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Magnetic Charts of Canada for Epoch 1965.0 

E. DAWSON AND L.C. DALGETTY 

ABSTRAc-r--:\1agnetic charts of Canada in components D, I, H, Z, F, X, Y, G, U, V and their annual changes 
were drawn for epoch 1965.0. Charts were compiled from some 18,000 observations in D, H, Z, acquircd since 194ï. 
Seventy-five percent of thesc were airborne data. The obscrvatory and repeat station nctwork, neressary for reduc­
tion of data to cpoch, is described. l\fachine processing techniques are used. Charts are drawn using average values 
computed over an equal area grid, a unit grid being cquivalent to a 2-degrec grid at the equator. The updating method 
yields probable errors of ± 4 minutes in D and ± 20 -y in H and Z over an 18-year reduction period. An estimate was 
made of the chart residuals by making a random comparison of some 1,200 updated observations in D, II, Z with 
corresponding chart values. The following r.m.s. differenccs werc obtained: ±0.6 degree in D; ±125 -y in II, Z. 

RÉSUMÉ-Les cartes magnétiques du Canada dans les composantes D, I, H, Z, F, X, Y, G, U et V ont été dressées, 
avec les modifications nécessaires, pour l'année 1965.0. Quelque 18,000 observations en D, II, Z, effectuées depuis 
1947 à l'aide d'avions dans 75 p. 100 des cas, ont servi à établissement des cartes. Les deux auteurs décrivent le réseau 
d'observatoires et de stations de répétition qui a servi à réduire les données à l'année 1965, au moyen d'ordinateurs. 
On a dressé les cartes à partir de valeurs moyennes sur un quadrillage équivalent, chaque carreau étant équivalent à 
2 degrés pris à l'équateur. La méthode de mise à jour donne des erreurs probables de ±4 minutes en D et de ± 20 -y en 
H et en Z sur une période de réduction de 18 ans. Les auteurs ont fait une estimation des résiduelles de la carte en 
comparant au hasard quelque 1,200 observations mises à jour en D, H, Z avec les valeurs correspondantes de la 
carte. Ils ont obtenu les Écarts-types suivants: ±0.6 de degré en D et ± 125 'Y en H et en Z. 

Introduction 

The first systematic magnetic survey in Canada was 
carried out by Sir John H . Lefroy between 1842 and 
1844. Observations (D, I , F) were made at over 300 
stations, and magnetic charts for epoch 1844.0, in these 
elements, were published in 1883. 

In connection with the proposed building of a trans­
continental rai lway and the expected influx of immigrants 
to the Canadian West, comprehensive land surveys were 
made by the Topographical Surveys Branch of the De­
partment of the Interior from 1880 to 1888. N umerous 
magnetic observations in D, I, H were made at this 
time. This system continued until recent times, and 
observations made by the Topographical Surveys Branch 
formed the basis of al! magnetic charts of Canada up to 
the early 1940's. 

In 1907 the Dominion Observatory initiated its pro­
gram of regular annual magnetic surveys. These have 
been continued with few interruptions to the present 
day. The Meteorological Service of Canada made several 
important surveys in the period 1908-12, including a 
survey of the Mackenzie River in 1910 and of Hudson 
Bay and Strait in 1912. It also maintained the only 
magnetie observatory in Canada, at Agincourt. Another 
was established at Meanook under its aegis in 1916. 
The administration of both observatories \\'as trans­
ferred to the Dominion Observatory, Ottawa, at the 
end of 1936. 

In 1905-13, the Carnegie Institution of Washington 
made some observations in Canada, but this practice 
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was shortly abandoned, as it was considered that Cana­
dian surveys covered this area adequately. Other contrib­
uting agencies whose results were freely used in com­
piling magnetic charts of Canada were the Hydrographie 
Service of Canada, The Geological Survey of Canada 
and the United States Coast and Geodetic Survey. The 
Dominion Observatory took over the compiling of 
magnetic charts in 1948. Table VII (Appendix II) lists 
magnetic charts produced in Canada since 1883. 

Number, Type and Distribution 
of Observations 

Owing to the efficient coverage achieved using airborne 
techniques for obtaining magnetic data, it was decided 
that the 1965 edition of magnetic charts would be com­
piled only from data observed since 1947. Although this 
meant losing thousands of declination values in western 
Canada alone, plus untold numbers of old I, H values, 
it was felt that this gap would be amply filled using the 
more rccent aeromagnetic data. Also the error involved 
in reducing this recent data to epoch should be quite 
small. The distribution of the observations used in the 
compilation is shown on Figure 1. There is almost uni­
form covcrage over the entire country. In particular, 
there is a striking increase in the density of Arctic data 
due to airborne measuremenlé:. Up to 1947 thcre were 
Jess than 500 magne tic observations made in theCanadian 
Arctic and the majority of these readings were D values 
only. Since 1953 the number of observations in al! com­
ponents has increased by an order of magnitude. 
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Table I gives the total number of observations, both 
surface and airborne, in each component used in the 
compilation of the 1965 charts. 

TABLE I 

Numbcr of 
Number of Observations 

Latitude Arca Observations per (100Km2) 

Range 
Km2 x 106 D H z D H z 

40° - 60° 1-!.6 11,400 9,000 9,200 7.8 6.2 6.6 
60° - 90°N 16.8 6,000 6,000 7,100 3.6 3.6 4.2 

Total 31.4 17,400 15,000 16,300 5.5 4.8 5.2 

The area specified is the total mapping area including 
Alaska, Greenland, Iceland and the surrounding waters, 
representing 12 per cent of the northern hemisphere. 
Observation numbers are quoted to the nearest 100. 

Table II gives a summary of the type of data, either 
surface or airborne. The numbers, quoted to the nearest 
100, refer to geographic positions at which an observa­
tion has been made, without reference to the observed 
magnetic element or elements. 

TABLE II 

Type 40° - 60°N 60° - 90°N Total 

Airborne 7,100 6,500 13,600 
Surface 3,900 500 4,400 

Total 11,000 7,000 18,000 

Project Magnet of the U.S. Naval Oceanographic 
Office contributed 23 per cent of the airborne observa­
tions, and the U.S. Coast and Geodetic Survey 19 per 
cent of the surface observations. The average altitude 
of the airborne data is between 2 and 3 km. These data 
were reduced to sea-level using a simple di pole correction. 

From 1907 to 1964 approximately 2,000 ground 
stations were occupied by Dominion Observatory survey 
parties. From 1953 to 1963 the Dominion Observatory 
airborne magnetometer has been flown 300,000 miles, 
completing more than 150 flight lines with 12,000 
observations in D, H, 7,. One fifth of these flights were 
flown outside our mapping area. 

Observed Elements 

Prior to 1947, Canadian surface observations were 
made using deflection magnetometers, earth inductors, 
clip circles and theodolites with compass attachments 

to measure the elcments D, I and II. Although these 
instruments arc extremely accuratc, it takes an hour, 
under ideal conditions to make a complete set of obser­
vations. In 1947, observing techniques were greaily 
improved with the introduction of portable electronic 
magnetometers of the saturable core type, for the deter­
mination of the Yeclor geomagnetic field (Serson and 
Hannaford, l 956). YVith these instruments a complete 
set of observations in D, I, F, can be made in l 5 minutes 
with an accuracy comparable to that obtained using 
the older type field instruments. In 1962, nuclear proton 
precession magnetometers were used to supplement 
these field instruments, with quick, dependable meas­
urements of F. 

The Dominion Observatories three-component air­
borne magnetometer records D, H, Z as continuous 
profiles (Serson et al, 1957). In addition, the instrument 
supplies automatically computed averages of D, H, Z, 
the averages being computed over 5-minute intervals. 
It is these averaged values that are referred to as "air­
borne observations" in this report. 

The airborne observations contributed by the U.S. 
Navy Oceanographic Office consist of D, I values aver­
aged over an interval of 100 seconds and an instantaneous 
F value for the centre of the interval (Schonstedt and 
Irons, 1955). A continuous record of Fis also obtained. 

The surface observations contributed by the U.S. 
Coast and Geodetic Survey were made using a variety 
of instruments, such as earth incluctors and deflection 
magnetometers for the measurement of D, I, H. (Haz­
ard, 1957). 

Observatory and Repeat Station Coverage 

Covering Canada adequately with a network of 
repeat stations, from logistic considerations alone, is a 
formidable task. The earlier " ·ork was clone under great 
practical difficulties readily understood, since the greater 
part of the country lies to the north of the railway belt. 
The bequest from this carly ,rnrk, although ,,aluable, 
was a poorly dist ributecl network of repcat stat ions. 

Since 1907, 270 repeat stations have been occupied 
by Observatory field parties. Of these, 82 per cent were 
established before 1935. At present, only 100 of these 
repeat stations can be classified as active and have been 
reoccupied within the past 10 years. 

In 1962 a revised network of repeat stations, built up 
almost entirely from the existing stations, was initiated 
to provide the uniform coverage necessary for accurately 
defining secular change across the country (Fig. 2). The 
network of 103 stations consists of 31 primary stations 
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and 72 secondary ones. At the present time, all stations 
will be occupied at least once every 5 years. If required, 
adequate secular change coverage over the entire country 
could be achieved using only those stations designated 
as primary, and secondary stations could be reoccupied 
at 10-year intervals. The country is divided into ninc 
zones. Dividing the work between staff of the outlying 
observatories and headquarters staff, all stations can be 
occupied in a 5-year period. At least 80 percent of these 
stat ions have had two or more reoccupations within the 
past 15 years. To cnsurc continuity of isolines in those 
areas of continental U.S.A. and Alaska, contiguous to 
Canada, thcrc is an excellent system for interchange of 
secular change data with the CS. Coast and Geodetic 
Survey. Data from 56 American repeat stations were 
also used in compiling secular change. 

Canadian observatories are listed in Table III . The 
elements reoorded at each are also shown. 

TABLE III 

Geographjc Year Elements 
Observa tory Lat. 0 (X) Long.0 (\Y) Estab- Recorded 

lished 

Agincourt 43.8 79 .3 1898 D H z 
Meanook 54.6 113 .3 1916 D H z 
Baker Lake 64.3 96.0 1951 D H z 

1957 X y z 
R esolute Bay 74 .7 94.9 1953 X y z 
Victoria 48 .5 123.4 1957 D H z 
Alert 82.5 62.5 1961 X y z 
l\Iould Bay 76 .2 119.4 1961 X y z 

In addition to these, data from the following observ­
atories were also u ed in compiling secular change. 

American-Fredericksburg, Tucson, Sitka, College, 
Barrow. 
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Russian-Uelen, Cape Chelyuskin, Dikson, Sred­
nikan, Tilrni, Tikhaya Bay, Druzhnaya and 
Yakutsk. 

Others-Thule, Godhavn, Leirvogur, Tromso, 
Dom bas, Sodankyla, Lovo, Rude Skov and 
Lerwick. 

Accuracy of Observations 

The sources of error in the data used to compile the 
1965 magnetic charts of Canada fa]] into three natural 
divi ions: instrumental errors, crrors due to transient 
variations, and errors in reducing the data to epoch. 

For airborne observations, there are additional error 
such as errors in geographical position, errors due to 
aircraft magneti m and errors in the direction reference 
system. These errors have been examined in great detail 
by 8erson et al. ~1957) and Schonstedt and Irons (1955). 
,ve are concerned here only with the overall operational 
accuracy of the airborne instruments. 

Instrumental Errors 

The probable errors for a single complote observation 
of the geomagnetic vector field at a particular time and 
place, under good survey conditions, are listed in Table 
IV. 

TABLE IV 

Surface Airborne 

Dominion Dominion 
Observa tory U.S.C.G.8.<0 Observa tory 

D ±0.3' ±0 .5' ±0.30(3) 

I ±0.2' ±0 . l' 

li ± 10-y(<) ±60-y 

z ±30-y 

F ± 10-y to 
±50-y<5l 

OlUnited States Coast and Geodetir Survey. 
12>United States Naval Occanographic Office. 

U.S.1 .O .O.<2i 

±0.1° to ±0 .2° 

±0 .1° 

± 15-y 

(0Thc Dominion Observatory airborne magnetometer records D to the nearest 
degree in much of the Arctic area. 

<<>For a field of H = 20,000 -y, and varies directly with If. 
<ODependent on frequcncy of standardization. 

:More delail concerning these errors eau be found in 
the following sources, from which the table was derived: 
Serson and IIannaford (1956) and Svendsen (1962), 
for the surface observations; and Serson et al. (1957), 
Schonstedt and Irons (1955) and Byrnes (1960) for the 
airborne observations. 

In bis review of airborne magnetic surveys for world 
charts, Serson (1960) concluded that the operational 
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accuracy of the two airborne instruments listed in Table 
IV was about the same and rangecl from 50 to 100 -y. 

Errors Due to Transient Variations 

These errors are more difficult to deal with. None of 
the airborne observations are corrected for these vari­
ations since any attcmpt to correlate such variations 
over great distances would probably introduce adclitional 
errors. Whitham and Niblett (1961) have shown that 
r.m.s. differences in transient variations are proportional 
to the r.m.s. level of activity and to the separation of sta­
tions or in the airborne case, the proximity of the nearest 
observatory to a flight line. Their quantitative results, 
only valid for the Meanook-Edmonton area, were ob­
tained using instantaneous values of F, at intervals of 
2½ minutes, over a period of 3 days. Whitham et al. 
(1960), using hourly mean ranges in the principal hori­
zontal field component for 16 Canadian I.G.Y. magnetic 
observatories and variation stations, showed that a high 
level of irregular activity is more or less continuously 
present over most of Canada. Serson et al. (1957) esti­
mate that the probable error, due to disturbances and 
diurnal variation combined, is ± 30 -y in any component. 
This estimate was based on an airborne survey made 
over western Canada near the auroral zone in 1955. 

At the present time, surface observations are corrected 
to a mean value for the day only, unless the observations 
are taken in the vicinity of an observatory. Previous to 
196-1, Canadian observers used the following procedure 
in the field. Repeated observations were made for a 
period of 24 hours or more in three elements and the 
effect of diurnal variation was eliminated by averaging 
or by drawing a smooth curve through the series. Irregu­
larities in the readings were attributed to the influence 
of magnetic disturbance and these readings were rejected. 
The curves of secular variation for repeat stations sug­
gest that in general, this procedure appears to be quite 
satisfactory. In 196-1, a temporary portable ohservatory 
was set up at 15 repeat stations in the Baffin Island, 
Mel ville Peninsula area. The average recording time 
was 30 hours. Four baseline readings were taken at 
each station and normal ohservatory procedure used to 
derive a mean value for the day. An attempt ,ms made 
to further correct these readings to a monthly mcan 
value by means of another temporary observatory 
operating at Frobisher Bay for the duration of the 
survey. The average distance from a station to the 
nearest ohservatory (Resolute Bay and Baker Lake 
records wcre also usecl) was 300 miles. X o correlation 
between records was found. Whitham and Loomer 
(1960) investigated post-perturbation and the cffect on 
daily means using observatory values of the Dm field 
for Resolute Bay and Baker Lake over 17 months in 
1953-55. They found a marked seasonal variation to 
this effect. For the equinox-summer period, tha t is the 



386 PCBLIC.\TIOXS OF THE DO:'IIIXIOX OB 'ERVATORY 

normal field :-;eason period, errors contributed by ignoring 
these ef'fects are of the order of 2' in D, I and 35 î' in Z. 

Since 1958, the Ctl.C.G.S., in or<ler to diminir-:h errors 
due to tran:-.ient \·ariationr-:, r-:et up the follo\,·ing system. 
Portable oh:-.C'rvatories arc established suC'h that the dis­
tance to a rC'peat :-.tation is generally not more than 200 
miles. 8,·endsen (HHi2) cstimates that such errors in 
C.G.S. surface nwasurements are of the order of ± l' in 
D, I and ± 10 î' in H. 

Errors in Reducing Daia to Epoch 

For ail obscrrntorics and most repeat stations, up­
datecl values of D, H and Z were compared 1\'ith graphs 
of obsen·ccl values, extrapolated to 1965.0. }fore than 
300 values ,Yerc examinecl. The probable errors m re­
cluclion over an 18-year period are as follows: 

±-!'inD; ±16)'inII; ±20)'inZ. 

Machine Processing of Magnetic Data 

A modifiecl version of the method outlined by Hurwitz 
et al. (1954) ,ms used. Due to the complexity of the D­
isogones in the Canadian Arctic the country is clivided 
into two areas (Fig. 3), and each area is dealt with 
separately. The magnetic components updated in Arca 
I are D, H, Z and in .\.rea II, U, V, Z where U, V, the 
grid components of II, are clefined as follows: 

U (gricl-north component) = II co · G 

Y (gricl-east component) = H sin G 

The grid variation G (grivation) is defined in the follow­
ing tenns: 

G = D - À where À is cast longitude, 

and D is positive for east declination. 

The reasons for using -C, Y have been preYiously out­
lincd by Da,rnon and Loomer (1963 ). Prior to the up­
clating process, all dcclination values are converted to 
minutes of east declination. This step simplifies the up­
dating and averaging of values in those areas adjacent to 
the agonie lines. Also, at this Lime, all airborne data are 
correctecl for altitude using the simple dipole correction. 

X= X 1 (1 + 1.-! X 10- 1h) 

where X 1 is the observed component at altitude h feet, 
and X is the value at sea-level. 

Reduction of Data to Epoch 1965.0 

The period 19-!7-1965 is divided into four time-inter­
vals or epochs centered on 1950, 1955, 1960 and 1965. 
Isoporic charts in D, i-I, i, Ù, V are preparecl for each 
time-interval. Values are scaled off for the corners of 
each zone (Fig. 3), in each cornponent, for the four time­
intervals. These values are assumed to be constant over 
a 5-year period. l\Iaster cards listing the e data are 
prepared for each zone, with each master card controlling 
the updating of all observations within the zone. 

The basic data carcls are automatically sorted accorcl­
ing to the epoch in which the observation occurred, and 
within the epoch, into the zones defi.ned by the master 

lnlerpolat,on Formula lo Operate on the S . E corner ( 8 1 À 1 ) of each Zone 

x, = x, + c ( À- À ,i ( x, - x,i +o. 2 ( 0-0 ,i { ( x. - x , i + c ( À - À.)( x, + x,- x, -x. i} 
where X =0,H,Z,ÜandV 

x,
4

x. 
• Xl • (8, À) 
XI X, 

(8, ,À,) 

and C = 0 · 2 for arec I 
C = 0·07 for arec Il 

ZONES FOR UPDATING u,v , z 

16 5 164 163 162 161 160 159 158 157 156 155 

153 152 151 150 149 148 147 146 145 144 143 

n 141 140 139 138 13 7 136 135 134 133 132 131 
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117 116 î 115 114 113 112 111 110 109 108 107 
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1
76 75 
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cards. Cards outside the mapping area are extracted at 
this time. The time, t, between the date of the observa­
tion and the middle of the epoch in which it took place, 
i punched on the basic data carcl. Two passes are re­
quired to complete the reduction to epoch. In the first 
pass, the secular change for the interval t is computed 
for each obserYation from t )L; Xi is interpolatecl linearly 
from the X values on the master card , where X = D, 
H, i , Û or V. The interpolation formula is shown on 
Figure 3. This value is added algebraically to the ob-
erved value X. Thus each obserYation is updated, or 

backdated as the case may be, to the nearest intermedi­
ate epoch. 

The second pass through the computer, for reducing 
observations from the intermediate level to the re­
quired epoch 1965.0, is quite similar to the procedure 
used for the first pass. The annual secular-change values 
X are replaced by net secular-change values Ll X. These 
net values are computed in the following way. If we refer 
to the annual change in epoch 1950, in any component, 
as X.50, in epoch 1955 as Xss and so on, then the net 
secular-change Ll X required to reduce an observation 
from 1950.0 to 1965.0 is 

Ll X = 2.5 X.sa +5 .0 Xss +5.0 X.60 +2.5 Xbs 

At the end of the second pass, all observations are re­
duced to the required epoch. 

A veraging Operalions 

After the data cards are updated, the problem of con­
structing the chart begins. The approach to this problem 
depends on the purpose of the chart and the type of 
chart required to fulfill this purpose. In his review of 
airborne magnetic surveys for world charts, Serson 
(1960) states that most magnetic charts are used as a 
prediction of values which would be obtained if observa­
tions were to be made at any point. This certainly ex­
presses the purpose of the Canadian charts. In attempting 
to fulfill this requirement, some of the earlier D-charts 
issued in Canada tried to satisfy every observation . 
The resulting contour lines had so many sinuosities and 
loops as to render the chart almost useless to most users. 
In the type of chart produced more recently the short 
wave-length anomalies due to crustal effects are smoothed 
out. The remaining field depicts the long wave-length 
anomalies, due to causes within the core, superimposed 
on the 'normal' field. To achieve this aim subjectively, 
smoothing formulae were applied laboriously to indivi­
dual contour lines until the cartographer was satisfied 
with the degree of smoothness obtained. 

For the current series of charts, the prospect of plotting 
some 80,000 points, contouring and smoothing, was over­
whelming, particularly in view of the limited staff to do 
the job. It was realized that either an analytical approach 
98090-2½ 

or some averaging procedure woulcl have to be usecl. It 
was decided to proceed ,\·ith an averaging technique. 
Analytical approaches will be cliscw,:-;ecl at the end of 
the paper. 

Ballenzweig (1959) discusses the deficiencies of various 
methods used for mapping the geographical variation of 
geophysical quantities. He advocates the use of an equal­
area grid, particularly if the area studied has considerable 
latitudinal extent. A modified equal-area grid was de,·isecl 
such that each quadrangle had an area equivalent to a 
2-degree quadrangle at the equator. Complete equality 
was not attained because the box widths were made 
variable in 0.5-degree steps only, to simplify the comput­
ing. The areal standard cleviation from the mean is 4 
per cent. There are 607 boxes, so that on the average, 
the mean values are 220 kilometers apart. It is obvious 
that charts drawn from this distribution of mean values 
will obscure the short wave-length anomalies. From the 
linear interpolation curves of Serson and Hannaford 
(1957), the expected r .m.s. errors in such charts are cru = 
170-y, <Tz = 200-y, and <To = 170 -y / H. To effect a 
marked increase in the accuracy of the charts, quad­
rangles smaller than 0.5 degree would have to be used, 
equivalent to approximately 10,000 mean values. 

During the averaging procedure, Chauvenet's criterion 
of rejection is used to reject doubtful observations. Re­
jectability is determined as a fonction of the deviation, 
dispersion and the number of measurements used in 
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determining the mean. Less than 1 percent of the obseIT­
ations were rejected. The distributions of observations 
over the equal-area grid are shom1 in Figure 4 for Arcas 
I and II. On the average there are 31 and 21 observations 
per quadrangle, respcctivcly, for these areas. 

Standard deviations arc computed during the a,·erag­
ing procedure as a test of observational scatter after the 
rejection criterion has been applicd . The distribution of 
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these deviations is sho,rn in Figure 5 for Z, the only 
element common to both areas. The distributions are 
approximately the same for the other elements. The 
average deviation from the mean is shown in Table V. 

TABLE V 

Area I Area II 

Element 
% with-

Element (]" 
% with-

(]" in 1 (]" in 1 (]" 

D 0.84° 78 u 141 'Y 71 
H 160 'Y 74 V 98 'Y 69 
z 119 'Y 69 z 92 'Y 65 

For Area II the mean values (Ü, V, Z) are plotted and 
contoured. U,V-isolines are adjusted for mutual consist­
ency using an adaptation of the Chapman curl test by 
Hutchison (1949) for horizontal grivation components. 
The geographical positions of the points of intersection 
of the adjusted U,V-isolines are scaled off. Values of Z, 

AREA I 
( SOU TH OF LATITUDE 65° N) 

U, V are also scaled for these positions. New cards are 
punched listing these data. The simple block diagram 
of Figure 6 depicts the program flow for computing the 
remaining elements. These values are plotted with the 
best predicted values (obtained graphically) for ail 
observatories and reliable repeat stations and the final 
magnetic charts for Area II are drawn. This procedure, 
of using graphica lly obtained values to supplement 
those values obtained automatically, is used for all 
elements and their time derivatives in both areas. It 
seems a reasonable requirement that, if thcse charts are 
to serve the purpose of prediction as outlined earlier, 
then the predicted values at undisturbed magnetic 
observatories and repeat stations should be satisfied. 

For Area I the mean values (:b, H, Z) are plotted and 
the final charts drawn. Originally it was thought that 
F, I, X, Y and their time derivatives could be computed 
in a single run from :b, Ï-I, .Ï and their time derivatives. 
As it turned out, since there were many more D values 
than H or Z, the derived mean positions did not cor­
respond and this plan had to be dropped. Two new sets 
~f c9mputing cards are prepared. From one set, listing 
H, Z, and the corresponding H, i scaled from the iso­
poric charts, F, I, F, i, are computed. From the other 
set, listing D, H, D, H, scaled off the completed charts 
at intervals of 5° longitude and 2.5° latitude, X, Y, X, Y 
are computed. The simple block diagrams (Fig. 6) depict 
the procedure used. 

The isolines in the overlapping zone between Areas I 
and II are averaged so that a harmonious union is ob­
tained between these areas. Linear interpolation 

AREA Il 
( NORTH OF LATITUDE 60° NI 

Y: V cos>.. 
- u sin >.. 

~ù cos >.. ---. 
-+ V sin>.. 

i y,vc:,~ ~ 
-U sin >. 

L 

J 

l 

C - L -
1 I' , HH +Z- i , 

F 

OUTPUT 
PRI NT 

FIGU RE 6. Program flow fo r processing of magnelic ele ments. 
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between values is used to obtain the isolines. Also, it 
should be stated that while the isolines, obtained by the 
method outlined above, were much smoother than those 
obtained previously for Canadian magnetic charts, a 
certain amount of smoothing by eye still had to be clone 
-much more so than was expected. 

Accuracy of Charts 

Charts of elements D, H, Z, F, I, X, Y, G, U, V and 
their annual changes for 1965.0 are shown in Figures 7-
16. An estimate was made of the chart residuals by 
making a random comparison of updated values with 
chart values over the entire chart. Table VI lists the 
number of values tested and the results of these tests. 

TABLE VI 

Number R.M.S. 
Element Tcsted Difference 

D 918 0.6° 
H 1401 128 'Y 
z 12-!2 122 'Y 
F 250 147 'Y 

A more realistic test of the accuracy of these charts 
wi ll have to wait until the results of future surveys can 
be tested against the chart values. 

Tests of the F-chart were made using the sea magneto­
meter results of Hood (196-!) and Keen (1963). Their 
observations, made over Hudson Bay, the Labrador Sea 

MAGNET IC DECLINATION (D)CANADA , 1965 ·0 

CANADA 

0 
SC A LE 

500 

,o• 
0 1965 ·0 D 1965·0 

FIGURE 7. 
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and Davis Strait, ,rnre not used in the compilation of 
these charts. These values were updated and a compari­
son made with the corresponding chart values showed 
that the r.m.s. differences were 20 per cent higher than 

those found for Z. This is probably due in part to the 
increasing presence of the shorter wave-length anomalies 
in t he sea magnetometer results. 

HORIZONTA L I NTENSITY ( H) CANADA 1965·0 

CANADA 

0 
SC A LE , oo 

H 1965 ·0 H 1965 ·0 

FIGURE 8. 
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VERT IC AL INTENSIT Y (Z) CANADA 1965 ·0 

CANADA 

SC A LE , oo 

Z 1965•0 Z 1965·0 
FIGURE 9. 
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TOTA L I NTE N S I TY ( F ) CANADA 1965 ·0 

CANADA 

0 se• LE 
~00 

~9,000 Y 

~8 OOy 

F 19 65 ·0 F 1965 ·0 

FIGURE 10. 
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MAGNE TIC INCLINAT I ON ( Il CANADA 1965 ·0 

20• 

CANADA 

0 SC A LE 
~00 

1965 ·0 r 1965 ·0 

FIGURE 11. 
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NORTH COMPONENT ( X) OF THE HORIZONTAL INTENS I TY 9 65·0 

CANADA 
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FIGURE 12. 
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EAST COMPONENT (Y) OF THE HORIZONTAL INTENSITY 1965 · 0 

CANADA 

SCÀLE ,oo 

Y 1965•0 Y 1965·0 

FIGURE 13. 
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Conclusions 

The present ystem of producing Canadian charts has 
many advantages. The programming steps are relatively 
simple. The system is adaptable to smaller computer 
systems such as the I.B.l\I. 1620. Large amounts of data 
are easily handled due to the various natural divisions 
in the program logic. Regarding the charts, the average 
rcsiduals were lower than expected and represent a 20 
per cent improvement over the 1955 set of charts for 
Canada. 

However, there are still many disadvantages to this 
system. By using equal-area grid intervals, poorly map­
ped areas receive the same weight as those that are well 
mapped. While the use of the rejection criteria with mean 
values spaced 220 kilometres apart contributes a certain 
amount of smoothing, in the final analysis the method 
used is basically a graphie one and is subject to ail the 
well-known objections to the graphie method. Program­
ming continuity has to be interrupted while intermediate 
charts are constructed. More sophisticated methods will 
be tried in the future to see what improvements can be 
made. 

In recent years, a great deal of work has been done by 
Cain and bis associates (1964) in evaluating spherical 
harmonie descriptions of the main geomagnetic field. 

In 1962, Cain (private correspondence) seeking a test 
for bis fitting programs using vector data over a small 
area, experimented with updated 1960 Canadian data, 
approximately 12,000 values in D, H, Z. He determined 
a set of spherical harmonies that minimized the sums of 
Â H2 + (H b..D) 2 + D..Z2 for ail the data. Here Â D, Â H, 
Â Z are the differences between the observed and com­
pu ted values. The follo,Ying average residuals were 
obtained. The residuals decreased significantly going 

H b..D 
D..H 
b.Z 

n=3 n=4 n=5 11=6 n=7 

359. 3œ 304. 8œ 304. lœ 303. 9œ 303 . 5œ 
347.4 294.8 293.4 297.5 290.6 
295.1 243 .9 238.7 236.1 236.l 

from n = 3 to 4 and there was very little improvement 
above n = m = 7 (63 coefficients). This led Cain to 
believe that the most useful fit to the data over this 
area is "·ith n = 4. Charts in H,Z were plotted using the 
U.S. Weather Bureau automatic techniques. Although 
t_he~e smooth charts agreed quite favourably with pre­
lnrunary charts of H,Z produced for Canada in 1960, 
except fo r a few small irregularities, the magnitude of 
the residual is twice that obtainable with our present 
method. It appears that little improvement in the fit 
can be obtained without carrying the spherical harmonie 
analysis out to much higher orders, involving hundreds 
of coefficients. 

From Heppner's review (1963) on field sources and the 
number of coefficients required to describe the earth's 

main field, it now appears that coefficients up to order 
6 are necessary, and orders > 6 are attributecl to crustal 
sources. An improvement in fit coulcl probably be made 
by performing a separate analysis on the anomaly field by 
a method similar to that developed by Knapp (1942) 

There are other analytical methods in current use. 
One of the oldest and still popular is the fitting of poly­
nomial expressions to the observed data with coefficients 
to be determined by least-square approximations. To 
a~ply this method to Canadian data, a series of overlap­
p1~1~ areas would have to be used. A system using a 
mmunum of twenty equal areas is visualized with a unit 
area being equivalent to a 10 X 20° quadrangle at the 
equator. The area around the north magnetic pole would 
require a special treatment. 

Figures 7-16 show that the families of isolines are 
quite uniform and suggest that simple geometric ex­
pressions might provide a realistic fit; for example, the 
fitting of a family of ellipses to the H and I isolines. 

Fougere and McClay (1957) devised a method where­
by the measured values of X, Y, Z and F are fitted to 
polynomials in latitude and longitude in such a way 
that the radial component of the curl F vanishes identi­
cally and F 2 = X2 + Y2 + Z2 is satisfied identically. 
Fougere (1964) presented an improvement over part of 
this method, in which the horizontal vector is expanded 
in a set of orthogonal fonctions. These orthogonal fonc­
tions can be tested for statistical significance by the 
variance ratio test in order to obtain the best representa­
tion of the data with vanishing curl. The final result is a 
pair of simple polynomials in X and Y. He applied the 
method to a sample of data consisting of observations 
of the field at 69 locations above Eglin Air Force Base in 
Florida. Over the small area chosen (200 sq. miles) the 
standard error is about 91 'Y· 

Pochtarev and Vints (1962) developed a methocl 
which they claim is more objective than the graphical 
method and less formai than the analytical method. The 
method determines the normal field containing only the 
long wave-length anomalies and eliminates the local 
anomaly effect. This is achieved by computing the field 
at an altitude where these local effects are completely 
attenuated. Their studies showed that to eliminate 
anomalies up to 200 kms in extent, an altitude of 50 kms 
was necessary. The field was computed by solution of 
the Dirichlet-Neumann problem in the form of a Poisson 
integral for the potential fonction 

R~ - R/f Û 
Up = ---- - d (j 

41r Ro P 3 

l\1athematical descriptions of the earth's field are 
extremely useful, particularly in this present space­
oriented age, for extrapolating the field to greater alti­
tudes. There are other methods however that have more 
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physical meaning, such as the use of a central clipolc with 
radial clipoles placecl at the core-mantle interface, approx­
imating electrical loops. It is not the authors' intention 
to revie\\· these methocls but ,,·e ,,·oulcl like to mention 
briefly the ,·ery good fit in H,Z and magnetic meridians 
that Alldreclge and Yan Yoorhis (1962) obtained using 
this method to explain the observecl features of the great 
Arctic anomaly. They clid not try to adjust the magni­
tudes and locations of the radial dipoles by a least­
squares procedure to obtain a better fit \\·ith the obsen·ed 
field, since their main goal was to show that the magnetic 
patterns observed in the Arctic could be explained by 
very deep seated sources as opposed to crustal geological 
explanations. 

Alldredge and Hurwitz (196-!) used a least-squares 
method to adjust the amplitude and location of each 
dipole for a best fit to the observed field components. 
Using various models, they were able to produce a fit to 
the U.S. 1945 world charts almost as good as Vestine's 
mathematical representation using 48 spherical harmonie 
coefficients. Other models obtained excellent fits to the 
1955 U.S. and British .Admiralty world charts. 

With the volume of observations now available, it is 
apparent that the problem of producing accurate Cana­
dian magnetic charts is primarily a data-handling one. 
Since the ultimate aim is to produce accurate charts 
which best fit the observed data, many of the methods 
listed above will be tried ,Yith our present updated ob­
servations to determine which method is most suitable 
for future chart production. 

The fondamental problem in magnetic cartography to­
day is to obtain a mathematical description of secular 
change. Our present graphical system, as stated earlier, 
yields probable errors of ± 4' in D and approximately 
± 20 'Y in H and Z over an 18-year reduction pcriocl. 
Any improvement on this, with the present data, will 
have to corne from a different approach. 

The laws of physics demand that the secular change 
field have smooth continuity in the space-time continu­
um. At any one time, the rate of change is a single­
valued fonction of space with continuous cleri vatives, 
and at any one point in space, a typical component is a 
continuous single-valucd fonction of timc \\·ith con­
tinuous derivatives. The problem is to fincl a practical 
expression of this fonction. 

\Yith our present system the rate of change is con­
sidered constant over a 5-year period. Thu.· a t a fixecl 
point, ,vhere the field is a fonction of lime alone, this 
fonction is representecl by a series of straight-line seg­
ments, and lhe law of continuity are subverted in order 
to fincl a simple but workable solution. 

IIutchi::;on et al. (1953) in an unpublished paper on 
the secular field in Canada treated the field at each 
point a~ a continuous function of time having the forms 

of a Fourier series. They analysed components of X, y 
and Z for six observatorie and some 200 repeat stations. 
The equations had the form 

X(t) = Xo +Ao (t-to) +A1 co w (t-a1) +A2 cos 2w 
(t-a2) + ... 

Y(t) = Yo +Bo (t-to) +B1 COSW (t-a1) +B2 COS 2w 
(t-a2) + ... 

Z(t) = Zo +Co (t-to) +C1 cosw (t-t1) +c~ cos2w 
(t-a2) + ... 

where Xo, Yo, and Zu are the values of the element at 
the time of the observation. It was found that X(t), 
Y(t) both exhibited a fondamental period of 133 years 
and one harmonie period of 67 years, while the expres­
sion for Z(t) required only a single periodic term of 50 
years. There was no real physical significance attached 
to these periods but they were introduced only as a 
mathematical convenience for reducing Canadian ob­
servations to epoch. 

The residuals obtained on fitting the observed value 
to the mathematical expressions ,vere unfortunately 
high; 90 per cent of the values in X, Y and 65 percent 
in Z had residuals of 100 'Y's or better. IIO\rnver this 
analysis was clone under considcrable handicaps. The 
secular change data was limited. Owing to the lack of 
computer facilities, many graphical approximations 
were used, thus limiting the accuracy of the results. The 
authors feel that with the availability of the e faci litieS 
a more refined approach may lead to expressions de­
scribing the secular change field much more accurately, 
over a limited period. 

There are, of course, other mathematical approaches 
for determining secular change, of which spherical har­
monie analysis of time derivatives is the most common. 
Alldrcdge and Hurwitz (196-!) determined secular change 
from two sets of dipole parameters for the United States 
charts for epochs 1945 and 1955. Although they were 
able to obtain a mathematical description of secular 
change basecl on changes in the parameters of a di pole set, 
the changes shown \Yere not much larger than the scatter 
for the three clifferent sets of 1955 parameters. 

Even though, at the present, our repeat station obser­
vations consist of reliable means of the day values only, 
lhe future seems promising for better secular-change 
determinations in Canada. There are now eight \\·ell­
distributed obsen'atories throughout the country plus 
the possibility of one more establishment in the not too 
distant future. \Ye also share the benefits of eight other 
ohservatories in adjacent areas. The difficulties of re­
ducing repeat station obserYations to a satisfactory 
epochal value are being overcome. \Yhitham and Loomer 
(195ï) have expressecl fears that programs of repeat 
observations, at infrequent interval , over short clura­
tions are of cloubtful use in the .\rctic. Certainly the 
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curves of secular variation for repeat stations in the 
lower latitudes suggest that the procedure is sati factory, 
and only time will tell "·hether or not a regular program 
of observations will be of sim.ilar value in the Arctic. 
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Appendix I 

In 1960 the Canadian Hydrographie Service requested 
an outline of the behaviour of magnetic compasses in the 
Arctic, particularly in the vicinity of the north magnetic 
pole. Also required was a definition of the area in which 
magnetic compasses are valueless, the magnitude of the 
fluctuation in variation and the frequency and effect of 
magnetic disturbances. Since these notes would be of 
great value to a mariner they were to be included in 
Pilot of Arclic Canada, a compilation of sailing directions 
for the Canadian Arctic. 

It was decided that a chart outlining this information 
would make the most effective presentation. Thus was 
born the "l\Iagnetic Chart of the Canadian Arctic, 
1960.0". The new chart for 1965.0 is shown as Figure 17. 
A note incorporated in t he legend of the published 
chart (not shown on Fig. 17) sta tes the following: 

Most days are magnetically disturbed in the Arctic; at 
Resolute Bay only 1 day in 5 is classified as reasonably quiet 
magnetically and only 1 day in 1-1 as very quiet. 

During moderate magnetic disturbances the daily track of 
the North r.fagnetic Pole approximates an ellipse with a major 
axis 30 miles long roughly north-south and a minor axis of 
about 18 miles roughly east-west. During a severe disturbance 
its effective position can shift between 50 and 100 ntiles. ' 

The magnetic variation at any one place fluctuates and the 
amount of this fluctuation is shown on the chart as the Mean 

403 

Daily Range of r-Iagnetic Variation. Thesc data arc based on 
hourly me_an values obtained from five northern magnetic 
observatones at Resolute Bay, Baker Lake Alcrt Mould 
Bay and Ch~r~hill, for t~e summer months of 196-1, 'a period 
of sunspot mmunum; dunng periods of magnetic disturbance, 
the values shown may be cloublecl for bricf periocls. 

The chart for 19G5 was compiled in the following way: 

Where H <6000 'Y, the ordinary magnetic compass is erratic. 
\Vhcre H <3000 'Y, the ordinary magnetic compass is uscless. 

(International Hydrographie Conference, 1962). 

The 1965 H-isolines were used to outline these areas. 

Since ships operate in these areas in the summer 
months only, the D range in the mean hourly values for 
the summer of 1964 was examined for the five northern 
observatories mentioned in the note. The values ob­
tained were used in conjunction with the 1965 H-isolines 
to derive the lines of equal mean daily range of magnetic 
variation, using the simple equation 

Ro·Ho 
ro = 

H 

Where Rn is the D range for the observatory, 
Ho is the chart value of H at the observatory, 

and ro, the D range at any point on the H-chart. 
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Appendix II 

TABLE VII 

COMPENDIUM OF CANADIAN MAGNETIC CHARTS PRODUCED SINCE 1883 

Area Epoch Scale No. of Compiling 
Mi/ in Stns. Agency Notes 

Canada 1844 100 300 Lefroy south of 60°N, produced in 4 sections 
W. Canada 190-1 .0 -- -- T.S. D.L.S. use only 
W. Canada 1911.0 100 4,500 T.S. in two sections 
E. Canada 
W. Canada 1912.0 35 4,000 T.S. 
W. Canada 1914.0 300 6,800 T.S. produced in 2 sections 

W. Canada 1917.0 100 9,400 T.S. first graphical showing of secular change up 
W. Canada 1917.0 100 900 T.S. to 60°N; ail future charts to show isopors 
W. Canada 1917.0 100 900 T.S. 

W. Canada 1922.0 100 20,000 T.S. first Canadian magnetic chart showing loca-
W. Canada 1922.0 197.3 1,200 T .S. tion of NMP on northern end of King 
W. Canada 1922.0 197.3 1,200 T.S. William Island 
Canada 1922.0 100 -- T.S. 

Canada 1927.0 100 24,000 T.S. 
Canada 1927.0 300 1,700 T.S. 
Canada 1932.0 100 30,000 T.S. 
Canada 1932.0 300 3,750 T.S. 
Canada 1940.0 100 -- S.E.B. Surveys and engineering Br. 
Polar 1942.5 100 -- Dom.Obs. Gnomonic projection 
N.W.T., Yukon 1948.5 80 -- Dom.Obs. 
Canada 1948.5 100 -- Dom.Obs. 
Canada 1955.0 100 20,000 Dom.Obs. 
Canada 1955.0 100 2,000 Dom.Obs. 

Man. 1955.0 20 3,470 Dom.Obs. compiled mainly from D observations made 
Sask. 1955.0 20 6,250 Dom.Obs. by T.S. 
Alta. 1955.0 20 6,650 Dom.Obs. 

Canada 1960.0 100 24,000 Dom.Obs. including 5,000 airborne observations 
Arctic Canada 1960 137 .5 Dom.Obs. 

Canada 1965.0 100 18,000 Dom.Obs. Observations from 19-17 on 
Arctic Canada 1965.0 120 Dom.Obs. 
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