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SUMMARY

This investigation was carried out so that design parameters
for magnetometers could be precisely defined both for the equipment
designer and the user. The parameters looked at in detail were band-
width, slew rate, and digital sampling rate. Magnetometer bandwidth
and slew rate are rarely ‘mentioned in manufacturers' literature.
Bandwidth may be traded off in order to obtain seemingly improved
noise performance; bandwidth however has an important effect on the
shape of a recorded aeromagnetic anomaly and should be considered
in the specifications for any aeromagnetic work.

The following conclusions have emerged from the investigation:

(1) Airborne magnetometers with a third-order or higher bandwidth
characteristic must have a bandwidth of at least 1 Hz.

2) Magnetometer slew rate should be at least 5000 nT /s, regardless
of magnetometer bandwidth, if the error from this source (€900 nT)
is to be kept less than the error due to uncertainty of aircraft
position for the case considered.

l (3) A digital sampling rate of 1 per second is more than adequate to
specify a 'worst caste' anomaly of 13 000 nT to better than 0.4 nT
' accuracy at any point with the RMS error of less than 0.05 nT

over the whole anomaly.

The assumptions used in coming to the above conclusions were
as follows:
(a) Aircraft height and velocity of 150 m and 50 m/s respectively.
(b) Aircraft and anomaly positional accuracy of fiom.

(e) Total field of 58 000 nT with a point source magnetic anomaly
peaking at 71 000 nT. Angle of dip was (%/2 - 0.5) rad.

(d) Angma]y peak amplitude error (compensating for peak' position)
of - 70 nT.

(e) A point source magnetic anomaly with a maximum of 13 000 nT
at a detector height of 150 m.

The conclusions drawn in this record apply to any magnetometer
(fluxgate, alkali vapour, proton, induction, mechanical, etc.) with a lowpass
response of order three or higher.



1. INTRODUCTION AND BASIC THEORY

1.1 The author carried out the investigation contained in this Record

. while engaged on the design of a high~-performance airborne fluxgate

magnetometer (MFS7) in the Electronic Design and Development
Laboratories at- BMR. The investigation was carried out so that design
parameters for magnetometers could be precisely defined both for the
equipment designer and the user. The parameters considered in detail
were bandwidth, slew rate, and digital sampling rate. Bandwidth is the
band of frequencies over which an associated amplitude response is
within - 30 percent of its nominal mid-band value. Slew rate is the rate
of change of some variable with respect to time; in this Record, slew
rate will always be taken as referring to rate of change of magnetometer
output, expressed as nT/s.

1.2 Magnetometer bandwidth and slew rate are rarely, if ever, mentioned
in manufacturers' literature and it is doubtful if many users understand what
is required in this area. Manufacturers often tradeoff bandwidth in order to
obtain seemingly improved noise performance. It will be seen that magneto-
meter bandwidth (as well as bandpass shape) has an important effect on the
shape of a recorded aeromagnetic anomaly, and should be considered in the
specification for any aeromagnetic work.

1.3 Airborne magnetometers inherit all the problems of fixed magneto-
meters as well as being subjected to a limited bandwidth and a changing
magnetic field. The changing magnetic field can be considered as an infinite
series of frequencies of differing amplitude and phase in the frequency domain.
These frequencies will be differently affected in relative magnitude and phase
in passing through the magnetometer and ancillary recording equipment, thus
affecting the observed magnitude of the time varying field. Even if errors

due to finite equipment bandwidth are negligible, they must still be known if
one is to have any confidence in the measurements made.

1.4 The techniques described in this Record may be easily applied to
any geophysical system which takes measurements in the time domain,
providing the system transfer function is known. These techniques will then
allow calculation of the true time dependent input from a knowledge of the
time varying output (the observed output).

1.5 Most geophysical mechanical or electronic measuring equipment
has an input and an output. The system can thus be described by a transfer
function:- :



F(s):= Eout(s)

m)o.u.u,... .................. (1.1)

in the frequency domain. (:= means 'is defined equal to'). s is the Laplace
variable. Equation (1.1) could be written less conveniently in the time
domain as

N e U ;e B (1.2)

where t is time and L"1 is the inverse Laplace transform (generalized
inverse Fourier transform).

1.6 If F(g) is known, it is relatively simple to find Ein(s) for any Eout(s)
in the frequency domain. However, most geophysical measurements and
experiments are carried out in the time domain, necessitating a convolution
of f(t) with the inverted e out(t) in order to find e in(t):~ the time dependent
input. A second approach is to perform the Fourier transform on e out(t)
giving Eout(s), then apply F(s) by simple multiplication with the inverse of
Eout(s) and then carry out the inverse Fourier transform to find e in(t). This
second approach has been used here for two reasons: -

(a) Tt gives interesting information concerning the power spectrum
~ of both input and output. This is of prime importance in the
consideration of digital sampling rates.

(b) For a specific input signal, only one forward Fourier transform
is required; calculations are simpler than those using the
inverse Laplace transform - which could prove to be more
economical in different situations.

1.7 The method shown here can be directly applied to many geophysical -
situations where it is desired to correct or predict a time varying signal
emanating from some device whose transfer function in the frequency domain
can be discovered.

1.8 In this Record, the abovementioned techniques are applied to a
typical specific problem of determining the effects of limited system band-
width on aeromagnetic anomalies. Aeromagnetic anomalies are simply time
dependent outputs from a magnetometer flying through a non-uniform magnetic
field. The anomaly chosen here was 'worst case' ~ i.e. maximum size of
about 14 000 nT - with the aircraft flying at a height of 150 m and speed of

50 m m/s. (Normal BMR survey limits).
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1.9 In this case, a third-order lowpass system was chosen to represent
the magnetometer and various bandwidths applied to the transform of the
'worst case' magnetic anomaly. In each case the inverse transform was

then carried out and the 'modified' anomaly compared with the 'input' anomaly.
Various conclusions can be drawn about bandwidth commensurate with errors.
Before the transform of the anomaly is carried out, it i8 necessary not only

to have a suitable anomaly, but also to know what time intervals, etc. should
be used. Sections 2 and 3 deal with this.

1.10 Interpretation of aeromagnetic data usually requires the specification
of half-widths, points of inflexion, and half-heights of anomalies. It is
necessary that the accuracy of these parameters be specified or that they be
corrected for system response before interpretation. In aeromagnetic
mapping applications it is desirable that the anomaly be recorded as
accurately and faithfully as possible. It will be shown that minimum accept-
able bandwidths can be specified for BMR magnetometers and contractors'
equipment. Furthermore, the techniques and programs used are quite general
and may be applied to different magnetometers or to a variety of other
geophysical systems.

1.11 A brief resume is given of Section (1) and the Sections which follow
it.

An aeromagnetic anomaly can be represented as a real, time
dependent vector function F(t) where F(t) =G + A(t)

F(t) is the_total vector magnetic field seen by an aircraft flying
over the anomaly. G is an assumed time invariant vector field - the regional
geomagnetic field. A(t) is the vector field due to the anomaly. In airborne
geophysical applications, one generally looks only at the magnitude of the
magnetic field or /F(t)/ = /G + A(t)/. Subtracting the 'baseline' or /G/ gives
the magnitude of tha anomalous field B(t).

i.e. B(t) = /F(t)/-/G/=/G+A®)/-/G/ . . . . .. (1.3)

The Fourier transform of B(t) will give B in the frequency domain,

- i.e. B(w ), where w is frequency in radians per second. The magnetometer
and ancillary recording and acquisition equipment has an associated transfer
function F(s) which allows calculation of the input signal in terms of amplitude
and phase at different angular frequencies (W= 277{) (For sinusoidal inputs,

= jw , where j = ) -1.) If we pass the transformed anomaly B(w ) through
a system with transfer function F(jw), then the modified anomaly is given by:-

BmW) = FG®). BW) . . « . « . ... PP )
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The inverse Fourier transform of Bm(w) ‘can then be carried out
to find Bm(t), the modified anomaly in the time domain. A comparison of
Bm (t) with B(t) will then show the error introduced into the recording of
the anomaly by the magnetometer.

2. MAGNETIC ANOMALY EQUATION AND TRANSFORM CONSIDERATIONS

2.1 A magnetic field due to a point magnetic source falls off less rapidly
with distance than dipole fields. However a point magnetic rather than a
dipole source was chosen for the determination of a 'worst case' magnetic
anomaly. We consider here the two-dimensional case. (Note that in reality,
monopoles do not exist and can only be approximated.) A dipole source was
not used owing to the problem of deciding on a suitable dipole distance.

2.2  Consider an aircraft flying at constant height (h) and velocity (v)
over a point source of magnetic intensity (m). Let the inclination _of the
Earth's field be (T /2 - @). Let the constant geomagnetic field be G.

-~

fhoees A = By T w0 monw wmos w6 B £ (2.1)
(d(t))

where k is a constant and A(t) the time dependent field.

.B\H(f) Xz 1}'.t A

NN\ v

&
1o 6. a(5)

-
Figure (2.2a)
at point A, let t = 0 and then d(t) = h
fhus A(D) = b - RTE B ¢ = ¢ o & 5§ 5 = & (2.2)
(vt +h).1d
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where 1d is a unit vector in the d direction,

and Ao(h):= km

h2

Now, A(t) is at tan"1 (vt) to the vertical;
h
thus, the total time dependent field amplitude at point B is given by

JF@)/ = /4AA&)2 + G/ 2
(1 3y -1
/F@)) Ao ) o2 2h Ao(h)/G/, (cos(e - tan (th)

2)2 ZtZ % h2)

1/2 5 3)

i.e.

(vzt2 +h (v

(2.3) can be written in terms of the d‘imensionlgqs combination(st), where
g:=v/h is a parameter with dimensions of time :-

N 2 - - <1 1/2
JF(t)/ =é1‘:20 (h)z /G2 2/ G/ Ao(h) (cos(e-tan " st))) .7, .. . . (2.4

(242 + 1) 42+ 1)
The anomaly itself is defined by B(t) = /F(t)/-/G/ . . . . (2.4a)
2.3 It is interesting to note that a change in s can be reflected by a

change in the time scale t. It will be observed thzfz the transform of (2.4)
cannot be performed analytically owing to the ("t + 1) factors in the
denominators of the appropriate integrals. The next best approximation to
the transform is, then, a numerical Fourier series expansion of (2.4) on a
finite number of points.

2.4 Before carrying out the required expansions, it will be necessary to
determine:-

(a) How many Fourier coefficients will be needed, and

(b) What range of t is required for some particular's' value?
'Worst case' values for v and h were chosen as 50 m/s and 150 m respectively
(normal BMR survey limits), making s = 1/3 in equation 2.4. /G/ was chosen
as 58 000 nT and 9 = 1/2 rad. The value of Ao(h), approximately equal to the
anomaly peak, was taken as 14 195 nT - larger than that usually encountered -
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in practice. It is also necessary to know the accuracy of the Fourier series
approximation to equation (2.4) and this is examined in Sections (3) and

(4).

DETERMINATION OF APPROXIMATE FOURIER EXPANSION
PARAMETERS

3.1 Although there is a problem in carrying out the analytic transform
of (2.4), the question may still be tackled analytically to a certain extent by
considering the energy spectrum of the anomaly. The procedure of taking
only a finite number of terms in the expansion of (2.4) is identical to
applying a square cutoff characteristic in the frequency domain. This
square cutoff may be applied to the energy spectrum in order to obtain an
approximate estimate of the errors introduced by neglecting all expansion
terms greater than some cutoff frequency Wwhen carrying out the
numerical Fourier series expansion of (2.4). '

3.2 Consider a magnetometer being flown at constant elevation (h) and
velocity (v) above a plane surface containing a point magnetic source of
magnetic intensity (m). The fastest rate of change of field with time will
occur when the aircraft flies in a straight line which takes it vertically over
the magnetic source. Let us, without loss of generality, call this the x
direction. The energy at any particular spatial frequency is (Spector, 1968):

EQ = 477 m?e 2%, (1-c08”L, c08”Dp) coovsrsuninnnnnsrerirnsssnnsnnsenns(3.1)

where Ve is the spatial frequency, is the inclination of the geomagnetic
vector, and D_, the declination. E( 7} is the energy. Transforming to a
temporal reference frame gives

EW) = 4.T.2m.2e1g-}l‘f) (l-coszlEcoszDE).......a...............................(3.2)

v

where w has the normal dimensions of angular frequency, v is velocity, and
h is unchanged. We may further reduce 3.2 to:-
-2hw

v

-nooocc00-.-.-.000-0.oo.cc.cooo--ca-ooono.oooovoo-too..toooc-cucuoo-o(303)

EW) = Qe

where Q is some assumed constant in the vicinity of the point magnetic source.
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3.3 The total energy is of more use than the energy at a discrete frequency
so integrating (3.3) with respect to w gives:

E =]E(w)- dw ------------------ sucosuesesy $00esss0sesce00essResseVeUEREBORRE. -oo-o(3-4)

Integrating over all frequencies, i.e.w= 0 to=© will give the total energy
contained in the anomaly, Et

«0
i-e-:- Et = jE(uJ)odw= Q ‘z%du) S 0880 C0R0008PEE8000E0IEE000R0EEE0R (3;5)

o

thUS:- Et = Q [-l -e :‘Zh—‘&' = -—-—"'"‘ $e880000s0R0E00BsER DR Gesssevsessasnonce (3 6)

2h v 2h
Note that Et is a linear function of v and h for constant Q.

3.4 Let us now consider what would happen to this total energy if we were
to neglect frequencies greater thanw,, (equivalent to omitting terms containing
higher frequencies than,, from the i'courler series expansion of the anomaly,
before calculating the power spectrum). We apply the 'window' of Figure (3a)
to the integral in (3.5).

G’UN 4}
i
Figure 3(a)
w
Wy =
The energy seen in the restricted bandwidth is as follows:
wr
ER jE(w) dw= Q[ Zh“})]
6
=-"9.( “2hiy L eveeeeesanenes sesiosssases verene(3.7)
2h
Thus the fractional energy lost outside the 'window' shown in Figure
(3a) is
S_E- = e-%}}wT 0000 PTORONEOERI0PRD SEEOPOINUIDANIEPRRARDNRROR Geceecetoapnese ..--00(308)
ET
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3.5 It remains to set limits on E/E_ in order to determine a suitable w,.
Limits cannot be set on E/E, directly; it is necessary to relate limits of ;
known parameters such as d%tector height, anomaly half-widths, and magntiude
(for t=0) to anomaly 'energy'.

It will already have been noted in equation 3.6, that for constant Q and
v, E, is a function linear in h.

t

Differentiating equation 2.2 with respect to height gives:
A/AY)/ = hm g, e NPS— T | (3.9)
ch (vt +h)
AO) = km/h2 , thus at t =0
AZBOY = B/BBY ' cemesssvom —— T (3.10)
dh h

JSAWM/ T 2h (@ t=0)  .eerereerevereoruecens R — RPRPONPPNE, + 4 & b

! A(t)/ h

i.e., a fractional change in height near the anomaly peak will give a
fractional change in anomaly 'size' of half this fractional change. (It can also
be shown by a consideration of the half-power points on the anomaly, that the
same relation exists for the anomaly half-widths as for the height.) From the
above relations, it is apparent that SE/E, = %§ A/A(O). It is desirable for
the Fourier series expansion of equation (2.4a) to be accurate to + 1 nT, a
commonly used instrumegt resolution. This gives a figure of 1/(2.0 x 14195)
or approximately 3x10 for E/E ¢

Substituting in equation 3.8 gives:-

-5, _ -2hW
o= Wy =Wy 3 - 586 10)
2h
iceo:-wT = 1073 I‘a.d/S or 0028 HZ esssssesvsssnasve ®evcsccanscccnsnsse 0-0..(3- 12)

-
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In calculating our Fourier series expansion, we should therefore consider
terms up to at least 0.3 Hz and preferably higher. It was decided to consider
terms from zero frequency to 0.4 Hz in carrying out the transform.

3.6 It remains to consider the range of time over which the Fourier
expansion is garried out. In equation 2.4, we can assume that for large st,
cos (@ -tan ~_yt) will be of the order of unity (very approximate), and thus
e h ~
/F(t)/ ~= AO(h) + /G/ uuuuuuuuu P0PULOEP000E0CB00COREROREED eessecscenve (3-13)

Szt2 +1

We require B(t) to have dropped to +1 nT at the two time extremities of the
Fourier expansion (otherwjsg there will be unwanted steps at the start and end
of the transform), hence s“t“ + 1 = Ao(h) [because /F(t)/ - /G/ %i1]

Fors =1/3, t2 = 126 000 i.e. t= 355 seconds. It was decided to take
t from -500 to +500 seconds, necessitating 400 coefficients to give terms up
to 0.4 Hz (i.e. 400 = 0.4) for one sample/second. However 1 sample/

500~ (~500)

second is not enough to check accuracy in the fast-changing field around the
anomaly *half-power points. 10 points/second or 10 000 points total were
therefore chosen.

FOURIER SERIES EXPANSION OF POINT SOURCE ANOMALY

4.1 The expansion is carried out on 10 000 points from -500 to +500
seconds. Four hundred coefficients from zero frequency to 0.399 Hz are
required and we also need an error estimate to indicate how closely the
transform approximates the 'reality’ of equation (2.4a) on each of the 10 000
points.

4.2 The subroutine used to carry out the initial transform was obtained
from the SRLIST 6600 library of subroutines available from CSIRO, Canberra
(Muncey, Russell, Spencer - 1965). This routine has two relevant entry points,
FOURANG and FOUSYNG. FOURANG carries out the Fourier series expansion
and FPUSYNG the synthesis with the following parameters, in order:

*HALF POWER POINTS' are the two points (t1 and tz)on an 'anomaly curve' -
+

i.e., field (F) versus time (t) - at which Ca 4
' f F.dt = Zj F.dt

t, 4



=X
NHAR = number of coefficients (=400 here)
N@RD = number of ordinates (=10 000 here)
HARMC = location of cos coefficients
HARMS = location of sin coefficients
@RDS = location of points to be transformed (FOURANG) or

location of inverse transformed points (FOUSYNG)

4.3 A small 6600 FORTRAN program called FOURIER was written to
carry out the following:

Produce an array of 10 000 points at 0.1 second time spacings from
equation 2.4a; i.e. the array contains values of B(t). The program then calls
FOURANG with these values and produces a list and punched card output of
the 400 coefficients (cosines and sines). The cos and sin coefficients are
then passed to the synthesis program F@USYNG, which produces an array of
10 000 ordinates from the Fourier coefficients. These points are then
compared with the original equation to check the accuracy of the transform
representation of the anomaly. Three types of error were checked for:

(a) Root mean square error for the whole anomaly (i.e. all
10 000 points)

(b) The maximum absolute error encountered at any one of
the 10 000 pqints

(c) The maximum percentage error encountered at any one of
the 10 000 points

4.4 A program listing and flowchart for FOURIER appear in appendix (A).
Appendix (B) contains the list of coefficients produced by FOURIER as well as
three error estimates mentioned in 4.3. Appendix (C) contains three oscillo-
graph pictures made using the Hewlett-Packard Fourier Analyser System to
give a pictorial view of:-

(a) The anomaly as produced by equation (2.4a)
(b) The real part of the transform of (a)
(c) The imaginary part of the transform of (a)
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The scales are approximately as marked alongside the photographs. The
quantitative figures produced by the analyser agree well with those of
Appendix (B).

4.5 Reference to appendix (B) shows that the absolute error introduced in
the Fourier transform by omitting terms higher than 0.4 Hz is less than 0.4

nT at any point and that the greatest percentage error occurs at the same point
(i.e. 0.64 nT should really be 0.25 nT). The RMS error for all 10 000 points

is 0.05 nT. These low errors confirm the predictions of Section (3) and justify
the use of the finite transform of 400 coefficients for use in the work described
herein.

MAGNETOMETER BANDWIDTHS

5.1 A third-order transfer function was chosen for this investigation.
Reasons for this choice are as follows:

(a) Commercial and BMR magnetometers have bandwidth
characteristics which are usually of higher order than three;
this means that any conclusions drawn here will set an
absolute minimum standard. Thus, magnetometers with higher-
order bandwidths than three will generally be required to have
even wider bandwidths than those demanded of third-order
systems.

(b) The BMR designed MFS7 fluxgate magnetometer (Kerr & Seers,

in prep.) has a lowpass characteristic which is third order. This
magnetometer uses a detector which operates in a zero field

provided by a feedback mechanism consisting of a bandpass

filter, chopper phase detector, and integrator. Amplitude modulation
of the fluxgate signal in the forward path provides a transformed
lowpass characteristic. The transfer function used in this investigation
fits the MFS7 response theoretically and in actual test to better

than + 0.4 dB or + 5%. The transfer function consists of a gain

term, real pole, and a complex pair of poles.

5.2 Appendix (D) contains part of a MANYPLOT analysis (Kerr, 1973)
of the set of poles comprising the transfer function for 10 Hz bandwidth

(at the 3dB points). Sets of poles were calculated for seven different band-
widths at intervals of 1, 2, 5, 10, 20, 50, and 100 Hz. The response curves
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are all the one shape for these bandwidths. Multiplying the horizontal
frequency scale of the 10 Hz curve by 0.1, 0.2, 0, 5, 1, 2, 5, and 10 respect-
ively will give the appropriate curve for each of the seven bandwidths
mentioned above.

APPLICATION OF TRANSFER FUNCTION, INVERSE TRANSFORM
- AND ERRORS

6.1 A general purpose program, ANODMALY, was written to:

(a) Apply the transfer function (comprising up to 24 arbitrary poles
and/or 24 zeros and a gain term) to the Fourier coefficients.

(b) Calculate the unmodified anomaly from the unfiltered coefficients
and also the modified anomaly. The calculations are carried out on non-equal
intervals depending on the slope of the curve at the appropriate points.

(¢) Print out the unmodified and modified anomaly (1000 points each).
Call Subroutine ERRPL@T to plot error directly in nT versus time, and
percentage error versus time. ERRPLAT carried out labelling and drawing of
these two plots. Program listings for ANOMALY and ERRPLAT, with flow-
charts, appear in APPENDIX (E) (note that no account of phase information is
taken in these plots).

6.2 ANPMALY and ERRPLAT are written in CDC 3600 FORTRAN for the
CSIRO DAD system. Plotting is carried out on the 12-inch Calcomp drum
plotter. ANDMALY produces a card deck containing both the modified and
unmodified anomalies. If necessary, ANODMALY can take its input directly
from such a deck. The coefficients are read by the program from either drum
or disc and an image of the punched card output is placed on the disc for later
possible reference. Execution was always straight from drum.

6.3 ANOMALY takes 10 minutes of CPU time for only 958 points and this
is why the program has been restricted to that number of points. Several runs
(5 to 10) are required to produce only one error bandwidth curve and the cost
can become prohibitive if too many points are required. The points are printed
across the page in eight rows and down in 62% rows per each of 2 pages. The
time intervals are organized as follows:-
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(a) Points 1 to 28:- 15 s between points; curhulative time = =500 to -95 8
(b) Points 28 to 35:- 5 s between points: cumulative time = -60 s

(c) Points 35 to 55:~ 1 8 between points: cumulative time = -40 s -

(d) Points 55 to 130:- 0.2 s between points: cumulative time = -25 s |

(e) Points 130 to 280:- 0.1 s between points: cumulative time = -10 s

(f) Points 280 to 480:- 0.05 s between points: cumulative time = 0 s

(g) Points 480 to 680:- 0.05 s between points; cumulative time = +10 s

(h) Points 680 to 830:~ 0.1 s between points; cumulative time = +25 s

(i) Points 830 to 905:- 0.2 s between points: cumulati&e time = +40 s

(j) Points 905 to 925:- 1 8 between points: cumulative time = +60 s

(k) Points 925 to 932:~ 5 s between points: cumulative time = +95 s

(1) Points 932 to 958:~ 15 s between points; cumulative time = +500 s

6.4 Appendix (F) contains the print-outs for the first six of the band-
widths mentioned in 5.1. Included with each set of print-outs are two plots
of error against time. Two plots (but no printout) for 100 Hz bandwidth are

also attached. It is seen that, as expected, errors drop as the bandwidth
increases. The results are described in detail in Sections 7 and 8.

EVALUATION OF RESULTS

71 Apart from errors decreasing with bandwidth, another feature of

the error curves is the difference between the point of maximum error and
the point of maximum percentage error for a given bandwidth. The maximum
absolute error occurs just before the anomaly peak (the second greatest error
occurs on the other side of the anomaly peak). The error changes sign at the
anomaly peak; this is as expected because the recorded anomaly will always
lag behind the true field by a certain amount. This maximum absolute error
indicates the point of maximum rate of change of field of the anomaly, which
is 4520 nT/s (result from the inverse transformed unfiltered anomaly). The
greatest percentage error occurs at the zero crossing of the anomaly at
about -8 seconds, where the rate of field change is reasonably large (i.e.

250 nT/s). This error may be resolved as a phase error in the zero crossing
point of the anomaly.
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2 The peak of the anomaly will be in error in both phase and amplitude
- i.e. the peak of the anomaly occurs at the wrong point in time and is of the
wrong magnitude. The phase error may be converted to an equivalent posit-
ional error through a knownledge of the aircraft velocity, and the plots then
corrected for this phase error.

7.3 Three curves were plotted, all versus bandwodth, to show the sizes of
the various errors:

(a) Maximum error versus bandwidth (corrected for phase).

(b) Amplitude error of anomaly peak versus bandwidth (corrected
for phase).

(¢) Phase error of anomaly peak a.nd phase error of zero crossing
versus bandwidth (both the identical curve).

These curves are displayed in Appendix (G). The phase curves are
least accurate owing to the numbers of points used, and error bars on curve
(C) show the extent of this. The other curves are accurate to within +1 nT.

CONC LUSIONS

8.1 It is obviously difficult to draw a line below which magnetometer
response is unsatisfactory and above which response is acceptable. 1t is
fairly obvious, however, from the curves that a response of 1 Hz bandwidth
looks barely satisfactory in most applications, while a bandwidth of 100 Hz
would be more than satisfactory. Too high a bandwidth can, however, have
associated noise complications. It is necessary, therefore, to select the

~ minimum satisfactory bandwidth commensurate with good noise performance.

8.2 Positional information is rarely required to better than +10 metres.
A bandwidth of 1 Hz would therefore fulfil this requirement (see Xppendix G),

Graph (c)).

8.3 The amplitude of anomaly peaks is seldom required to better than 1
percent. A bandwidth of 1 Hz giving 0.5 percent would thus be satisfactory
(see Appendix G), Graph (b)).
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8.4 At the 'point of maximum error' on the anomaly (Graph (a), Appendix®
(G)), the rate of change of field is 4500 nT/s (see 7.1). A positional error of
10 m here is equivalent to about 900 nT at 50 m/s aircraft velocity. A
bandwidth of 1 Hz would be more than satisfactory to fulfil the requirements
at this point (i.e. 230 nT at 1 Hz - see graph (a)).

8.5 A magnetometer should be able to 'follow' the fastest rate of change
of field (slew rate) on the anomaly, which is 4520 nT /s, with less than 900 nT
(20%) error at any point, if the error contribution from magnetometer response
is to be kept less than that due to uncertainty of aircraft position (see 8.4).

8.6 It would appear from the foregoing, then, that survey magnetometers
with a third-order or higher-order lowpass bandwidth as described here must
have a bandwidth of no less than 1 Hz and a slew rate in excess of 5000 nT/s.
The results of Sections 3 and 4 show that a digital sampling rate of 1/second
is more than adequate to specify a 'worst case anomaly' of 14 000 nT to better
than 0.4 nT at any point, with less than 0.05 nT error over the entire anomaly.
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APPENDIX A
B(1) to B(3) - PROGRAM LISTING FOR 'FOURIER'
B(4) - FLOWCHART FOR 'FOURIER'
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APPENDIX B

B(1) to B(8) - OUTPUT FROM 'FOURIER'

('FOURIER' COEFFICIENTS OF POINT SOURCE ANOMALY)
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APPENDIX C

3 OSCILLOGRAPH PHOTOGRAPHS
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(a) Theoretical point source aeromagnetic anomaly.

Horizontal scale: =500 to +500 s.

Vertical scale: linear, 7000 nT/cm.
1 Division =1 cm

(b) Real part of the Fourier transform of equation 2.4a.

Horizontal scale: 0.0 to 0.5 Hz (linear): .05 Hz/cm.
Vertical scale: linear 50 units/cm.
1 Division =1 cm.
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(c) Imaginary part of the Fourier transform of équation 2.4a.

Horizontal scale: 0.0 to 0.5 Hz (linear): .05 Hz/cm.
Vertical scale: linear 50 units/cm.
1 Division = 1 ¢m.
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APPENDIX D

- AMPLITUDE PLOT THIRD-ORDER TRANSFER FUNCTION -
B - =10 Hz

- PHASE PLOT OF TRANSFER FUNCTION
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E(1) to E(8)
E(9)

E(10)

APPENDIX E

PROGRAM LISTINGS FOR 'ANOPMALY' AND 'ERRPLOT'
FLOWCHART FOR 'ANPMALY'

FLOWCHART FOR 'ERRPLOT'
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T T TIFtBINDEX L EQ,POINTER)READ(20,L0)F T

PROGRAM ANOMALY
COMPL=X PJLE(24),ZERD(Z4),5UML,5Uv%2,S

~ DIMENSION FT(10"0).F(1000) SIN 200).C0>(400) SINT(400),C98T(400)

1,PHASEB(400) A
DATYA (POINTE=84READDATA)
10 FQRMAT(3(E15,8,4X),E15.8,8X)
DO 20 1=1,1000
20 FT(I)=sF(1)=0,0
READ 30,9IvDzX
30 FDRMAY!AB)
"READ 50,VP,NZ
50 FoRMAT(IZ 78x)
READ 90,FUDG:
QOU‘QR"Af£E£§_9l
00 60 Isi,\VP
READ 70,F[RST,FLAST
60 POLE([)sCMPLX(FIRST,FLASTY
70 FORMAT(EL1548/E15,8)
D0 80 e, VZ
] na 70, FIQST.FLAST

22/01/73

LX(FIRST,FLAST)
REID 10 COS.SIN

IF{GINDEX,EQ,POINTER)IREAD(20,10)F

150 W 3 1 2B31BE=JaFLOATF (J=1)
PH

IF{QINDEX,EQ,POINTER)IGO TO 500
‘DO 200 J=11400

HASE(J)80,0

SUN1®SUM2=(1,,0,)
_SE@MPLX(0, 0 W)

T IFA(NZ,EQ;0)G) TQ 170

et AN AWEBUE . i ismiesin s st

RLeS~ZERO(I)

_IPtRL,EQi01)RLERL¢10E~20
PHISE(J):PHABE‘J)OATAN(AIMAG(S ZERO(ID ) /RLY

DD«48Q . [ 8L, NP

RLEE=POLE(])
IPCRLBR50.)R ﬂRL*iOE-ZO

 PHEBE(J)SPHASE(J)=ATAN(AIMAGIS=POLE(I))/RLY

180 SYHRESUM28(SePOLE(I))

181 SUMisSUML/3UM2
HuaCABS(SJﬁi)oruDGE
TSINT(JI2SINCY) e 4w
COST(J1=COS(J)eu

200 CONTINJE
DO 312 M=1.,11
IF(M,NE,1)30 TO 302

_X8$5,06,28318E~3

WigeX
=1 D
N2#28 '
.. 302 IF(M,VE,2)G0 TJ 303 — "

X85 ,#64283185=3
NewdS ... ..

303 IF(M,NE.3)30 TO 304
“X=6123313= 3
N2455

o
.

180, gym%n;_%ﬂm% L R
170 IPINP, 03Go TO 181

__304 |F(M,NE,4)G0 TO. 305 _
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Xz6,29318E-3/5,

T 15 = A ] -
_I 305 IF(M,NE,5)30 70 306
X56,283182-4 _ .
N2&280
l 306 IF(M,NE,6)30 TO 307
‘ X26,28318E=4/2,
. N2B8BO . . o 2 Sy AN U
' 307 IF{M,NE,7)30 T2 308
P  XE6,28348E-4  _
Ne&B830
— - 308 1RYM NE,B)G0-T0 309
' X=6,28318E-3/5,

309 IF(M,NE,9)30 TO 310
,__',____..,._ . X86,28348Ee3. . _.
N22?925:
DUTETRP. . 3 mlﬂ,ua 1006970311 r pan W A 9 Bl
283182-3

311 IF(M uE 11)6) 10 son
x;gs+1§t2311aﬁ-1A_ R e T Sa——

r  New958, o
- S ) WCLE L L0 S P — S A T e A ———

Jeg

: Fr( SHF‘T(Ii*S!"HJlOSINF(ﬂ)*COSF(N:'CDS(J)
e Et3 R e BINT(JIBSINF(WePHASETJY)+COSFiWePHASE(J) )0CAST(J)

Jaydsg
_ﬂlpmum, v = JEL L E4800)30..70..313 . % G eI el .
y lafet
e i PRGBS NEIBRE T WO . . i morsisimmm o —— o s
l 312 CORTINUE :
e . PUNMCH_10,FT B S
PUNCH 10,F

-*It._mﬂu-_snu.anN:*scn,x T

: PRINT 400,F '
e - 400 . EORMATL 8L 0, 862(BE0,12),4F9,4/).. - S i i e ST
CALL ERRPLIAT(F.FT)
_' e CALL-BXIT L , s e -
END.

JEL Ind) - s s A S
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SUBRQUTINE ERRPLOT(F,FT)
_DIMENSIQN '(100“).FT(1000) _____
DATA (XAXIS=3HSECONDS, ).¢vnxf‘1 7HGAMMAS ), (YAXTS2=8BHPERCENT,)
CALL PLOT(1,0,1,0,2)
CaLL PLAT(0,9,10,0,4)
q@k# PLQT(ﬁ 2, 13.013]
CALL PLOT(9,0,25,0,4)
CALL PLOT(D
- CALL ®(LaT (L
_CaLL PLOT(L
T CALCL PLOT(D
CALL PLOT(O
X=0,05
L. T A
DO 120 M=1.,2
Do 100 1=100,1000,100

“CaALL pLOT(KIYDS)

_Ixsl-600 ... ey o R
ENBODE(4,110, IWAR) IX

CALL TEXT(IHAR,é
Xlitl.

100 CONTINUE
Xs8,405

Ye$9,7
120 CONTINUE

Y=0,0
CALL PLOT(=0,4
Do 200 1=20,220
__K=!'120 o
ENGODZ(2,110, IHAR
R0 54 ST
CALL TEXT(IHaR,4,1)
200 CALL PLOT(=0,4.Y,3) S
Yeis o 5 el T T WL e
__-mQQ“§99_l_j§?_§E21§9m.
“CALL PLOT(-0,4,Y,3)
Kadsi2l

10,
’

c%:
~

ENGODE(4,110, IHAR)K

CALL TEXT(IHAR,4,1) S
300 Yeved, T PR PRI SRR

CALL PLOT(0,3,19,6,3) | -

CALL TEXT(XAXIS,

.ﬂléiji, T e e e ) -
S 2

)

CALL PLOT(D,

CALL.PEBTCO
INDEXa0

R B . AR oo SRS A
XEwY

Do 1 11,958
Xs¥sY R —
[FCINDEXEQ.0)F(I)=S(FT(I)aF(I)>/20,
12 JF({INDEX, EJ.I)VT(I) 100, #F(I)/ZFTCI)

13 IFGINDEX.EQ 0)CALL PLOT(X, Ftl).4) - S ]
_..9 IF(INDEX NE,0)CALL PLOT(X,FT(I%, _ - B



_l,-S““f‘ ERIPLOT 22/01/73

3 IF((1,E2,23),0R.(1.,EQ,925))Ye0505

8 IE ({1 VB33 DR { I EC 205 I VRO W0 oo

5 IF((1,59:55),0%,(1,EU,830))Y80,002 -

. . . & IF{(1,EQi130),08,(I,EQ,6B80))Y=0,001 - & g M

i 7 1IF(1,20.28))ye5,0005

10 JF¢1,EQ,932)ya0,15. . . —— : T e S . L
” 1 CONTINUE -
; INDEXRINDEX+L.. . .. S e . o B i | e
IFCINDEX,Gc,2)ETURN -
11 CALL PLOT(2.0,15.,0,3)
CALL PLOT(0,0,0,0.,1)
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SCORE
MEMORY AVAILASLE 175871,

" LOAD

_lnu.v.zz.soao NOUSRRT .
EXEFUTION STARTED AT 090304 o

N

‘I




/

' DRCORDF , 62, CCOMR#DA, ANOMASS

- o
‘v~ B




LUN TY?E SECTORS CHARGE SFRIAL (MT) LABEL

| I - e L S e
l 62 DR 23 ; : CCDOMReDA ANDYAG2

B0, BR: 12 L L - CCDMR#DA ANDMALY
20 DR 21 CCOMR®DA ANDYAG2

*'__1,#91..:--_,.- i R e s W S S iSl + . 96 g owmEs 3 P
&1 1° 16 q

. JOB;CCOMR®DA, ANOMALY, ... _ ... END JDB 092244 CPU.TIME, .0OH. BM .75 _._

. .

-
r©r
-..l__.._,h. - 5 e

. .CHARGE,



CDC 3600

ANOMALY
—

LOCATE PREVIOUS
SAVED PUNCH
OUTPUT AND

TRANSFER FROM

DISC TO DRUM IF
NECESSARY

BREAK UP INVERSE TRANSFORM
INTERVAL INTO.Il PREDETERMINED
BANDS , DEPENDING UPON THE

SLOPE OF THE UNFILTERED
ANOMALY IN EACH PARTICULAR
BAND
SA\;E TSTANDARD *
INPUT, QUTPUT T
e o CALCULATE
~ OUTPUT ON
DRUM FILTERED
ANOMALY (F) AND
UNFILTERED

!

1

FILL FILTERED (F)
AND UNFILTERED
(FT) ANOMALY
ARRAYS WITH
ZEROS

'

I. INPUT QINDEX =
'READDATA' OR
'DONTREAD!

2. NUMBER OF POLES
AND ZEROS

3. GAIN FACTOR

4. COMPLEX POLES AND
ZEROS

I

INPUT
FOURIER
COEFFICIENTS

ANOMALY (FT) FROM.
COEFFICIENTS AND
PHASES

caLL
ERRPLOT

READ F AND
QINDEX FT (INSTEAD
: 'REAI;DATA' OF CALCULATING )

APPLY TRANSFER
FUNCTION AT
W=2m J/1000

RAD/SEC

‘ YES

CALCULATE NEW
COEFFICIENTS AND NO
PHASE ANGLES J€4007?
FOR EACH J :
INCREMENT J

Record No.1975/2

FLOWCHART FOR ANOMALY

G43-534A




FLOWCHART FOR F@URIER

g - 0 o o = == A .



STORE IN
F(I) AND FT(I)

1:1TO 10000

SRLIST - 6600
SUBROUTINE

FOURIER
(CDC 6600)

1

!

" PRINT
HEADINGS

_."M;T{f i

CALCULATE
10 000
ORDINATES
FROM
EQUATION
2 4a(F AND FT)

!

CALL FOURANG
(400,I0 000,HARMC,
HARMS, F)

SEE APPENDIX
(A)

T

PUNCH HARMC AND
HARMS-FOURIER
COEFFICIENTS

PRINT HARMC
AND HARMS

CALL FOUSYNG
(400,10 000 HARMC,
HARMS, F)

SEE APPENDIX(A)

J

COMPARE F WITH FT AND CALCULATE:
. GREATEST ERROR AT ANY POINT
2. RMS ERROR FOR ALL POINTS

3. GREATEST % ERROR

—

w

PRINT OUT
ERRORS

"FLOWCHART FOR FOURIER

Record No. 18975/2

G43 - 533A




Record No.1975/2

PLOTS ABSOLUTE

ERRPLOT
CDC 3600

AND % ERRORS

¢

(1) INITIALISE PLOT

SCALES

(2) DRAW X AND Y AXES

FOR 2 GRAPHS -

!

(-500 TO +500 s)

WRITE SCALE
MARKINGS ON
THE 2 X AXES

!

DO THE SAME
FOR THE

Y AXIS
(-100 TO +I100)

!

FLOWCHART

FOR ERRPLOT

LABEL THE Y
AND X AXES
WITH 'nT;
'"PERCENT!
'SECONDS’
INDEX:0 INITIALISE
L | PLOTTER
PEN
SORT OUT THE
Il SETS OF
TIME
INTERVALS
CHANGE
Y AXIS
TO
PERCENT
| |
PLOT YES
POINT &
NO
INCREMENT
998 INDEX,
POINTS INITIALISE
PLOTTED
2 PEN FOR
: SECOND
PLOT

RETURN
TO

CALLING

PROGRAM

G43-535A




F(1) - G(2)
F(3) - (6)
F(7) - (10)
F(11) - (14)
F(15) - (18)
F(19) - (22)
F(23) - (26)°
F(27) - (28)

APPENDIX F

UNFILTERED ANOMALY = MAGNETOMETER INPUT
1 Hz BANDWIDTH

2 Hz BANDWIDTH

5 Hz BANDWIDTH

10 Hz BANDWIDTH

20 Hz BANDWIDTH

50 Hz BANDWIDTH

100 Hz BANDWIDTH - PLOTS ONLY



[
-

56

-
s

1308478

214379
2982,6
406630
54291
705876
884455

}UG"IU”

208779

1306672
1339977

bwomgy- VNFILTERED

~-0,4 -0.4 -0,4 -0.4 ~0,5
'0!5 “0|6 bl * O | ~0, ~0.7
=1.,2 -1.2 ~1.3 w6 ~1.9
'3'8 -4'9 "6'6 - 17.2 '8!1
“1304 ) 615}6 '1605 '16-0 '18.0
-49,0 “21¢1' -20.8 ~22.0 ~23,3
-26.6 -28,58 -~28.,2 -31.2 ~31.2
-35,2 ~35,5 ~35.8 ~-35.3 ~35,1
'3600 “36.8 ‘37i7 -38,6 ~n39,3
~39,8  «39.6  -39.6  -=39.8  ~4n,4
whé 0 whd4 7 -45,1 ~45,3 =452
“‘518 ﬁ46‘6‘ “7'6' "48'7 =49,8
~54.7 51,7 51,6 -51.8 -52,2
-54,8 =58,0 ~58,9 -89,5 59,8
“60|3 *61.0 62,1 63,5 - 65,1
’5995 '69.8 ~70.:0 “=70.1 “70:5
<“78,6 “76,8 “77v4 ~78.3% “79.1
~84.4 -81,8 -82,1 -82.3 -82,4
”3312 “83.5 ~84,0 ~84.5 '8512
~88,.9 ~89,9 -91.,0 -92.1 -93.:2
-96.,6 -97.1 -97.6 -98.0 -98.,3
-99,3 -99,7 =100.2 ~100.7 ~101.5
- =10%,6  =106,9 »108.2° ~109.6 =111.0
“11507 ‘11616' ‘117r4 '1£8l0 '118!6
-12°v3 -120|7 “121!3 "12109 '122-7
»127,3  ~128,8 ~130.3  -132.0 ~133.7
'139:9 ‘141.2 *142‘4 ’1“3l4 "t44|3
-147.0 ~147,6 -148,3 ~149,1 -15040
- #15%,2 wiBs,9  ~158.8 -180.8 1628
n170.7  =172.5 ~174,1 ~475.5 ~176,8
~180,5 wi81,3 =182,1 ~182.9 ~183:9
=-189,5 ~191,4 -193:4 -198.7 ~198,0
~207,4 -209.5 -211,4 - -243.1 ~214,6
-218.,5 219.1 -219.7 -220.2 ~-220.8
w224.5 »225,9 -227.5 ~229.2 -231.1
=236,7 237 ,6 ~238.5 ~239.2 ~239,9
~242.0 »242,3 2425 ~242.6 242,7
=241.7 w241,2 ~240.6 ~239.9 ~239.2
~23%5.,8 ~234,.4 ~233+3 ~232.2 ~231.1
-226.3 ~226,1 2239 -222.7 ~224.5
~216,5 =215,2 <213,8 ~212.4 ~210.9
~204,0 «202,0 ~199,8 ~197.5 ~194.9
~18276 »178,9 ~174,9 ~170.7 ~166.2
~144,9 -1 38,8 -132.,3 -125,58 ~118.,4
T =B85 =77,7 ~68.,6 ~59,1 49,2
"6.5 8.1 17'0 2904 42.1
97,5 11R.9 128.1 144,3 161.1
238.1 285,5 276.9 299.1 322,3
42%,8 454.,6 484.7 516,1 548,9
69%,0 738,85 77747 B821.6 867.3
T1068,9 0 1124, 181.6 1241, N
1953:8 H3L% ©gnd iRenf 1382
2237.1 2333,3 24729 2535.7 2642,0
3103.6 3228,6 3357.7 3490,8 3628,1
4220.8 4380.,0 4543,8 4712.0 4884 .6
5619,2 5813.4 6041.5 6213.5 6419.1
7273.5 7493,7 7715.9 ©7939,9 8165.,1
9070.9 +9296,3 9520.5 9742.8 9962.8
‘10809.8° P.7 11206,3 1139%.1 579,
12241.,9 i%g% . 4 %2524-1 1%6;?.% {3770|Z
13144.6 13212,6 1327041 133%7-1 13353,5
13394,3 13378,8 13383,3 13318.0 13273.2
130045 412916,6 128211 -

/I oF 2

~0.,4

v

~2,1

~9,0
-17,3
“22n9
~33,2
-34,9
"3918

”41.2

- ~45,1
"5097
"53n0
~89,9
"66.6
’71.2
<79,8
-82,6
"8600
~94,2
~98,5

'10203

~112,3

-119.0

~123.6

'135n$

'145|1

~1514.,0

-164,9

~177.9

"185.ﬂ

"200.4

-219,9

"221|5

'233.0

~240,6

"242|6

'23813

-229,9

’22003

'209|3

“192'2

-161,3

-110.9
=-39,1

55|3

178,%

346,5

5832

1366,9
1966,8
2751.9
3769,8
5061,8
6628,2
1 8391.2
10180.,0

117864

12879,8

133794
13219,

-0,
w0,9
"206

. ~10,3
~18,3
-25,6
~34,0
-35,0
“40.0
~42,1
~45,1
=51.4
-84,1
'59.8
»67,9
~72.,3
=80,4
”8207
~86,8
-95,1
~58,8
~103,3
~113.5
-119,5
=124.,7
-136,9
~145,8
-1582,3
“166,9
’17818
w186 ,3
=202.8
‘21700
-222,3
‘234;9
"241|2
=242,4
923704
«219.0

>'207o7

-18902
=156,2
=103.1
-28,6

68,9

196,6
371.8
618,9
964,3
1433.1
2083,9

- 2865,3
3915,7
5243,3
6840,4
8647.8

10364.,0

1{996.0

12977.5

133948

13156.1



Fz Awowﬁx,y L O A
12718,4 12608,9 12493,1 12371.3 12243.9 12111.4 11974.2 11832.°

]

R [ 7
1 l

{

i i i - i
.

I 1 i

t

{

(

IIFI IFI I’II -

Rt

1168774 11538,6 11386,8 11232.3 11075.,6 10916,9 10756.8 10505,4
1043372 10270.3 10107.3 9944 ,2 $781.4 9619.1 9457,5 9296,8
943772 8978.9 B8B22,0 B8666.7 85¢3.0 B8361.1 8211,1 B8062.9
794658 7772.7 7630,8 7490.9 73%93.2 7217.,6 7084.,2 6952,9
682378  6696.9 6572,1 6449,5 6328.9  6210.5 6094.2 5979.,9
586777 5787.,% 5649,4 5543.,2 5439.0 5334,8 5236,6 5138,3
506179 4947,5 4BB%4,9 4764.3 4675.5 45B88,5 4503.5 4420.2
433877 4259,1 4183,2 4105.1  4030.7 3958,0 388B7.,0 3817.6
374979 3683.7 3639.4 3556.0 3494,5 3434,3 3375.6  3318.2
326272 3207.4 31%3,9 3101.6 3050.4 3000.4 2951.5 2903.6
285676 2840.7 2765,7 2721.5 2678,3 2635.8 2594.2 2553,3
251372 2473.8 2435,2 2397.2 23%9.,9 2323.3 2287.3 2252,0
2214773 2483,3 2149,8 2117.C 2084.8 2053,3 2022.3 1991.9
196272 1933.1 1904,5 1876.6 1849.2 1822,5 1796,3 1770.7
174577 1724.2 1697.,3 1673.9 1651.0 1628.7 1606,8 1585,5
. 156478  1544,1 1524,0 1504.,4 1485.2 1466,3 1447.8  1429,7
141178 1394,3  1377.,0 1360.1  1343.3 1326,9 1310.6  1204,6
1278,8 1263.2 1247.8 12325 121¢7.5 12026 1187.9 1173.4
11595 1145.0 118%.0 1117,3  1103.7 1090,3 1077.1 1064,1
105174 1038,8 1026.5 1014,3 1002.4 990.8 979,3 968.1
957571 946.4 935,9 925.6 915,5 905.7 896,0 886,6
87774 868.4 8%9,5 850.9 834.,0 817.7 802.0 786, 6
771576 756.9 742,5 728,2 7{4.1 700.,1 686,3 672.7
69973 646.,2 633,3 620.8 608.7 597,1 585, 9 575, 1
56478 555, 0 545 ,7 536,7 528.,2 519,9 512,0 504,2
49676 489,1 481.,6 474,2 8466,7 459,3 451 .8 444,3
43659 429.4 422.4 414,9 407.9 404.1 394,5 388, 2
38272 376.5 3711 3658.9 361.1 356.4 35149 347,6
34374 339,2 333,0 330.8 326.6 322.3 317.,9 313.4
308759 304.4 299,9 295.3  290.°9 286,5 282,3 27843
27474 270.7 267,3 264.,0 261.0 258.1 255, 4 252,8
25073 247,9 248,4 242.9 240.4 237,8 235,14 232.3
22974 226.5 223.5 220.4 217.46 214.4 211.5 208,6
2059 203.4 201.0 198.7 196.7 194,8 193,0 191.4
18978 188.3 186,8 185.3 183.8 182,2 180.5 176.8
17679 174.9 172,9 170.8 168.6 166,5 164,3 162,2
16072 158.3 156,5 184,8 153.2 151.8 150.6 149.4
14874 147.4 146.4 145,5 144.6 143,6 142,6 141, 4
14072 138,9 137,5 136.0 134.5 132,9 131.3 129,.7
12872 126.7 129,3 124.0 122.8 124.7 120,7 119.8
11971 118.4 117.1 115.9 114.5 112.8 110.8 108.5
10671 103.6 101,4 99,58 98.1 97,0 96,1 95,4
9476 93.5 92.1 90.4 88.5 86,5 84,5 82,9
8176 80.7 80.0 79.6 79.2 78,6 727 76,5
7570 73.4 74.8 70.3 69.1 68,2 67.7 67,3
6771 66.7 66,2 65,4 64.3 63.0 61.7 60,4
59373 58,5 58,0 57,7 57.4 57.4 57,1 56,6
5578 54,8 53,6 52,4 54.4 50.6 50.1 49.9
4978 49,8 49,7 49,5 48.9 48,2 47,2 46,1
45714 44,3 43,7 43.4 43,4 42,6 38,7 38,3
3578 33.9 33,5 30.4 30.6 28,6 27.0 27.1
2478 2R.9 23,2 22.2 22.4 201 20,8 19,5
i85 15.6 13,4 11.5 10.2 8,8 7.9 %D
5:1 4.0 S¢d 2.4 2.1 1.7 1,4 1.3
100 0!8 0.8 007 005 0.6 0.5 $ 0,4
07véd 0.4 0.2 0.3 0.3 0.2 0,2 0,2
074 04 0,0 0,0 0.0 0.0 0.0 0,0
030 0.0 0.0 0.0 0.0 0,0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0
030 0.0 0.0 0.0 0.0 0.0 0,0 0.0
0'0 0.0 O.U 000 0-0 0:0 000 0.0
670 0,0 0,0 0,0 i G '



-

e e e R
b - B L |

L)
-0

2

N

‘on oo Eblse o 635k "es =» o=

Lo L I T ]
L= - - T TR -

&
4
L W@ W
N o~

kS

 f
[
(28]

34

L
L%

o o

.
37

-t -
N =0

25

rs g oW
9.0 =0, 4 “{,4 -3 =N, 4 =3.5 =0,4 =2,4
w0,6 -0,% -2, -0,7 -0 B a7 -n,R 3,8
0,9 =1 % 1.7 1,3 ~i.3 -1,8 -2,0 -2,5
%3.0 it 5 X sl . T O R ... ' O Y. - I} “12:0.
S & S S T I -15,6  -15.% 17,7 -17,5 -13,0
-19.» wie,? ~2L,0 -21,0 24,4 3,4 =28 A «35,7
-25,4 -5, -2%,5. =931 -4 “31,3 32,6 13,4
-34,z “ig, 7 -5, -35,4 - 45 . «33,2 -35,1 15,4
=35,1 w58 i S <37, 0 -t7,5 -58,7 «35,4 “39,4
-39.9 =23 .9 = FG -39,7 -85, ] -40,0 «4{ 6 ~«1,4
L PRI S ELEST) ERT N 45,1 45,2 .45,2 .43,
-45,2 w85 5 =45,3  -16,8 47,9 -49,0 50,0 -3n,8
& b U B ) ¥IET " SEELLT -51,7 51,9~ U5Z57.,5 W33 3"
=54,4 =55 7 Tl -38,1 ~39, 0 -59,5 ~59,8 -53,8
BT 1 S “50.3 7 =8T.5  -61,3 62,5 7T =63,9 T -6B,4 <458
=88,0 -58,9 -59,5 -59,8 =Jn.n 70,2 -70,7 -71.,5
Y - *79,2 ~ *7135,1 ~78,0 <76,8° 7 Te77.7 -78,5 79,3
=-80,0 -30,6 -81,1 -31,5 ~81,8 «62,1 ~82,3 -42,5
~BZ,5 <Z7.E =B XY -33,4° " -83,8 <B4,3 = <84,9 -85,6
-86,4 -87,3 -83,% -39,32 =90 ,4 ©91,5 ~n92,5 «23,5
=V&F 95T SIS, -38,7T T =972 #97,6 <98,0  -38,3
-98,6 -98,9 -93,2 -29,%5  ~100,0 -100,5 =101,2? ~101,9
=10%.,8 =103,5% = i -156,2 =~107,5 -1(8,8 -110,1 <111,4
_ =412,7 ~113,9 =114,9 -115,9 =116,8 =117,5 ~11R8,1 <118,/
22 -1{9,1 ~117,5% =129+ -120,5 -121,0 -121,6 ~122,3 “123,2
»1264,2 ~125,3  -125,% -128,0 =129,5 -139,1 =132,7 =134,3
«13%,9 ~137,5 -133,73 ~140,3 =141,5 -142,6 -143,6 -144,5
_ =145,2 ~145,9 -~145,5 -147,2  =147,9% ~148,7 ~149,6  ~150,5
«151,7 =153,0 ~154,5 -136,1 -157.8 =159,7 -161,7 ~153,7
=165,7 ~167,6 -159,53 -171,3 =173,0 -174,5 ~17%,6 " ~177,0
= *{78,1 -179,0 -177,9  -180,7 ~-181,6 =182.4 -153.3""'#1%4 5
_ =485,7 -187,1 -188,7 =-1709,4 ~192,4 -194,5  «196,7  ~193,0 -
201,33 =203,7 - -203,7 -2J8,1 -210,1 =211,9 =213,5 -214,9
«P16,1 =217,1 . «217,% -?218,6 =219,3 -219,9  =22n,5 -221,1
=P21{,9 *222.9 =224,0 ﬂ225.3 -226,7 -228,3 -230,1 -231,9
«p32,9 -233,8 r234,7 -235,6 -256,5 -237,3 -23R,1 ~238,9
B ~23%.,5 =240,7 w247,7 TS7AT,2 T <241,6 | =241,9  =242,1 =242,2
-242,2 =242,1 -241,7 -241,7  =¢41,3 -240,8 ~2411,3 -2%%,7
T wP38,9 =238,  E237,% ':‘3372“‘“;;55:1"“tiﬁﬁid“ " mI3E. 8 =2%3. %
«231,2 =230,1 223,73 227,71  =726,5 -225,4 -2268,2 -223,0
= pe¥,8  -220.5  =217,3 -2i8,0 =218,7 =215.4 =214,0 -=212.,5
9 -211,0 -209,4 -2237.,7 -235,9  =204,0 ~201,9 -199,7 -197,3
B § L =15Z.0 -1%7,)  -195,8 ~1{B82,3 T -178,6 ~174,7 ~170.,4
~1686,9 ~161,1 ~155,% -130,5 =144,8 -138,7 -132,3 ~123,5
Te118,5 «111, 1 . -107%.4 -35.3 T -86,7% =78,2  =69,1 39,7
-48.,9 «39,9 -273,4 ~18,6 -7,5 4,1 16,0 28,3
1%9.,9 177.3 195.3 . 214,3  234.5 254,4 275,8 298,0
TT328,2 EN i T R - R | 424.,7 453, 4 X, 5 514,8
_547,¢6 581,7 17,4  654,5 93,3 733.6 775,¢ B19.4
864,9 912,2 351, 4 1012,5 1065,6 1120,7 1177,9 12371
129,56 1352,3 1428,3  1436,6 1557,4 1540.,5% 1716,5 17%4,9
1876.0 1960,0 204¢,8 7136,6 2229, 4 2325,3 2424,5 2527.1
2633,0 2742.5 28553,¢  7972,4 3r93,5  3217,5  3346,1  3478,7
3615,4 3755,4 ¥301,7 N51,3 1205, 2 43€3,6  4526,4 4673,6
4868,2 5041,7 5221,5 5406,1  5594,8 5787,6 5984,2 5134 ,6
R 1.1 IV R D1 e O 8 *ﬁfﬁ*ﬁ‘”“7251.5”“”7454.1 7674,4 7835.%
8119,06 3343,7 3553,1  1793,0 017,33 $240,8  9463,1  2633,5
9901, 8 1uli/ .3 i.37254°% '538,1 1C747.5 10942,1 11136,6 11325,4
11508,0 11%534,1  L18%I,F  .7D14,8 1216%,6 17314.2 12451,2 12577,3
CL2R9IB T IPELTLT T TN, ;vv7j§‘“13517;% 17147,0 1370K,4 13255,4
13294,1 133%22,3 i1¥340," £347,9 13%45,3  148132,8 913316,86 13278,3
13236,8 1318%5,1 1312%,F 1%058,3 ) T 7
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