0.51 - 1.00 69 - 136
MA9 1.00 - 2.00 137 - 273

MA10 2.01 - 5.00 274 - 682
MA1l 5.00-10.00 683 - 1365

* Only one FFT bin included.

The MAO, MA1 and MA2 frequency bands were chosen specifically for their rel-
evance to MAD operations. The nominal MAD frequency range is 0.04 to 2.0 Hz,
which includes at least two and perhaps more independent classes of magnetic activity
(depending on the geomagnetic latitude; at high latitudes there are more variations of
magnetic pulsations). These classes of activity are discussed in Section 3. We have
divided the nominal MAD frequency range into approximately three MA bands; MAO,
MA1 and MA2. The MA1 band corresponds to a typical setting of the MAD equip-
ment, and it includes the frequency ranges of the Pc 1, Pc 2, Pc 3, and Pi 1 geomagnetic
pulsations. The study of the MA1 index, in particular, demonstrates the variation in
magnitude of magnetic activity that can affect MAD equipment during normal oper-
ations. The MAO and MA2 were chosen because they cover magnetic activity in the
upper (MA2) and lower (MAO) halves of the nominal MAD band (0.04-2.0 Hz). Since
MAD equipment has adjustable settings for lower and upper cutoff frequencies, these
additional indices are used to study the distribution of the magnetic activity within
and around the typical MAD equipment settings.

The MA3 index is derived from only one frequency bin of the frequency transform.
Since the data are windowed prior to being transformed, this single frequency bin is
affected by the adjacent bins. Thus, the values of MA3 should not be given a high
significance. This single bin has been included in the MA indices to allow for studying
larger frequency bands that start at the 0.01 Hz low frequency limit. In this report the
MA3 index will be presented in the same manner as the remaining MA indices, even
though we do not consider it to be as reliable as the others.

The MA indices can be related to absolute magnetic signal levels using the cali-
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Table 2: Magnitude of the MA indices for 1 -y peak-to-peak incident magnetic sine wave
when the frequency of the sine wave is ezacfly in the center of the MA index bands.
The third column is 2 to the power of (MA index), which is the average power per FFT
bin. The last column is the average power per Hz of the incident magnetic field for the
frequency band in study.

MA Index MA Index 2 (MA rdz) Average Power per Hz in Band
Magnitude 7_2./Hz

MAO 17.4 1.72 x 10' 0.742
MAI 18.5 3.59 x 103 0.219
MA2 20.1 1.12 x 106 0.0691
MA3 16.4 8.60 x 104 17.1
MA4 16.4 8.91 X 104 4.27
MA5 17.8 2.28 x 103 2.44
MA6 18.8 4.61 x 105 1.22
MA7 19.7 8.34 x 103 0.416
MA8 21.0 2.07 x 10" 0.251
MA9 21.7 3.37 x 106 0.125

MA10 21.5 3.05 x 106 0.0417
MAll 21.9 3.87 x 106 0.0250

bration data in Figure 3. The second column of Table 2 shows the magnitude of MA
indices when a 1 y peak-to-peak sine wave with a frequency ezactly at the center of
each MA band is incident on the sense coils (note that a 100 m-y peak-to-peak sine wave
is assumed for Figure 3). The additional assumption of the frequency of the incident
wave being exactly at the center of the band is needed to allow the use of Figure 3. As
the figure shows, the response of the system is not constant within an MA band. Note
that when MA indices are calculated the input samples are scaled-up by 256 in order
to reduce computational noise.

The third column of Table 2 is the average power per FFT bin before the logarithm
calculation. The logarithm to the base two of the number in the third column is shown
in column two. The last column of Table 2 is the average power per Hz of the incident
1 -f peak-to-peak magnetic field for each of the MA frequency bands.

Data collected by the MAI Generation Systems at their remote sites can be accessed
over the telephone, which is an important feature of the system. Up-to-date (up to latest

half hour) power spectrum data can be obtained at any time by calling the desired
MAI Generation System. Users can access any MAI Generation System whenever the
telephone line to that site is froe. In addition, the MAI Generation System has a
number of HELP routines that allow new callers to find out about the capabilities of
the system.
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The MAI Generation System operation is highly automatic and needs no operator.
As noted earlier, someone has to visit the remote site once every seven months to
change the magnetic disk on which the half hourly MA indices are stored. All other
system related operations can be performed remotely by communicating with the MAI
Generation System via computer terminal, modem and telephone line.

In general, the MAI Generation System is capable of collecting and processing geo-
magnetic data while at the same time replying to requests received over the telephone
line. The telephone callers must provide a user name, which functions as a password,
and restricts access to the system data to authorized users. For the authorized users,
the user name allows the system to assign two levels of priority to callers, thus allowing
some delicate system related operations to be performed only by selected users. For
example, the self calibration section of the MAI Generation System, which is usually
turned off, may be activated by a caller who has sufficient priority. The calibration
subsystem will then remain functioning until a request is received by the MAI Gener-
ation System for it to turn off the calibration subsystem. This calibration mechanism
allows for a complete check of the MAI Generation System whenever desired, and for
as long a period of time as is desired. In addition to this manual calibration circuitry,
the MAI Generation System automatically activates the calibration circuitry at 11:30
pm UT every Sunday, and turns the calibration off just before midnight. Thus, for
every week of data, one sample of calibrated data is provided automatically.

3 Naturally Occurring Magnetic Activity and Stan-

dard Indices

In this section we discuss several different types of naturally occurring geomagnetic
activity with frequency bands overlapping those of the MAI Generation System. There
exist various indices to describe the state of the geomagnetic activity either at a specific
site, or for the whole Earth. Our MA indices also reflect the status of the magnetic
activity, however, as will be shown, the MA indices have very different characteristics
than the standard geomagnetic indices.

3.1 Types of Naturally Occurring Magnetic Activity

The 0.01 Hz to 10.0 Hz frequency range covered by the MA indices, includes a variety of
naturally occurring magnetic activity. Some of the more common forms of this activity
are known as magnetic pulsations, and these are listed in Table 3.

The Pc pulsations are usually referred to as regular pulsations because they are
observed as regular sinusoidal waveforms of magnetic activity. They can be either
continuous, or they can be observed as a train of sinusoidal pulses over a long time.
The Pi pulsations, on the other hand, are usually referred to as irregular pulsations, and
they are characterized by sudden occurrence of large pulses. The regular pulsations can
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Table 3: Periods of the naturally occurring magnetic pulsations in the MA index bands.

Label Period (sec)
Pc 1 0.2 - 5
Pc 2 5 - 10
Pc 3 10 - 45
Pc 4 45 - 150
Pi 1 1 - 40

last from on the order of a few minutes up to several hours or more, with amplitudes
of order of 1 m-y to several -f. The irregular pulsations usually last up to tens of
minutes, with amplitudes of up to several y. The characteristics of the various classes
of pulsation events are discussed in detail by Jacob3 [1970].

The MA indices measure the power of the magnetic activity in the various MA
frequency bands. The correspondence between the MAO through MAll bands, and
the naturally occurring pulsation activity is shown in Table 4. It can be seen that some
of the MA bands (either a single band or a combination) completely contain a certain
class of naturally occurring magnetic activity. For example, Pc 2 is completely covered
by the MA6 index, and Pc 3 is covered by the MA4 and MA5 indices. Note that MAll
is above the frequency range of the listed types of magnetic pulsations. However, some
components of Pc 1 activity could extend into the MA1l band.

The MAI Generation System provides the researcher with a means for studying the
statistical characteristics of geomagnetic activity in the Pc and Pi pulsation frequency
bands, over a long period of time. The MA3 to MAll indices are composed of non-
overlapping frequency bands, and consequently the information in these bands can be
combined to study a specific pulsation range. Not all of the pulsation frequency ranges
can be matched exactly with the MA bands. However, due to the approximate nature
of the frequency limits of the pulsation events, this limitation is not a significant one.

The time resolution of the MAI Generation System is half hourly, and so, half
hourly up-to-date status information can be obtained concerning the magnetic activity
in various pulsation frequency bands. Since most pulsation events have band limited
characteristics, the MA indices can be used, at any time, to separate the background
geomagnetic signals into active frequency bands and quiet frequency bands. This in-
formation can then be used to decide the frequency settings of MAD equipment.

3.2 Standard Indices for Naturally Occurring Magnetic Ac-
tivity

There are a variety of different types of indices of geomagnetic activity currently in
use. The more common indices are the Kp and Ap indices, where the letter p denotes
'planetary'. The planetary indices are generated by combining indices from thirteen
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Table 4: Correspondence between MA indices and natural magnetic pulsations.

MA Index Frequency Band Natural Activity
(Hz) Pc1 Pc2 Pc3 Pc4 Pil'

MAO 0.04 - 0.20 x x x
MA1 0.04-0.60 x x x x
MA2 0.20 - 2.00 x x
MA3 0.01 x
MA4 0.02 - 0.04 x x
MA5 0.05 - 0.10 x x
MA6 0.10 - 0.20 x x
MA7 0.21 - 0.50 x x
MA8 0.51 - 1.00 x x
MA9 1.00 - 2.00 x

MA10 2.01 - 5.00 x
MAll 5.00 -10.00

observatories located around the globe. For example, one of the observatories con-
tributing to the Kp indices is the Fredericksburg (USA) observatory, and the indices
generated at that site ire denoted by KF/,. There is a direct correspondence between
the K and A indices, with the K indices being a quasi-logarithmic measure of the
amplitude of the magnetic signals. These can be converted to the linear A indices by
the use of a simple look-up table.

At each station, the K indices are generated by dividing every UT day into 8 three
hour intervals, and then assigning a number between 0 and 9 to the observed range
of magnetic activity during that time interval. The larger the observed activity at a
station the larger the assigned K index. The diurnal variations of the magnetic activity
at each site are removed, as best as possible, and geographic location of the sites are
taken into account when the 13 K indices are combined to generate the Kp indices.
The computed Kp indices consist of 28 levels, i.e., Oo, 0+, 1-, lo, 1+, ... , 9-, 90.
Detailed explanations of these indices are given by Lincoln [1967], Jacobs [1970] and
Rostoker [1972], and a useful tutorial is presented by Procha•ka [1980].

The most fundamental difference between the K indices and the MA indices is that
K indices measure the maximum range of magnetic variations, over three hours, at a
site, whereas, the MA indices measure the half hourly power of the magnetic activity
in various frequency bands. Thus, the K and Kp indices can be affected by short term
large amplitude pulsation events, whereas the MA indices are only affected by magnetic
activity of longer duration. In addition, the K and Kp indices will be influenced by
variations of the magnetic activity with periods of as large as 3 hours. Thus, they will
not directly relate to the MA indices that are generated by our systems. In Section 6

and in Section 7 the Kp indices and the MA indices will be compared to show the
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differences between them.

4 Technical Description of the MAI Generation Sys-
tem

In this section technical details of the MAI Generation System ae described. The
system is a result of approximately 4 years of design and development, which included
the construction of a simple prototype version during the early stages of the project
[Bernard$ et al., 1985). Attention was paid to making the system as small as practically
possible, which resulted in the MAI Generation System taking up a small amount of
space. At the computer end of the system about 8 square feet of bench space are needed
for all the equipment, and at the sensor end about 4 square feet are needed for the low
noise amplifiers, and 14 square feet for the coils.

The system power requirements are quite low. It uses approximately 100 W of
power, most of which is due to the computer equipment. In addition, the system has
been designed to operate in extreme temperature ranges that can happen in the East
and WVest coasts. For example, the system at Grafton, New Hampshire has operated
successfully at temperatures below -20°F.

The hardware building blocks of the MAI Generation System are shown in Figure 4.
In the following we will describe each of these blocks.

4.1 Coils

The coils are made of 16 gauge aluminum wire wrapped around hclow plexiglass tubes.
For portability, there are two identical coil sections, which are connected in series such
that their induced voltages add. Each section has approximately 10,000 turns of wire
and the wires are spooled from a diameter of 5.2 cm to 10.4 cm. The length of each
section is approximately 80 cm. The core material used is a high-permeability steel
rod. It has a length of 184 cm and a diameter of 3.7 cm.

The core extends through both of the coil sections. Thus, the overall coil dimensions
are length of 184 cm, and a diameter of approximately 10.4 cm. The combined number
of wire turns is approximately 20,000, and the total weight is about 40 kg.

The presence of the core material introduces a frequency dependence in both the
series resistance and the series reactance of the coil equivalent circuit. These values were
measured and recorded as a function of frequency. Both the reactance and resistance
were found to increase as a function of frequency in such a manner that the Q(= WL/R)
of the equivalent circuit remained constant around 1 as the frequency was varied.
This result is in agreement with previous studies of the properties of coils with cores
[Grossner, 1983].

At the measurement sites the coils are placed horizontally in the magnetic East-West
direction, with a wooden wind cover to avoid any wind-induced mechanical vibration
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Figure 4: The functional blocks of the MAI Generation System and the interconnections
between them.



of the coils.

4.2 Amplifiers

Almost all of the amplification of the voltages on the coil terminals is performed close
to the coils by low noise amplifiers. The amplification takes place in two stages. The
first stage is a Model 42.21 solid-state amplifier manufactured by Teledyne Geotech of
Garland, Texas. It has a variable gain from 28 dB to 112 dB in steps of 6 dB. The
amplifier has a band pass response with the lower 3 dB point at 0.005 Hz and the upper
3 dB point at 12.5 Hz, with second order rolloffs at each side of the band pass. The
amplifier has an input impedance of about 4 kQ, and it is a differential amplifier. The
output impedance of the amplifier is less than 10f., and the noise level of the amplifier
is 0.64 MV peak-to-peak for the 0.005-12.5 Hz passband at a gain setting of 58 dB.
This unit is normally operated at a gain of 58 dB.

A second solid-state amplifier follows immediately after the one described above.
It was designed by Dr. A. Phillips for use by the U.S. Naval Postgraduate School at
Monterey, California, and it has a fixed gain of 60 dB, again with a band pass response.
The lower 3 dB point is at 0.017 Hz and the upper one is at 20.0 Hz. The low end has
a first order rolloff (6 dB/octave) and the upper end has the rolloff characteristic of a
3rd order (18 dB/octave) 3 dB ripple low pass Chebyshev filter.

4.3 Line Drivers

The line drivers are used to send the amplified signal across two differential lines that
link thc- amplifiers near the coils with those at the computer through approximately
500 ft of cable. The use of differential line drivers greatly reduces the noise added to
the signal over the 500 ft of cable.

4.4 Line Receivers

The line receivers combine the differential signals received from the line drivers to
produce one single ended signal. Thus, any noise signal that is coupled into both wires
is subtracted from the signal at this stage.

4.5 Receiver Amplifier

The receiver amplifier is used to amplify the signal from the line receivers in order to
achieve desired voltage levels. Normally, this amplifier is set at a gain of 0 dB, since
it is preferable to amplify the signal fully at the stages closest to the coils, in order to
reduce the effects of noise pick up.
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4.6 Anti-Aliasing Filter

The amplified signal is sampled at a rate of 30 samples per second. The anti-aliasing
filter is built to account for that sampling rate. The filter is a 6th order Butterworth
low pass filter with 3 dB cutoff at 10.0 Hz. The filtered signal is then biased at +2.5
Volts and sent to the analog to digital converter.

4.7 Analog to Digital Converter

The analog-to-digital converter is an 8: ½bit converter. It is part of a microprocessor-
controlled data acquisition and control system, Model Number 8232, manufactured
by Starbuck Data Company of Wellesley, Massachusetts. The system receives and
transmits commands on an P5-232 communication line to the computer. The analog
signals are allowed to vary in the range of 0 to 5 Volts, therefore requiring the +2.5 volt
biasing of the signals before being digitized. The effect of the biasing is later removed
during the computer processing of the digitized samples.

4.8 Computer

The computer used in the MAI Generation System is a Macintosh Plus personal com-
puter manufactured by Apple Computer of Cupertino, California. The computer is
connected to an external disk drive with an 800K byte storage capacity. All the MA
indices are stored on the 3½inch disk in the external drive. A similar internal drive
holds the software and data files needed for the operation of the MAI Gent ration Sys-
tem. In addition, the computer is connected to the telephone lines through a 1200 baud
modem.

4.9 Calibration System

The calibration process can be initiated either during a telephone connection, or di-
rectly from the keyboard of the computer. This allows a user to perform a calibration
for a long period of time. This feature is needed when, for example, calibration data
are desired for a whole day to check for any diurnal temperature effects on the analog
hardware. The MA1 Generation System also automatically initiates a calibration for
half an hour once every week. The calibration circuitry used in the MAI Generation
System induces a known signal into the coils through magnetic coupling. This is per-
formed by sending a pulsed current through a calibration coil which consists of a single
turn of wire positioned in the middle of the two halves of the sense coils. The computer
generates the calibration L - by sending instructions to the data acquisition and
control system to close and open a transistor switch at a rate of 1.5 Hz. This switch
causes a known current to flow from the power supplies present in the line receiver,
across 500 ft of cable, through the single turn calibration coil, and back across the 500
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ft cable. The magnetic signals generated by the calibration coil are picked up by the
sense coils, and checked for proper operation of the MAI Generation System.

4.10 MAI Generation System Software Features

The software used in the computer was specifically written for this project. Various
software features of the system which have not been discussed above will now be pre-
sented.

The comparatively remote locations in which an MAI Generation System needs
to be operated are likely to be subject to occasional ac power failura. The MAI
Generation System is therefore programmed in such a way that it can start up properly
after any power failure, at which time it instructs all the connected hardware units to
reinitialize and begin their operations. When the MAI Generation System software
begins operation it initializes the data acquisition system to sample the analog signal
at 30.0 samples per second continuously, and the modem to answer the phone on the
first ring. The program then proceeds with various internal parameter initializations.
Typical parameters are the sine and cosine arrays used for the Fourier transforms; the
variables used for error detection: the display related parameters; and the serial driver
parameters. Upon completion of all initializations, which takes a couple of minutes,
the MAI Generation System begins its data processing.

In order to keep timing of data records intact, the computer writes a date/time
entry in the MA indices file before the first valid indices are written The format of
this file is as follows. Timing marks are inserted into the data streari *at 00:00 hours
every UT day. The 00:00 UT mark is followed by a line of MA im.iices which are
written immediately followiag the writing of the 00:00 mark, and thus they measure
the magnetic activity occurring from 23:30 UT to 00:00 UT. The rext line of MA
indices is written at 00:30 UT, and these MA indices measure the mi gnetic activity
occurring during the 00:00 to 00:30 UT interval, and so on. There .,,e io timing marks
written for these lines, since their time can be easily calculated from the 00:00 marks
of each UT day, thus reducing the storage requirements of the MA indices file. As can
be seen, during normal operation there are 48 lines of MA indices between the 00:00
date marks.

Additional status information is also stored in the MA indices file. The beginning
and end of any calibration of the system is automatically stored in the file, so that the
exact timing and duration of the calibration can later be verified. Similarly, timing
information is stored in the data stream every time the system recovers from a power
failure, thus allowing the user to find out the length of time power was lost to the
system.

The MAI Generation System computer constantly checks for various error condi-
tions that may occur during its operation. An example of an error condition is the
presence of saturated signal levels at the analog-to-digital converter. If this form of
an error occurs, either the dynamic limits of the system have been surpassed or an
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analog component has failed, and consequently the MA indices are not reliable over
that period of time. There are several such error conditions that the computer checks
for and, if any occur, the exact time of the errors and their identification is written
onto a separate errors file. From that point on, telephone callers are notified of the
error condition, thus warning them that the MA indices are probably no longer valid
and that corrective actions need to be taken.

Although the MAI Generation System normally operates completely unattended,
the system can have some of its functions initiated through the keyboard, which is
useful for diagnostic purposes. Power spectra can be seen in a plotting window on the
screen, which is updated once every 136 seconds. In addition, in a text window, one can
examine the actual data samples received from the data acquisition system or observe
the latest MA indices.

Complete file recordings of the 4096 samples of data, together with the real and
imaginary components of the FFT and the power spectrum of those data, can also be
initiated through the keyboard. This allows for checking of the routines which process
the digitized data.

5 Initial Measurements at San Francisco Bay Area

As was described in the introduction, there are a variety of sources of low frequency
magnetic noise in city environments, which necessitates the operation of MAI Genera-
tion Systems at remote sites. A good example of a strong source of urban noise is the
subway system in the San Francisco Bay area. Some years ago our research group drew
attention to the large-amplitude ULF electromagnetic fields being produced by the new
dc-powered Bay Area Rapid Transit (BART) system that had been constructed in the
San Francisco Bay Area [Fraser-Smith and Coates, 1978; Ho et al., 1979; Samadani et
al., 1981]. In that work it was shown that the BART system generates magnetic field
fluctuations, measured at Stanford University, of up to two orders of magnitude larger
than the natural background geomagnetic signals. These measurements were made in a
frequency band centered at 0.2 Hz with a bandwidth of 0.1 Hz. For measurements made
closer to BART, the signal was observable in the larger 0.001 Hz to 10 Hz frequency
range.

When development of the MAI Generation System was completed, it was decided
to test the system performance at a Stanford University site. It was expected that the
BART-generated magnetic fields would be clearly evident in the measurements made
by the system. The MAI Generation System was set up locally and the system was
left running from March to June, 1986. The data collected during that time interval
predominantly measured BART-generated magnetic noise.

Figure 5 is a plot of the magnetic indices generated by the MAI Generation System
during the week beginning Sunday April 20, 1986. The daily variation of the strength
of the activity follows a repetitive pattern from Monday through Friday. The magnetic
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MA Indices for the Week of April 20, 1986
Stanford University
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* Figure 5: MA indices generated at Stanford University for the week of April 20, 1Q86.
Note that the BART activity is concentrated in the 0.10 Hz to 0.20 Hz band, for which
the corresponding index is MA6.
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Figure 6: Comparison of magnetic activity measured at Stanford University with the
number of BART cars. The lower plot shows the MA6 index generated at Stanford
University for the week of April 20, 1986, and the upper plot is 20 plus the logarithm
of the average number of train cars operated by the BART system. Notice the strong
correlation between the index and the average number of train cars.
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variations for Saturday and Sunday are slightly different, as might be expected. The
figure shows that the BART activity is concentrated mostly in the 0.10 Hz to 0.20 Hz
frequency band, corresponding to the MA6 index.

We contacted BART public affairs [Patubo, 1986] to find out the average number
of train cars that are operating on the tracks as a function of the time of day. Note
that the BART system, as any other train system, adds and removes train cars from a
train depending on the demand, so that the load of the system is related to the total
number of cars in use, as opposed to the number of trains.

The magnetic field fluctuations generated by BART appear to have amplitudes that
are proportional to the change in the dc current used by the trains as they accelerate
and decelerate. We assume that during steady state, when the trains are either in full
motion or completely stopped, only negligible magnetic field fluctuations are produced.
Thus, the power spectrum of the magnetic field, which is proportional to the square of
the field, is proportional to the square of the currents in the BART system, which itself
is proportional to the average number of train cars in operation. We thus need to plot
the logarithm of the average number of cars running on the BART tracks as a function
of time of day and compare it with the logarithm of the average power in each of the
frequency bands, i.e., MA indices.

Figure 6 is a plot of the MA6 index and the logarithm of the average number of
train cars as a function of time of day. The value of 20 has been arbitrarily added to
the BART logarithms in order to display the BART 'indices' above the MA6 values.
In addition, at times when the BART system is not functioning, in which case the
logarithm of the average number of train cars would be -oo, the value has been set
to 20. Figure 6 clearly shows the strong effect of BART activity on the low frequency
magnetic signials observed at Stanford.

The BART-generated magnetic activity has a regular Monday through Friday pat-
tern, corresponding to the morning rush hour, reduced service during the day, an
afternoon rush hour followed by a further r luced service for the evening, and finally
the end of service. The weekend activity takes a different form. On Saturdays, BART
begins its operations the same time as Mondays through Fridays, but only provides
two levels of service for the day. On Sundays BART system starts its service later than
the usual time of 4:30 am local time, and again provides only two levels of service for
the day. All of these features can be seen in the MA6 indices of Figure 6.

6 Initial Measurements on the West Coast

Following the successful test of the first MAI Generation System at Stanford, the
system was moved to a location far enough away from the BART system to avoid
contamination of the MA indices by BART generated signals, and thus to allow study
of the MA indices produced by naturally occurring magnetic activity. The new location
was in Monterey California, in a remote part of the Naval Postgraduate School grounds
near the La Mesa Village student housing seccion.
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6.1 West Coast MA Indices

The MAI Generation System operated successfully from mid July 1986 until mid Jan-
uary 1987 at its Monterey location. Figure 7 shows variations of nine of the MA indices
(MA3 to MA1l) covering the frequency response of the system in non-overlapping bands
from 0.01 to 10.0 Hz, for the month of September, 1986. It can be seen that there tends
to be more activity in the low frequency MA indices than the high frequency ones, al-
though there is a rather regular periodicity present in the high frequency MA indices.
There also seems to be a null in signal activity in the middle frequency bands, as mea-
sured by the MA6 index, for example. Note that since MA indices are logarithmic,
the increase in the MA indices observed on the 12th of the month, approximately by a
value of eight, corresponds to an increase of the power of the signals by a factor of 256.

The MA indices can be compared with the standard Kp indices. The Kp indices
are planetary indices, and are themselves an average of magnetic activity observed
in 13 recording stations around the globe (see Section 3). Since the Kp indices are
three hourly range indices and MA indices are half hourly power spectrum indices,
one would expect that during strong magnetic activity of long duration both the Kp
and MA indices would tend to be large. On the other hand, large Kp indices would
not necessarily indicate large MA indices, and vice versa, since, for example, a short
lasting magnetic disturbance may register a large Kp value, but would not tend to be
significant when averaged over a half hour for the MA indices.

Figure 8 shows a plot of the Kp indices for the month of September 1986. The large
Kp indices for the 12th and 23rd of the month match the large activi' ty indicated by
the MA indices plots. The activity of the 12th is present in most of the MA indices,
whereas the activity of the 23rd is present only in the lower MA indices. However,
the frequency bands in which the magnetic activity is large are not necessarily in a
connected set; for example, the activity of the 14th is present in both the low and high
MA frequency bands but is missing in the middle MA indices. Those data therefore give
added information about the frequency content of the magnetic activity present in the
Monterey, California, area. An additional noticeable fact is that the MA indices have
a diurnal variation when a magnetic storm is in progress, whereas in the Kp indices all
the diurnal variations have been removed. An example of the diurnal variation is seen
in the MA5 index for the few days following the 12th and the 23rd.

There is a striking periodicity present in the MAll and MA12 indices. The daily
variation of the magnetic activity is at a minimum at the MA12 index at about 12:00
UT, which accounts for magnetic activity from 11:30 UT to 12:00 UT. The signal then
increases to a peak at about 16:00 UT and stays at a flat level until about 03:00 UT when
it begins to drop. Initially, these periodic variations were thought to be those of the
naturally occurring magnetic activity. However, after the system was moved to another
site, approximately 30 miles away, most of the regular periodicities present in the MAl 1

azid MA12 indices disappeared. It is now believed that the signals observed in the high

MA indices were largely due to the nearby housing environment (perhaps relating to
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MA Indices for the Month of September 1986
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Figure 7: Plots of nine MA indices generated at Monterey, California for the month of
September 1986.
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Figure 8: Kp indices for the month of September 1986.

electric current increases and decreases) and that the strong 24-hour periodicities in
the MAll and MA12 indices are due to man-made noise.

6.2 Autocorrelations of West Coast MA Indices

An important item of information that can be obtained from the MA indices is the
autocorrelation function of each of the indices. The autocorrelation function indicates
the extent of linear dependence between an MA index at a certain point in time and
the same MA index at a later time. Cross correlations between various MA indices at
the same site are not considered in this report.

An estimate of the autocorrelation at lag k, RM(k) can be derived as follows. Note
that we will use a to represent an estimated quantity. We first define the estimate of
the autocovariance function at lag k, KM(k), as

S(N-1)-k

,M(k) -- " (MM(i + k) - X')(MM(i) - (6)
i=0

where N is the number of data points, MM can be one of MAO,...,MA11 indices at
Monterey, and V7j is the mean of the Monterey data. Note that the correlation lag k
can vary from 0 up to and including lag N - 1.

The autocorrelation is then the normalized autocovariance and is given by

AM(k) = (7)KM(O)

Nine autocorrelation plots are shown in Figure 9 for lags of up to one week. These

autocorrelations were calculated using Monterey data from the month of September,

1986. There is significant daily correlation between most of the MA indices. The cor-
relation is strongest for the magnetic activity repeating every 24 hours, and is weakest
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Autocorrelations of MA Indices
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Figure 9: Nine plots showing the autocorrelatiois; of the MA indices MA3 through
MAll generated at Monterey.
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for activity that lags by 12 hours (repeating every 24 hours). The strong correlation is
absent in the MA6 and MA8 indices, however. One can also see the large correlation
of the high MA indices, thus indicating the strong non-random nature of those indices.

7 Simultaneous Measurements on the East and West
Coasts

Operation of the first MAI Generation System was terminated at Monterey in February
1987 and the system was returned to Stanford University for certain modifications and
improvements. Concurrently, a second system was built similar to the improved MAI
Generation System and was again tested at Stanford University. The two improved
MAI Generation Systems were then relocated near the Pacific and Atlantic coasts of
the United States (see Figure 1 and Section 1).

The second system was taken to a low-noise site near Grafton, New Hampshire,
where it was installed and set in operation during September 1987, and the first system
was taken to another low-noise site near Corralitos, California, where it began operation
in October 1987.

7.1 East and West Coast MA Indices
Figure 10 shows the Corralitos MA indices for the week beginning November 9, 1987,
during which unusually large activity was present in the low frequency bands. One can
see a well defined diurnal variation in the MA5 index particularly when the magnetic
activity reacher a high level towards the middle of the week. There is very little
magnetic activity present in the higher frequency bands, indicating a strong band-
limited nature for the signals that were observed during that week. It is also noticeable
that the MA10 and MA1l indices do not have the diurnal variations that were observed
in Monterey.

Figure 11 shows the MA indices again for the week of November 9, 1987, generated
at Grafton, New Hampshire. The magnetic activity at Grafton has a larger overall
magnitude than that of Corralitos, due to the higher magnetic latitude of the Grafton
site [e.g., Jacobs, 1970]. Large magnetic activity is present in most of the MA indices
of Grafton, although the largest activity occurs in the MA5 index, as was observed in
the Corralitos data.

Figure 12 shows a comparisons of the MA indices generated at Corralitos for the
week of November 9, 1987, with the Kp indices for the same time period. Since most
of the observed magnetic activity tends to be present in the lower MA indices, MA3-
MA6, only the lower MA indices of Figure 10 have been plotted in Figure 12. One
can immediately see that the Kp indices lack the diurnal variation of magnetic activity
observed at Corralitos. In addition, large values of the Kp indices do not seem to
correspond to any similar features in the MA indices. The MA and Kp indices measure
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MA Indices for the Week of November 9,,1987
Corralitos, California
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Figure 10: MA indices generated at Corralitos, California, for the week of November
9, 1987. The spike in the MA9, MAIO and MAll indices on the 13th is due to a
calibration test of the system.
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MA Indices for the Week of November 9,1987
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Figure 11: MA indices generated at Grafton, New Hampshire, for the week of November
9, 1987.
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MA and Kp Indices for the Week of November 9,1987
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MA and Kp Indices for the Week of November 9, 1987
Grafton, New Hampshire
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Figure 13: MA3, MA4, MA5 and MA6 indices generated at Grafton, New Hampshire,
for the week of November 9, 1987, and the corresponding A'p indices.
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Table 5: Correlation coefficients between MA and Kp indices for the Grafton and
Corralitos data are shown. One week of MA indices were used (November 9, 1987) for
calculating the correlation values.

Correlation Coefficients Correlation Coefficients
MA Index between MA and Kp Indices between MA and Kp Indices

(Grafton) (Corralitos)

MA3 0.339 0.251
MA4 0.107 0.126
MAS 0.031 0.087
MA6 0.185 0.109
MA7 0.295 0.088
MA8 -0.018 -0.140
MA9 -0.157 -0.085
MAIO -0.247 -0.133
MA11 -0.260 -0.099

different features of the magnetic activity and they may correspond, for example, during
periods of large magnetic storms when the range of magnetic activity and the average
power of the activity can both be expected to be large.

In Figure 13 we have repeated the above comparison, but using the data from
Grafton. Again, the diurnal variation of the magnetic activity shown in. the MA indices
is absent in the Kp data. This figure shows an example of a correspondence between
the MA aud Kp indices. The MA indices, particularly MA3 and MA4 show a short
duration peak occurring just after 00:00 UT of the 12th. At the same time, the Kp
indices show a sudden increase of magnetic activity. We note, in addition, that the
peak of the MA indices is concentrated mostly in the MA3 and MA4 indices, and is
rather small in the MA6 indices of the 12th. Thus, the MA indices can give indications
of the frequency distributions of the magnetic activity at any time.

The correlation coefficients between the MA indices and the Kp indices, at Grafton
and Corralitos, are shown in Table 5. The table was calculated by using the MA and Kp
indices for the week of November 9, 1987. One can see there is very small correlation
between the MA indices and the Kp indices, at both of the sites. This confirms the
fact that the two indices measure different aspects of the naturally occurring magnetic
activity.

7.2 Auwocorrelations of the East and West Coast MA Indices

Autocorrelations for the East and West Coast MA indices are shown in Figure 15 and
Figure 14 for lags up to a week. These are calculated using the equations presented in
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Section 6, which can now be rewritten as

AG(k) = KG(k) (8)
Ko(O)

and
KC(k)

Rc(k) = W( (9)

where the subscripts G and C represent Grafton and Corralitos.

The autocorrelations were calculated using data from the month of January, 1988,
at each location. A striking point to note is the lack of a strong daily correlation in the
MA6, MA7, MAS, MA9 and MA10 indices. There does exist, however, a significant
daily correlations for the MA3. MA4 and MAll indices. This general characteristic is
present in both of the East and West Coast correlations.

7.3 Cross Correlations of East and West Coast MA Indices

In processing the MA indices from two different sites, another important item of infor-
mation is the extent of the cross correlation between the indices at the two sites. The
cross correlation indicates the extent of the linear dependence between the data gener-
ated at one site with those generated at another site at a later time. One can calculate
the cross correlation of the same MA indices between the two sites, for example, MA6
at Grafton with MA6 at Corralitos, or one can inter-mix the MA indices, for example,
MA6 at Grafton with MA5 at Corralitos.

In thim x-ction we present results when the same MA indices are cross correlated
between the two sites. The mathematics here is an extension of that of the autocorre-
lation estimates presented earlier. Inter-mixing of MA indices between the two sites is
not treated in this report.

An estimate of the cross correlation at lag k, AR.o(k) can be represented mathe-
matically as follows. We first define the estimate of cross covariance function at lag k,
Jkc G(k), as

1(N-I)-k

ftc 0(k) = - (Mc(i + k) - Vc)(Ma(i) - V) (10)
imO

where N is the number of data points, Mc can be one of MAO,.. .,MA11 indices at
Corralitos, MG can be one of MAO,...,MA11 indices at Grafton, T is the mean of the
Corralitos data and W is the mean of the Grafton data. Note that the correlation lag
k can vary from 0 up to and including lag N - 1.

The cross correlation is then the normalized cross covariance and is given by

AC CO)= kc. G(k) (11)

Vkc C(O) G G (O)
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Autocorrelations of MA Indices
Grafton, New Hampshire
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Figure 15: Nine plots showing the autocorrelations of the MA indices MA3 through
MAll generated at Grafton.
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Cross Correlations of MA Indices
Corralitos and Grafton
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Figure 16: Nine plots showing the cross correlations of the MA indices MA3 through
MA1l generated at Corralitos and Grafton.
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The cross correlations between the nine MA indices for the Corralitos and Grafton
sites for lags of up to a week are shown in Figure 16. These were calculated using the
data from the month of January, 1988, at each location.

The cross correlation plots repeat the characteristics seen in the individual autocorre-
lation plots of the Grafton and Corralitos data. The MA6, MA7, MA8, MA9 and MA10
indices again tend to have weak cross correlations, and the remaining MA indices have
some daily cross correlations.

One would expect a peak in the cross correlation plots at lags of about 3 hours
since Corralitos geographically lags Grafton in time by approximately 3 hours. Looking
closely at the plots, one can see that MA1l cross correlation has a peak that occurs at
lags of 1.5 to 2 hours (not 3 hours), and that most of the remaining MA indices do not
have any peaks during the first 3 hours. By analyzing another data set we have found
the lags to be indeed approximately 3 hours, and so we attribute the inconsistencies in
the plots to statistical fluctuations. Further work needs to be done to understand the
reason for the lack of significant cross correlation peaks in some of the bands.

8 MAD-Specific MA Indices

The MA indices MAO, MAI, and MA2 cover frequency bands that are overlapping
subsets of the other nine MA indices. As described earlier (see Section 2) the frequency
ranges of the MAO, MAI and MA2 indices were chosen to correspond to typical settings
of the MAD equipment used by the U.S. Navy. These three MA indices allow one to
study the characteristics of the magnetic activity in bands of specific" interest to the
Navy.

The MAO, MA1 and MA2 indices generated at Grafton, New Hampshire, during the
week of November 9, 1987, are plotted in Figure 17. The general characteristics of the
plots in Figure 11 are repeated. However, the new plots show a remarkable dynamic
change of the power of the magnetic activity in the MA1 frequency band over a rather
short period of time. The smallest value reached by the MAI index on November
12, 1987 is 2.21, and the largest value of the MA1 index reached on November 13,
1987 is 15.72. This change of MA1 index occurs within a time frame of approximately
one and a half day. One can translate the MA index values to dB values, since each
unit increment of the MA index corresponds to a doubling of the power present in
the corresponding frequency band. Thus, each MA index unit step is equivalent to
10log 2.0 = 3.01 dB. Therefore, the increase of the magnetic activity in the MAt
frequency band is equivalent to an increase of (15.72 - 2.21) x (3.01) = 40.67 dB. This
is a large increase and since such large increases do not appear to be uncommon, it has
important implications for MAD operations.

An event which could strongly influence the levels of geomagnetic activity is a
solar flare. This can clearly be seen by examining the MA indices during a solar
flare. The MA Index Generation System at Grafton was operating during the time of a
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Figure 17: MAO, MAI and MA2 indices generated at Grafton, New Hampshire for the
week of November 9, 1987.
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comparatively large solar flare that occurred during the last week of June 1988 (Optical
Importance of 2B). There is a tremendous change in the character of the magnetic
activity in all of the MA bands. Figure 18 shows the nine MA indices covering the
frequency range from 0.01 to 10.0 Hz. We would like to emphasize that these are
preliminary plots, and that their accuracies remain to be verified. The California
MA Index Generation System was not operating during this period of time, and thus
independent verification of these results is not possible. Note the large levels of magnetic
activity that begin on the 23rd day of June. There is a clear 'quiet' geomagnetic time
during the 24th and first half of the 25th of June, followed by large activity on the 26th
and 27th of the month. The magnitudes of the power of geomagnetic activity during
the two active times are relatively similar, and in both cases the upper limits of the
dynamic range of the MA Index Generation System were reached.

The reasons for the presence of a quiet time in between the two storms is not clearly
understood, and further work needs to be done to study its significance. An interesting
point concerning the quiet period is that the level of the MA indices during that time
is lower than the lowest levels of the MA indices that is normally present. This feature
is most obvious in the higher MA bands.

In Figure 19 we plot the MA indices that are specifically chosen for the MAD
operations, for the week of the solar flare. In addition, the Kp indices for the same
week are plotted. We can immediately notice that the Kp indices do not represent the
extent of the magnetic activity that was present in the MAD bands of interest. In fact
the Kp indices indicate quiet magnetic activity on the 23rd of June, whereas the MA
indices all indicate large powers for the magnetic activity in their respective frequency
bands. Clearly the use of Kp indices can be misleading when one is interested in the
levels of the power of the geomagnetic signals.

We can look at the MAO band to see the range of variation of the power of the
magnetic signals during the solar flare. The lowest level of the MAO indices reached
on the 24th was 3.55, and the highest level wae 20.16 on the 26th. Following a similar
calculation as that done at the beginning of this section we see that the magnetic
activity has varied by approximately 50 dB in two days. This range is larger than the
linear dynamic range of the MA Index Generation Systems, and the system at Grafton
had recorded warning messages indicating many instances of saturated signal levels
during that period.

The above calculations show the desirability of having up-to-date information of
the magnitude of the naturally occurring magnetic activity when MAD equipment is
being operated.
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MA Indices for the Month of June 1988
Grafton, New Hampshire
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Figure 18: Plots of nine MA indices generated at Grafton, New Hampshire for the
month of June 1988.
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MA and Kp Indices for the Week of June 22, 1988
Grafton, New Hampshire
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Figure 19: MAO, MAI and MA2 indices generated at Grafton, New Hampshire, for the
week of June 22, 1988, and the corresponding Kp indices.
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9 Predictions of MA Indices

The autocorrelation analysis of the MA indices in Section 7.2 demonstrated the linear
dependencies that exist between a MA index and the same MA index at a later time.
This information can be used to provide predictions of the MA indices for various lead
times. The procedure is to use the autocorrelation time dependencies to obtain a pre-
diction that is consistent with both the already observed data, and the autocorrelation
measurements.

The prediction technique is usually referred to as Linear Prediction (LP) in engi-
neering, or Autoregressive (AR) modeling of time series in statistics. The idea behind
the technique is rather simple: the time series is modeled by an autoregressive filter
driven by white noise. The unknown parameters are therefore the white noise and the
filter itself. Thus, the time series at time t, y(n), is assumed to be the output of a filter
such that it depends linearly on the previously observed data, added to some random
white noise, i.e.

y(n)•= aly(n - 1) + a2y(n - 2) +. + ay(n-p) + z(n) (12)

where the filter has order p and the white noise at time n is z(n). These topics are
disussed in detail, for example, by Makhoul [1975], Boz and Jenkins [1976], and by
Preietly [1984).

To model the data successfully one needs to obtain reasonable estimates of the
model parameters a1 ,. . . , a.. The esimates will be referred to as a 1,... , a,. These are
obtained by minimizing the mean square error between the observed value at time n
and the predicted value for time n. The one step prediction for time n is given by

0(n) = 1y(n - 1) + a 2 y(n - 2) + + ay(n - p) (13)

and thus the prediction error at time n is

e(n) = ý(,) - y(n). (14)

By minimizing e(n)2 one can obtain estimates of the true filter parameters a,, ... , ap,.
The minimization is done over the set of already observed y(.) data. The minimization
leads to a set of p simultaneous equations in p unknowns that can be efficiently solved in
a recursive manner [Levinson, 1947; Durbin, 1960]. The selection of the proper order
of the filter is an additional complication in applying the above procedure. Various
techniques are available for deciding on the order of the predictor filter, the most
widely used one being due to Akaike [1969, 1974].

The linear prediction technique was applied to the MA indices to see its effective-
ness. One week of data from Grafton (starting November 9, 1987), and one week from
Corralitos (starting November 20, 1987) was processed. In both cases the MA5 indices
were predicted for lead times of 1/2,1,2,4,8,12,18,24 hours. A 96-th order filter was
used for the predictions, and the estimates of the AR parameters of the filters were
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Figure 20: Nine plots showing the MA5 indices (top plot) of Grafton, New Hampshire,
and predictions of the NIA5 indices for various lead times.
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Predicted MAS Indices for the Week of November 20, 1987
Corralitos, California
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Figure 21: Nine plots showing the MA5 indices (top plot) of Corralitos, California, and
predictions of the MA5 indices for various lead times.
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Table 6: Percent errors of the predictions of MA5 indices for Grafton and Corralitos.
The Grafton data are predicted well for all the lead times since the actual measured
data match the autocorrelations expected from analysis of the previous month.

Lead Time Percent Error Percent Error
in Hours in Predictions in Predictions

for Grafton for Corralitos
(Figure 20) (Figure 21)

1/2 18.6 42.5
1 27.1 54.4
2 36.2 68.5
4 45.9 82.6
8 48.0 99.5
12 43.0 99.8
18 41.7 99.3
24 51.7 95.4

obtained by minimizing the square of the one step prediction error over the previous
one month of observed MA5 indices. Once the prediction filters were calculated for
each site, they were used to predict the MA5 indices for the week of data under study.

The resulting predictions are shown in Figures 20 and 21.
In Figure 20 one can see that the 1/2 hourly predictions tend to be the most

accurate. This is because the prediction filter begins to respond immediately to any
changes that occur in the data. For example, a sudden peak of the data is followed by
1/2 hourly predictions with high values. However, as the lead time of the predictions
is increased, the currently observed data become less correlated with the values that
are to be predicted. Thus the prediction error tends to increase, as one may expect,
as the lead time of the predictions is increased. For example, the 24 hourly predictions
seem to capture only the overall daily variations present in the MA5 index.

The second set of predictions correspond to a very different set of data, which was
chosen as a worst case scenario. The MA5 indices obtained at Corralitos for the week
of November 20, 1987, do not have any of the diurnal variations seen in Grafton. There
is only a one day peak of the MA5 indices present on the 23rd of the month. Again the
1/2 hourly predictions are seen to match the data. However, as the lead time of the
predictions increases to 24 hours, the linear predictor has difficulty predicting the MA5
peak on the 23rd of the month. In fact, there is a delay of about one day before the
effect of the peak is propagated within the prediction mechanism, and the predictor
attempts to predict large values on the 24th of the month.

These examples demonstrate both the effectiveness of the linear prediction tech-
nique when high autocorrelations of the indices are present, and its weaknesses when
the technique tries to predict sudden changes of the MA indices that differ from the
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autocorrelation data. In general, the MA indices that cover the low frequency bands
have high autocorrelation values even for lags of 24 hours. Consequently one would
expect to be able to provide reasonable predictions of up to 24 hours ahead, except for
sudden bursts of geomagnetic activity.

Table 6 lists the percentage errors for the predictions of the Grafton and Corralitos
MA5 indices. The percentage errors are calculated by dividing the square error of the
predictions by the power of the MA5 indices (with the means removed). It is seen
that the percentage error of the predictions for b4.th sites tends to increase as the lead
time of the predictions increases. The Grafton MA5 indices are better predicted since
they match the autocorrelation profiles of the the indices calculated from the preceding
days. However, the Corralitos MA5 indices do not match their expected autocorrelation
profiles, and so are predicted with less success.

10 Conclusions and Future Research
We have described a digital remote monitoring system for the study of magnetic activity
in the 0.01 Hz to 10 Hz range. Two of the systems have been successfully operated on
the East and West coasts of the U.S., but a longer term deployment of these systems
would be needed in order for the usefulness of their indices to be checked operationally.
In addition, a long term statistical study of the MA indices would enable us to make
reliable estimates of the types of activity that occur in these frequency bands. We have
already observed daily variations, but monthly and seasonal variations should also be
expected.

In this report, the MA indices obtained at these sites have been processed to obtain
initial estimates of the types of relations between the indices at the same site, and
between the indices at different sites. The information thus gathered has enabled us to
predict the MA indices for up to a day ahead, and we have shown the quality of our
predictions to be moderately good.

For MAD equipment operating in the 0.04 to 2.0 Hz frequency range, the MA indices
provide an indication of the average power of the background magnetic activity. We
have compared the MA indices with the standard Kp indices and have found them to
have very different characteristics. We feel that the information on the average power
of the geomagnetic activity, which is not available through the K indices, would be
helpful in the MAD operations, since it would provide the operators with information
about the actual and expected natural noise levels in the MAD band.

Future research could follow several different paths. The first path that can be taken
is improvements to the signal processing techniques. There have been many recent
advances in linear prediction theory, especially in multi-channel applications. These
results can be applied for prediction and for modeling of the processes that generate
the magnetic activity in the MA frequency bands. Data from other measurements,
such as sunspot numbers, Kp indices, and other MA indices can be incorporated into
the prediction mechanisms that have already been studied. One would expect to be
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able to improve the prediction quality of the various MA indices by incorporating the
additional information.

Maximum entropy techniques can be used to account for t -ertainties in the mea-
surements of the various autocorrelation and cross correlation values, improving the
modeling of the MA indices with autoregressive processes. This allows one to make the
calculated model less dependent on the specific 'training set' of MA indices used, thus
obtaining a more general linear description of the MA indices. These linear models can
then be used, for example, to study the stationarity of the MA indices, since one would
expect them to be stationary over the short term, but maybe not so in the long term.
The length of time of the expected short term stationarity is not known.

A second path of research would be the construction of other MAI Generation Sys-
tems, and their operation at various selected geographic sites. The hardware cost of
each of these stations is relatively small. The simultaneous availability of MA indices
from a number of locations would give important information about the geographic
variation of the indices. Measurements at higher geomagnetic latitudes appear partic-
ularly important, because of the likely high levels of noise in the MAD band. Knowing
the geographical scale of these pulsation events would allow the MAD operations at
locations within range of a specific site to be more successful, by using the MA indices
to decide the settings of their MAD equipment.

Finally, the present MAI Generation System can be improved in several aspects.
First, it would be informative if more spectral information could be stored, instead of
just the 12 MA bands. A possible change that would accomplish this is the addition of
a larger data storage device. Second, the MA indices could be evaluated more often, for
example, every 15 minutes. Additional research should be done to justify the statistical
reliability of the spectral estimates if shorter times are considered. Other types of
information could be analyzed in addition to the spectral information. Maximum and
minimum values of the magnetic activity during a half hour period could be recorded,
or, to obtain even more detail, half hourly histograms of the distribution of the magnetic
activity observed at a site could be computed. These additional data would enable the
types of magne,.c activity that occur in the 0.01 Hz to 10 Hz frequency range to be
better described by our indices.
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