
• 
CANADA 

DEPARTMENT OF ENERGY, MINES AND RESOURCES 
OBSERVATORIES BRANCH 

PUBLICATIONS 
OF THE 

Dominion Observatory 
OTTAWA 

Volume XXXVII 

THE QUEEN'S PRINTER 
OTTAWA, 1970 

eburgoyn
black block





No. 

No. 2 

No. 3 

No. 4 

No. 5 

No. 6 

No. 7 

No. 8 

No. 9 

No.10 

TABLE OF CONTENTS 

PAGE 

A Temperature Control System for the Canadian Pendulum Apparatus, by H.D. Valliant, 
l.R. Grant and J .W. Geuer ............................................ . V 

An Electronic System for Measuring Pendulum Periods, by Herbert D. Valliant . . . . . . . . . 11 

Record of Observations at Victoria Magnetic Observatory, 1966, by D.R. Auld and P.H. 
Andersen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

Polynomial Estimation of Certain Geomagnetic Quantities, Applied to a Survey of 
Scandinavia, by G.V. Haines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 v 

A Three..Component Aeromagnetic Survey of the Nordic Countries and the Greenland Sea, 
by W. Hannaford and G.V. Haines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 

The Effect of the Solar Cycle on Magnetic Activity at High Latitudes, by E.I. Loomer and 
G. Jansen van Beek ................................................. 165 

A Symposium on Processes in the Focal Region, by Keichi Kasahara and Anne E. Stevens, 
Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 

Record of Observations at Fort Churchill Magnetic Variometer Station, 1964-1965, by G. 
J ansen van Beek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237 

Record of Observations at Great Whale Magnetic Observatory, 1967, by E.l. Loomer ..... 335 

Record of Observations at Agincourt Magne tic Observatory, 1967, by W .R. Darker and D.L. 
McKeown ....................................................... 411 

iii 

1.1 

./ 

v 





CONTENTS 

Abstrac t 

ln traduction .... ......... ...... . ..... . . ...... . ..... . .............. . .. . 

Rotated Grid System 

Maxwell's Equations 

Taylor Expansion of U. V and Z .. . .. . ..... ... . . ...... ... . . . .. ......... . .... . . 

Estimation by Lcast Squares ........... .. .. .. . .. ........ . .................. . 

PAGE 

79 

79 

80 

80 

81 

82 

Estima ti on of Geomagnetic Quantities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 

The Covariances bctween U, V and Z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 

The Polynomial Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 

Results fo r Scanclinavian Survey of 1965 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 

References .............. . . 105 

Appcndix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 

Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 



POL Y O'.\11AL ESTIMATION OF CERTAIN GEOMAGNETIC QUANTITIES, 
APPLIEO TO A SURVEY OF SCANOINAVIA 

C.V. H AINL·S 

,\USTRAC r: lt i, mathcmatically convenicnt to describe the geomagnetic field over a small portion of the earth's ,urface 
in tcrm, of polynomi,ùs in a polar stereographic coordinate system. The mcthod is applicd to data from an airborne 
mabmctic surve~ of Non,ay . S,1edcn. Finland and Dcnmark. conducted in 1965 by scientific imtitutes of the four 
countn~s and the Dominion Ob,crvatory of Canada. Polynomials of the third dcgrcc ,1·cre fittcd by the method of least 
square, 10 the ob,erved value, uf t\\'O orthogonal horizontal components and the vertical componcnt. in thrce independent 
analyse,. r rom the thrcc polynomi::ùs. values of the north (X). cast ( Y) and vertical (Z) components, together \\'ith their 
standard crror,. \l'l're computcd at grid points. and are sho\\'n as contour charts. Charts of the vertical gradients caxtaz. 
ay ÔZ, az;a::) and the vertical componcnt of curl H. cakulatcd from the polynomiah. arc also given. By statistic::ù tests, 
the vertical componcnt of curl H diffcrs ,ignificantly from zero in two small rcb,jom. Geomagnetic componenb and 
vertical gradients c·alculated from the polynomials arc compared with values computed from Cain\ sphcrical harmonie 
modcl GSFC ( 12 , 66 ). Finally. charb of the rcsiduals, or differcnces between the observed field and the polynomial 
rcprescntation of the field. arc plotted. both as profiles along the f1ight paths and as vcctor diagram, in horizontal and 
vertical planes. 

Rl' SUM i'.:: Mathématiquement parlant. il est commode d 'exprimer le champ géomagnétique au-dessus d'une petite partie 
de la ,urface de la terre en fonction de polynômes dans un système de coordonnées stéréographiques polaires. La méthode 
s'applique aux donn~es recueillies au <.:ours d'une étude aéromagnétiquc couvrant les terri tories de la Norvège, de la Suède, 
de la Finlande et du Danemark. étude qu'ont effectuée en 1965 des instituts scientifiques de ces quatre pays et la Direction 
des observatoire, fédéraux du Canada. La méthode des moindres carrés a servi à déterminer les polynômes du troisième 
degré. équivalents aux valeurs de deu:-- composantes horizontales orthogonales et de la composante verticale relevées dans 
trois analyses indépendantes. Les valeurs des composantes nord (X}, est (Y) et verticale (Z). et leurs erreurs standards 
ont été c:alculées au., points du graticule, en fonction de ces trois polynômes. et sont présentées sous forme de 
cartc·s dï,ogammcs. Il en est de même pour les gradients verticaux cax/az, ay;az, az/az) et la composante verticale de 
H. Il découle d'épreuves statistiques que la composante verticale de rotation H diffère considérablement de zéro dans deux 
petites régions. Les composantes géomagnétiques et les gradients verticaux calculés à partir des polynômes ont été com­
paré, au, vakurs calculées à partir du modèle GSFC (12/66) des harmoniques sphériques de Cain. 

enfin, les résiduelles, c'est-à-dire les différences entre le champ mesuré et sa valeur algébrique calculée, sont repré­
sentées sous forme de profils le long des lignes de vol, et sous forme de diagrammes vectoriels dans les plans horizontal et 
vertical. 

Introduction 

When estimating a field component from a geomagnetic 
char!, it is desirable to know the accuracy of the estimate. This 
accuracy will depend, in general, on random and systematic 
errors in the observed data, the geographic distribution and 
density of the observations, and the appropriateness of the 
chosen method of data representation. When the data are 
represented by a Taylor series whose coefficients have been 
determined by the method of least squares, the variance of an 
estimate is readily derivable and gives a very good, and well­
understood, figure of accuracy. 

The variance of an estima te at a given position is a measure 
of the errors which occur at random. lt is also a function of 
the observed positions, and is larger at the edge of the data 
area than at the center. This variance, however, is only as 
meaningful as the appropriateness of the mathematical mode!; 
that is, it is derived under the hypothesis that the data can be 
represented in the given manner. The appropriateness of a 
given mode! may be tested statistically and various models 
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tried until a suitable one is found. Systematic errors in the 
observations, though, can be detected only by comparisons 
with independently observed data. 

lt is also desirable for many purposes to know the vertical 
gradients of the geomagnetic field components. Estimates of 
these gradients can be obtained from the least-squares Taylor 
series by making use of Maxwell 's equations. Errors in the 
estimates can be obtained statistically as in the case of the 
field components. 

Chapman ( 1942) suggested that charts of any two ortho­
gonal horizontal components of the magnetic field be made 
'mutually consistent' by requiring the curl of the horizontal 
component to be zero. ln a purely mathematical derivation of 
these horizontal components, however, it may be of some use 
not to en force this a priori condition but rather use the curl as 
an indication of the consistency un der the given derivation. 
Whether or not the curl is significantly diffcrent from zero can 
be tested statistically by knowing the standard error of the 
curl estima te. 
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Rotated Grid System 

The Greenwich Grid System and the use of the polar 
stereographic transformation have been described by Hutchison 
( 1 949) and Haines ( 196 7 ). When the fl ight lines of an aero­
magnetic survey do not point grid east or west. in the Green­
wich system. it is conwnient to rotate the Greenwich system 
until they do. The convenicnce arises in plotting residuals or 
othcr information along the llight track. This will be shown 
later, in connection with Figures 5 to 9. 

If the Greenwich system is rotated counterclockwise 
through an angle ;\0 , the rotated polar stereographic transfor­
mation is 

u ==- tan(½) cos (À - ;\o) (!) 

v == tan (%) sin (À -Ào) (2) 

where 0 is the geographic colatitude and ;\ is the geographic 
east longitude. In this coordinate system, grid north is the 
rurection of true north at any point whose east longitude is 
;\0 . The inverse transformation is 

e==2arctan \ 11
2 + v2 

where the arctangents are taken in the appropriate quadrants. 
The magnetic field components U and V, in the direction 

of 11 and v, respectively, are defined by 

V == fi ,in (D - À + Ào) 

(3) 

(4) 

where H is the horizontal field component and D is its 
declination relative to true north. In terms of the geographic 
north component X and the geographic east component Y, 
the grid components U and V become 

U == X cos (À - ÀQ) + Y sin (À - Ào) 

V ==-X sin (À -;\o) + Y cos (À -Ào) 

The expressions for X and Y. in terms of U and V, are derived 
easily: 

X== U co, (À - Ào) - V sin (À - ÀQ) 

Y== U si n (À - ÀQ) + V cos (À - ÀQ) 

(5) 

(6) 

The rotation angle ;\0 is chosen so that the 1•-axis of the 
above coordinate system lies approximately in the direction of 
the average flight line. 

arc 

\ 1axwell's Equations 

Two equations of :\1:.lè\well pertaining to the magnetic field 

d1,· F==ü 

curl F==J + f 
(7) 

(8) 

where F is the total magnetic field vector . ./ is the electric 
current density vector. and D is the electric displacement 
vector. 

ln terms of the true north (X), true east ( Y), and vertical 
downward (Z) components, the divergence and curl can be 
resolvcd into components in the spherical polar coordinate 
system as follows: 

ct F _ az , [ JZ + x + ax a y ] IV -Oz - a - COt 0 00 - ~ COSCC 0 (9) 

_ ay , [ az ] 
curloF -d: - a Y +~ coscc 0 110) 

( 1 1) 

_ 1 [ ax ay ] curl2 F - -a Y cot O +~ cosec o +00 ( 12) 

where 0 is the geographic colati tude,;\ is the east longitude, 
: is the vertical downward direction. and ais the earth's radius. 

Combining Equations (7) and (9) gives an expression for 
the vertical gradient of Z in terms of the measurable horizontal 
gradients of X and Y. Also. if it is assumed that the horizontal 
component of (J + aDJar) is zero, Equation (8) gives 
curloF== 0 and curl;\F == O. These, together wi th Equations ( l 0) 
to ( 12), yield expressions for the vertical gradients of X and Y 
in terms of the measurable horizontal graruents of Z. 

The assumption that the horizontal component of 
(J + aD/at) equals zero is justified. The current densities 
measured near the earth are only of the order of 10-3 

ma/k m2 (see Chalmers , 1957) , and since these are primarily 
vertical, the horizontal component would be even smaller. The 
effect on the vertical grarucnts of X and Y is less than 
1 o-6 -y/km. 

Referring to Equation ( 12). il is seen that the expression 
for curl2 F contains only horizontal components, and so is 
equivalent to curl2H, where fi is the horizontal magnetic 
field vector. This expression is of interest since al! terms on 
the right are measurable. and curl2 F should be less than 
10·3 ma/km 2 as mentioned in the previous paragraph . 

The equations, then, are as follows: 

ax == 1... [ \' _ az] 
Oz a ' 00 

~ == ;- [ Y + f cosec e] 
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~z =-
0
1 [-?Z + \' 0 +fil àY ] Taylor Expansion of U, i ' and Z uz , c ot 00 -OÀ co,L'C o 

1 [ ar ar] CUrlzH = - 0 Y COI O +-at CO\L' C 0 +00 

When the derivatives of X, Y and Z with respect to 0 and 
À are expressed in terms of the de rivatives of U, V and Z with 
respect to li and v, using Equations ( 1) and (2), (5) and (6), 
the following expressions arc obtained for the vertical gra­
dients and curl zH: 

( 13) 

( 14) 

Expressing X and Y in terms of U and V, and 0 and À in 
terms of u and v, the formulae for the vertical gradients of 
X, Y and Z in terms of measurements in the (u,v) system are 
as follows: 

ax 1 
[ uU + vV + 

l +u 2 +v2 

a;=-
a/u 2 + v2 2 

av 
[u v-vu+ 

I +u 2 +v2 

oz -
a /u 2 + v2 2 

-f=;[2z + uU+vV - 1 +u2 +v2 
2 

1uf + vff] 

(17) 

1uf - v~] 

(18) 

(19) 

curlzH = a [ uV - vU + 1 +f +v
2 1f--fO (20) 

The cornponents of U. V and Z can be expanded about a 
point (11 0 , r 0 ) by Taylor's theorem as follows: 

U = u, +U2a+U3 /3 +-½u4a2 +U5 a 13 +½u6 13 2 

+lu 3+1 2 +1 2 I 3 
6 7a 2Usa/3 2 U9a /3 +6 u1013 

l ' = 1' 1 +l'2a+V313+-½V4a2 +v5a13+tv6 132 

+f l'7a3 + 1 Vga2/3 +½ V9a/32 +f v,o/33 

z 

( 21) 

(22) 

(23) 

where a= li - ll 0 and~= 1· -1•0 . The coefficients U 1 , U2 , etc , 
are actually partial derivatives evaluated at 11 = 11 0 and 1· = 11 0 . 

The fraction appearing in the ai ~i term is -.,-1 T. The equations 
1. J. 

have been truncated after the third order terms since ten 
coefficients are normally adequate for representation of U, V 
and Z, over areas of several million square kilometres. 

In the analysis of Haines ( 1967) the curl
2
H = 0 condition 

was imposed on U and V, leading to certain relationships 
between their coefficients . From Equation (20) the relation­
ship between V2 and U 3 is 

V2 = U3 + 2(uV-vU) 
1 + u2 +v2 (24) 

Taking higher derivatives yields relations between the higher 
order coefficients. When u V approximately equals vU the 
second term can be ignored and V 2 = U 3 . Other approxima­
tions lead to simple relations among the higher order coeffi­
cients, and the components U and V may then be solved 
simultaneously by the method of least squares. 

When these approximations are not valid, however, the 
dependent variables U and V cannot be separated from the 
independent variables u and v, and the least squares solution 
cannot be obtained by the method of normal equations . The 
residual squares could be minimized by iteration, but this 
method would be very long and difficult from a computing 
stand point. 

It may, in fact, be preferable not to impose the curl condi­
tion even when the above approximations are valid . Chapman 
(1942) has suggested that the condition be applied to make 
magnetic charts 'mutually consistent'. That is, in areas where 
data are available for one horizontal componen t only, the 
other horizontal component should be estimated by requiring 
the vertical component of curl H to be zero. However , when 
the field is derived mathematically it is not necessary to use 
the curl relationship since al! components ( together with their 
standard errors) can be estimated at every point of the area 
under analysis. lt is then easy to obtain a value of the curl and 
test it for statistical significance by knowing its standard error. 
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Estimation by Least-squares 

If the mean µY of the distribution of a variable y, when 
other variables x 1 , x 2 , ..... , x p are given, de pends I inearly on 
these other variables , the relationship 

is called the true regression equation . If, in addition , the 
variance a~. of this distribution is constant for ail sets of x 
values , thi method of least squares may be used to estimate 

µY and aJ. The estima te of µy is 

(25) 

where the b; are the least squares estimates of the ~i- The 

estima te of a; is 

(26) 

where n is the number of observations used in the analysis. 
n 

The p X p matrix whose (i, j)lh element is ~ x;xj is known 
1 

as the matrix of 'sums of squares and products of independent 
variables'. This matrix will be denoted by A-1

. The summation 

n 

subscript in D; Xj has been suppressed since the meaning is 
1 

obvious. The (i, j) th element of the inverse matrix A multi­
plied by s; is an estimate of a;j, the covariance between the 
least squares coefficients b; and bj- This estimate is denoted 
by sii. The element s;;, of course, is an estima te of the variance 
a;; of b;. These are always positive and so may be denoted by 
s1 and al , respectively. The positive square root a;, of al, is 
called the standard error of b;, and the positive square root s;, 
of s1, is the estimate of this standard error. 

The statistic y' , being a known function of the variables 
X;, also has a distribution. Its mean when the x; are held 
constant is JJy (hence y' is an unbiased estimator of JJy) and 
its variance is 

p p 

a~,= ~ ~ x; x1· a;1· i= 1 j= 1 

which, of course, is estimated by 

p p 

s?., = ~ ~ x·x· s·· 
y i = 1 j = 1 1 J ,, 

(27) 

lt should be emphasized that y' is the estimated mean of 
the y - distribution , and a}, is the variance of that estimated 
mean, not the variance of an estimated individual value . The 
variance of an individual value estimated (or predicted) by the 
least squares equation would be the variance of the estimated 
mean plus the variance of y. Denoting the variance of the 
estimate of an individual value y' by a} , the relationship is 

2 _ 2 + 2 ay, -ay, Oy 

which may be estimated by 

2 _ 2 + 2 
Sy1 - 7 , Sy (28) 

The square root of a variance is always called a standard error. 
Thus ay, , ay1 and ay are standard errors of y•, y• and y, 
respectively , and sy, ss;, and sy are their estimates. 

Confidence intervals may be determined for the va1ious 
statistics when the variable y is distributed normally, at fixed 
values of x 1, x 2 , ... , xP. It can be shown, in fact, that 

bis--_ ~i (for i = I, 2, . . . . , p) and Y 
5
- µY are distributed with 

1 2 y 

Student's t distribution, and 5Y is distributed as Chi-Square /df 
a2 y 

where df is its degrees of freedom . Of course, the last 

two expressions are true when y is replaced by y' or y', 
remembering that µy,= µY,= µY-

Estimation of Geomagnetic Quantities 

The coefficients U1 , U2 , U3 , etc , in Equations (21), {22) 
and (23) may be determined by least squares to give estimates 

of U, V and Z . These estima tes correspond to the J'' of Equa­
tion (25). Estimates of the standard errors (square root of the 
variance) can be calculated from Equation (27). 

The geographic components X and Y can be estimated 

from U and V by using Equations (5) and (6) . Their variances 
can be calculated knowing the variances of U and V: 

a){= alf cos2 (;,_-;,_o) + oÎ, sin2 
( ;,_-;,_0 ) 

2 2 . 2 2 2 
ay= ausm (;,_-;,_o)+avcos \À-ÀQ)· 

The covariance between U and Vis ignored in these equations; 
this will be discussed in a later section . 

The vertical gradients of X, Y and Z, and the vertical 
component of curl H can be estimated by using Equations 
(17) to (20). (For computation purposes, Equations (13) to 
(16) are more use fui if latitude and longitude are given rather 
than u and v.) The variances ofthese quantities can be estimat­
ed by ex pressing the quantities as functions of the least-square 
coefficients, and then using Equation (27) as before . 

Confidence intervals may be obtained for U, V,Z, their 
gradients, and curl2 H since they ail are distributed normally 
when n, the number of degrees of freedom , is large . Thjs is so 

because b; - ~; (for i = 1,2,, .. , p) is distributed as Student's t , 
S; 

wruch tends to the Normal distribution as n becomes large. 
The convergence is quite rapid, and there is very littlc differ­
ence between the two distributions at n = l 00. Of course, 
Iinear functions (such as U, V,Z, etc.) of normally distributed 
variables (such as~;) are themselves distributed normally . 
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The Covariances between U, V and Z 

The variance of any fonction of the V- coefficients can be 
calculated by knowing the variances of all these coefficients 
and the covariances between them. These corne directly from 
the inverse of the matrix of 'sums of squares and products of 
independent variables', obtained in the least-squares solution. 
Similarly, the variance of any fonction of the V- coefficients 
can be calculated. But to obtain the variance of a fonction of 
both the V- and V-coefficients it is necessary to know the 
covariance between each V-coefficient and each V-coefficient, 
as well as their respective variances; and, in general, to obtain 
the variance of a fonction of the V-, V- and Z-coefficients, the 
covariance between every pair of coefficients must be avail­
able, in addition to ail the variances. 

Tlùs problem is discussed by Williams ( 1959) for the case 
when the sums of squares and products matrix is the same for 
each dependent variable . This occurs when U, V and Z are all 
obtained at every position point. In general, however, this is 
not the case. The element Z, for example, usually is obtained 
more frequently than U and V. The matrices for U and V, 
though, are the same, since U and V are both derived from the 
measurements D and H (see Equations (3) and (4)). 

In practice, either matrix may be used since the number of 
Z-only observations is a small percentage of the total number 
of observations. This can be checked easily by running the 
computer program with the two matrices interchanged. 

Once this is established, the covariances between the 
components U, V and Z can be calculated. The effect of these 
covariances can then be included in the calculation of any 
fonction of U, V and Z. For example, the variances of the 
components X and Y now become 

a}= a'f., cos2 (À-Ào) + a} sin2 (À-Ào) - 2 sin (À-ÀQ) cos(À-ÀQ) auv 

a}= af., sin2 (À-ÀQ) + À}cos2 (À-ÀQ) +2 sin (À-Ào) cos(À-ÀQ) auv 

where auv stands for the covariance between U and V. 
In a similar way, these covariances can be included in the 

calculation of the variances of the vertical gradients and 
curl2 H. 

The Polynomial Hypothesis 

It is important to realize that any conclusions drawn from 
a 3rd degree polynomial analysis are based on the hypothesis 
that the field can be closely represented by a polynomial of 
this degree. Estimates can be calculated, and confidence limits 
constructed, for any number of parameters, but how meaning­
fol these estimates and confidence limits are depends on how 
well the above hypothesis is satisfied. 

It may not be very informative, for example, to compare 
statistically a 2nd degree estimate with a 3rd degree estimate 
even though the standard error of each is available. If the com­
parison takes place at a point where the field is represented 
well by the 3rd degree polynomial, but poorly by the 2nd, 

then neither the mean nor the standard crror of the 2nd degree 
estimate will have much significance. 

This is especially important to remember when making 
estimates at points outside the data area. The estimate and its 
standard error are available, but these are only as good as the 
hypothesis that the field at that point can be represented by a 
polynomial of the given degree. lt would be possible to have 
an extremely good fit to a plane , for example, but this would 
in no way imply that this plane extends far outside the area 
analyzed. 

Normally it is not known beforehand how many terms 
should be included in a polynomial, and so a statistical method 
is used to truncate the series. The coefficients of any given 
order may be tested statistically, and when there is no 
significant contribution to the regression beyond a certain 
degree the terms beyond this point may be neglected. In 
neglecting terms in this manner, there is of course always the 
danger of making a 'type 2' error (that is, accepting a false 
hypothesis). The effect of this error on estimation within the 
area analyzed is small, however, and it is mainly outside this 
area where the problem becomes important. 

This, in fact, is the reason a stepwise regression of a poly­
nomial has little statistical justification. The hypothesis that a 
coefficient is zero may be rejected with a 5 percent chance of 
making an incorrect decision, but the error in accepting the 
hypothesis when it is wrong is actually unknown, and may be 
quite large. The problem in this type of analysis, then, is not 
which terms to include, but how many. Ali well-behaved fields 
can be represented by a polynomial according to Taylor's 
theorem, and there is no special reason why any particular 
coefficient should be zero. But since the series converges, there 
is a reason for truncating the series as soon as the contribution 
from the truncated part becomes small enough. Also, because 
of limitations in the number and accuracy of observations, the 
coefficients of high-order terms simply cannot be determined 
with any degree of assurance. 

Results for Scandinavian Survey of 1965 

In the fall of 1965, a three-component aeromagnetic 
survey of Norway, Sweden, Fini and and Denmark (see Figure 
l) was conducted by the Dominion Observatory of Canada, 
and governmental agencies of the four countries concemed. 
The results of this survey will be reported by Hannaford and 
Haines (in press). The magnetometer and direction reference 
system were described by Hannaford, et al. (I 967). 

The area covered was 1.5 million square kilometres, and 
about 1400 measurements were made of the declination D, 
the horizontal intensity H and the vertical intensity Z. These 
measurements were made at an altitude of about 3 km, and 
represent averages over 5 minutes of time ( or approximately 
30 km of flight track). After being conected for aircraft fields 
they were reduced to sea level by means of the inverse cube 
relationship, the correction to a component P being 4.6 X 
10-4 X h X P, where h is the altitude in kilometres. These 
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Table 1 

Coefficients of U, V and Z, and their standard Errors, Obtained by Method of Least Squares. 
Value of t is Coefficient Divided by Standard Error. 

u V z 

C'oeff. St. Frror Cocff. St. Error Coeff. St. Error 
(-y) (-y) (-y) (-y) {-y) (-y) 

l 4.4529+3 .0042+3 l 049. 7 -13.1510+3 .0034+3 - 3850.7 48.6890+3 .0044+3 10975.6 
1st Degree 2 -2.6916+4 .0139+4 -193.7 .5977+4 .0112+4 53.4 2.3316+4 .0145+4 160.6 

3 0.5671 +4 .0142+4 40.0 -4.1965+4 .0114+4 - 367.5 -3 .1023+4 .0148+4 -209.0 

1 4.4562+3 .0068+3 655.1 -13.0850+3 .0054+3 -2411.7 48.7030+3 .0077+3 6343.6 
2 -2.7201+4 .0131+4 -207.1 .5383+4 .0105+4 51.4 2.3335+4 .0148+4 157.7 
3 .5196+4 .0133+4 38.9 -4.2443+4 .0106+4 - ·398.6 -3.1145+4 .0151 +4 -206.9 

2nd Degree 4 -.0953+5 .0776+5 -1.2 -1.0154+5 .0619+5 -16.4 .3626+5 .0877+5 4.1 
5 -.7965+5 .0452+5 -17.6 -.4863+5 .0361 +s -13.5 .0960+5 .0510+5 1.9 
6 -.6566+5 .0770+5 -S.5 -.5967+5 .0614+5 -<}.7 -.5429+5 .0871 +s -6 .2 

4.4511+3 .0072+3 621.0 -13.0920+3 .0057+3 -2312.6 48.7060+3 .0081 +3 6030.4 
2 -2.6762+4 .0301 +4 -S8.9 .4890+4 .0238+4 20.6 2.3311+4 .0340+4 68.6 
3 .4235+4 .0297+4 14.3 --4.2102+4 .0235+4 -179.5 -3.1436+4 .0336+4 -<}3.7 
4 -.0631 +5 .0894+5 -0.7 -.9004+5 .0706+5 -12.8 .3346+5 .1007+5 3.3 

3rd Degree 5 -.6 835+5 .0642+5 -10.6 -.3265+5 .0507+5 -6.4 .0138+5 .0718+5 0.2 
6 -.4957+5 .0970+5 -S.l -.4001 +s .0766+5 -S.2 -.6245+5 .1089+5 -S.7 
7 -1.1005+6 .7494+6 -1.5 .1511+6 .5919+6 0.3 .0291+6 .8480+6 0.0 
8 .8724+6 .2810+6 3.1 .4115+6 .2220+6 1.9 -.9655+6 .3165+6 -3.1 
9 .3296+6 .2988+6 1.1 1.3980+6 .2360+6 5.9 - .3664+6 .3358+6 -1,l 

10 1.8587+6 .6932+6 2.7 .0331+6 .5475+6 0.1 1.5939+6 .7838+6 2.0 

Note: Coefficients and their standard errors are in floating-point notation, a decirnal fraction followed by a power of ten. 
For example, 4.4529+3 = 4.4529 X 10 +3

• 

corrected and reduced measurements, which are referred to as 
'observations', were used to obtain polynomial estimates as 
previously discussed. The computations were done on a CDC 
3100 computer. 

The curl2H = 0 condition was not applied, as the approxi­
mations described in the section 'Taylor Expansion of U, V 
and Z' are not valid. Hence, U, V and Z were solved independ­
ently, by the method of least squares. A rotation angle of 
11.0 = -55° was chosen, so that the flight lines lie approximate­
ly parallel to the li-axis . The expansion was done about the 
point 63°N and 16° E, which is approximately at the center 
of the data area. For this pointu = -.0782 and li= .2270. 

The least-squares coefficients for the 1st, 2nd and 3rd 
degree polynomials in U, V and Z are given in Table 1, together 
with their standard errors and t values. The t-value is the 
coefficient divided by its standard error, and gives an indica­
tion of the statistical significance of the coefficient. This has 
been explained in a previous paper (Haines, 1967). 

The inverse of the matrix of 'sums of squares and products 
of independent variables' for the case of U and V is given in 
Table 2A, and for the case of Z in Table 2B. The elements of 

n 
this 'sums of squares and products' matrix are l: x ;xi, as de-

1 

scribed previously. The independen t variables x; are as follows: 

X; 

2 a 
3 13 
4 a2 

5 a{3 

6 132 
7 a3 

8 a213 
9 a132 

10 133 

When the inverse matrix is multiplied by s;, the estima te 

of a; (see Equation (26)), the resulting matrix gives an esti­
mate of the covariance between any two regression coeffi­
cients, For example, the estimate of the covariance between 
U2 and U6 , obtained from the (2,6)1h terrn of the inverse 
matrix in Table 2A, is 19675 X -1 .4644 X 10 1 = -2.8812 X 
105 -y2

. An estima te of the variance of Z 8 is obtained from the 
(8,8)th terrn in Table 2B and is 25314 X 3.9570 X 106 = 
1.0017 X l 0 11 -y 2

. The standard error, or square root of the 
variance, of Z 8 , is 3 . 1649 X 105 -y, agreeing with that found in 
Table 1. 
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2.611289E-03 A ( 1, 1) 
- 2.126795E 00A( 1,6) 

7.422348F-03A( 2,1) 
-l.464402E 0 l A ( 2, 6) 

1.264439E-02 A ( 3, 1) 
-3.692750E 01 A ( 3, 6) 
-2.192143E 00A( 4,1) 

1.466941E 03 A ( 4, 6) 
--8.556475E-01 A ( 5, 1) 

2.290546E 03 A ( 5, 6) 
-2.126795E 00 A ( 6, 1) 

4.781409E 03 A ( 6, 6) 
-3.085387E 01 A ( 7, 1) 

1.82281 lE 04 A ( 7, 6) 
-2.532459E 01 A ( 8, 1) 

5.985830E 04 A ( 8, 6) 
-3.154100E 01 A ( 9, 1) 

8.216248E 04 A ( 9, 6) 
--5.133806E 01 A (10, 1) 

l.421456E 05 A (10, 6) 

2.576942E-03 A ( 1, 1) 
-2.082796E 00 A ( 1, 6) 

6.768310E-03 A ( 2, 1) 
-l.393020E 01 A ( 2, 6) 

l.212066E-02 A ( 3, 1) 
-3.635349E 01 A { 3, 6) 
-2.155178E 00A( 4,1) 

l.405025E 03 A ( 4, 6) 
--8.284378E-01 A ( 5, 1) 

2.218984E 03 A { 5, 6) 
-2.082796E 00 A ( 6, 1) 

4.688518E 03 A ( 6, 6) 
-2.941856E 01 A ( 7, 1) 

l.673626E 04 A ( 7, 6) 
-2.436122E 01 A ( 8, l) 

5.763909E 04 A ( 8, 6) 
-3.035632E 01 A ( 9, 1) 

7.942495E 04 A ( 9, 6) 
-4.976280E 01 A (10, 1) 

l.392833E 05 A {10, 6) 

PUBLICATIONS OF THE DOMINION OBSFRY ATOR Y 

Table 2A 

Inverse of 'Sums of Squares and Products' Matrix for U and V. 

7.422348E-03 A ( 1, 2) 
-3.085387E 01 A ( 1, 7) 

4.601081E 00 A ( 2, 2) 
--9.684486E 03 A ( 2, 7) 

1.013325E 00 A ( 3, 2) 
-l.678010E 03 A ( 3, 7) 
-3.924691E 01 A ( 4, 2) 

1.231606E 05 A ( 4 , 7) 
-l.921547E 01 A ( 5, 2) 

3.256350E 04 A ( 5, 7) 
-l.464402E 01 A ( 6, 2) 

1.82281 lE 04 A ( 6, 7) 
--9.684486E 03 A ( 7, 2) 

2.854615E 07 A( 7, 7) 
-1 .004828E 03 A ( 8, 2) 

2.932680E 06 A ( 8, 7) 
-1.399633E 03 A ( 9, 2) 

3.668373E 05 A ( 9, 7) 
-l.031612E 03 A (10, 2) 
-l.111472E 06 A (10, 7) 

1.264439E-02 A ( 1, 3) 
-2.532459E 01 A ( 1, 8) 

l.013325E 00 A ( 2, 3) 
-1 .004828E 03 A ( 2, 8) 

4.480464E 00 A ( 3, 3) 
-2.002849E 03 A ( 3, 8) 
-2.616126E 01 A( 4,3) 

3.954836E 04 A ( 4 , 8) 
-2.949616E 01 A ( 5, 3) 

5.003927E 04 A ( 5, 8) 
-3.6927 50E 0 1 A ( 6, 3) 

5.985830E 04 A ( 6, 8) 
-l.678010E 03 A ( 7, 3) 

2.932680E 06A( 7,8) 
-2.002849E 03 A ( 8, 3) 

4.014740E 06 A ( 8, 8) 
-1.231156E 03A( 9,3) 

l.899643E 06 A ( 9, 8) 
--8.047466E 03 A (10, 3) 

l.991860E 06 A (10, 8) 

Table 2B 

-2.192143E 00 A ( 1, 4) 
-3.154100E 01 A ( 1, 9) 
-3.924691E 01 A ( 2, 4) 
-1.399633E 03 A ( 2, 9) 
-2.616126E 01 A ( 3, 4) 
-1.231156E 03A( 3,9) 

4.062932E 03 A ( 4, 4) 
4.654455E 04 A ( 4, 9) 
l.375145E 03 A ( 5, 4) 
6.261124E 04 A ( 5, 9) 
l.466941E 03 A ( 6, 4) 
8.216248E 04 A ( 6, 9) 
1.231606E 05 A ( 7, 4) 
3.668373E 05 A ( 7, 9) 
3.954836E 04 A ( 8, 4) 
1.899643E 06 A ( 8, 9) 
4.654455E 04 A ( 9, 4) 
4.536794E 06 A ( 9, 9) 
7.581533E 04 A (10, 4) 
5.537757E 06 A (10, 9) 

Inverse of 'Sums of Squares and Products' Matrix for Z 

6.768310E-03 A ( 1, 2) 
-2.941856E 01 A ( 1, 7) 

4.559644E 00 A ( 2, 2) 
--9.614126E 03 A ( 2, 7) 

9.810290E-01 A ( 3, 2) 
-l.614939E 03 A { 3, 7) 
-3.855341E 01 A ( 4, 2) 

1.212832E 05 A ( 4, 7) 
-1.887838E 01 A { 5, 2) 

3.182946E 04 A ( 5, 7) 
-1.393020E 01 A { 6, 2) 

1.673626E 04 A ( 6, 7) 
--9 .614126E 03 A { 7, 2) 

2.840390E 07 A ( 7, 7) 
--9.943831E 02 A ( 8, 2) 

2.910699E 06 A ( 8, 7) 
-l.378796E 03 A ( 9, 2) 

3.247412E 05 A { 9, 7) 
--9.693962E 02 A (10, 2) 
-1.244108E 06 A (10, 7) 

1.212066E-02 A ( 1, 3) 
-2.436122E 01 A ( 1, 8) 

9.810290E-Ol A { 2, 3) 
--9.943831E 02 A ( 2, 8) 

4.449464E 00 A ( 3, 3) 
-l.986962E 03 A ( 3, 8) 
-2.534696E 01 A ( 4, 3) 

3.810996E 04 A ( 4, 8) 
-2.902662E 01 A ( 5, 3) 

4.824599E 04 A ( 5, 8) 
-3.635349E 01 A ( 6, 3) 

5. 763909E 04 A { 6, 8) 
-1.614939E 03 A ( 7, 3) 

2.910699E 06A( 7,8) 
-J.986962E 03 A ( 8, 3) 

3.957018E 06 A ( 8, 8) 
-l.212301E 03 A ( 9, 3) 

1.832912E 06 A { 9, 8) 
-7.989012E 03 A (10, 3) 

1.921123E 06 A (10, 8) 

-2.155178E 00A{ 1,4) 
-3.035632E 01 A ( 1, 9) 
-3 .855341E 01 A { 2, 4) 
-1.378796E 03 A { 2, 9) 
-2.534696E 01 A { 3, 4) 
-1.212301 E 03 A { 3, 9) 

4.004086E 03 A { 4, 4) 
4.472681E 04 A { 4, 9) 
l.327866E 03 A ( 5, 4) 
6.042595E 04 A { 5, 9) 
1.405025E 03 A ( 6, 4) 
7.942495E 04 A ( 6, 9) 
1.212832E 05 A ( 7, 4) 
3.247412E 05A( 7,9) 
3.810996E 04 A ( 8, 4) 
1.832912E 06 A ( 8, 9) 
4.472681E 04 A ( 9, 4) 
4.454349E 06 A { 9, 9) 
7.308263E 04 A (10, 4) 
5.448800E 06 A (10, 9) 

Note: Elements of matrices are in floating-point notation. For example, 2.611289E - 03 = 2.611 289 X 10-3
. 

Table 3 

Residual Errors 

u V z D H X y 

Observations 1372 1372 1382 1372 1378 1372 1372 

1 st Degree 157-y 126-y 165-y 0.7° 122-y 121-y 161-y 
2nd Degree 141 113 160 0.6 113 113 141 
3rd Degree 140 111 159 0.6 112 112 140 

--8.556475E-01 A( 1, 5) 
--5.l 33806E 01 A ( 1, 10) 
-1.921547E 01 A ( 2, 5) 
-l.031612E 03 A ( 2, 10) 
-2.949616E 01 A ( 3, 5) 
--8.047466F 03 A ( 3, 10) 

1.375145E 03 A ( 4, 5) 
7.581533E 04 A ( 4, 10) 
2.095863E 03 A ( 5, 5) 
9.539435E 04 A ( 5, 10) 
2.290546E 03 A ( 6, 5) 
1.421456E 05 A ( 6, 10) 
3.256350E 04 A ( 7, 5) 

-1.111472E 06A( 7,10) 
5.003927E 04 A ( 8, 5) 
l.991 860E 06 A ( 8, 10) 
6.261 l 24E 04 A ( 9, 5) 
5.537757E 06 A ( 9, 10) 
9.539435E 04 A (10, 5) 
2.442353E 07 A (10, 10) 

--8.284378E-Ol A ( 1, 5) 
-4.976280E 01 A ( 1, 10) 
-1,887838E 01 A ( 2, 5) 
--9.693962E 02A( 2,10) 
-2.902662E 01 A { 3, 5) 
-7.989012E 03 A { 3, 10) 

1.327866E 03 A ( 4, 5) 
7.308263E 04 A ( 4, 10) 
2.036412E 03 A ( 5, 5) 
9.302963E 04 A { 5, 10) 
2.218984E 03 A ( 6, 5) 
1.392833E 05 A ( 6, 10) 
3.182946E 04 A { 7, 5) 

-1.244108E 06 A ( 7, l 0) 
4.824599E 04 A { 8, 5) 
1.921123E 06 A ( 8, 10) 
6.042595E 04 A { 9, 5) 
5.448800E 06 A ( 9, 10) 
9.302963E 04 A (l 0, 5) 
2.426606E 07 A {10, 10) 
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FIGURE 2. North component of magnetic field , and its standard errer. Calculated from 3rd degree polynomial whose coefficients were determined 
by method of least squares. 
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FIGUR E 3. East component ofm agnetic field , and its standard errer. 
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Table 3 lists the residual errors of the various components 
for the three degrees . lt will be noticed that thcre is pr3ctically 
no decrease in these errors in going from the 2nd to 3 rd 
degree . This means the 2nd degree polynomial fits the observ­
ed data almost as well as the 3rd degrce. and there would 
probably be no further improvement in go ing to the 4th 
degree. 

Contours of X. Y and Z, for the 3rd degree . are given in 
Figures 2 to 4 , with contours of their standard errors. Note 
that these standard errors correspond to the sy, of the section 
'Estimation by Least Squares' ; that is , they refer to the mean 
of the X, Y and Z distributions at any given position, The 
standard errors of the X, Y and Z observations (about these 
means) are th ose given in Table 2. They correspond to the 
sy in the section just referred to , and are independent of 
position. The standard error of an individual X, Y or Z 
estimatecould be obtained by using Equation (28). An example 
will help make this clear. 

Consider, in Figure 4, the point 59°N, 25°E, approxi­
mately, where z' = 48 ,000 'Y and szi = 3Ü"f . Table 2 gives 
Sz = 159"(. Theo Equation (28) gives s;, = (30)3 + (159)2 = 
26181 "(2

, and Sz, = 162 'Y· Thus the least-squares estimate of 
the mean of the Z distribution at 59° N, 25 °E is 48 ,000 'Y , 
and the standard error of this estimate is 30 'Y· The standard 
error of a Z-value about its mean is 159 "(; being independent 
of position it has the same value at any point on the chart. 
(In fact, one the of least-squares assumptions is that a} is 
constant over the data range.) The standard error of an indi­
vidual Z-estimate, however, is 162 'Y since it includes the error 
in the mean-estimate as well as the error in the Z-value itself. 

Contours of the standard errors of estimates of individual 
values could be added easily to Figures 2 to 4 if these were 
required. For example, the contour of sz1 = 20 'Y serves also as 
the contour for Sz, = 160 'Y. That of ,z, = 60 'Y is equivalent to 
Sz1=170"( , 

It is immediately obvious how the accuracy of estimation 
decreases with increasing distance from the data area. Most of 
the observed data, as a matter of fact, lie inside the 20 'Y 
contours; outside the area of observed data the accuracy 
decreases rapidly, standard errors reaching over 100 'Y in the 
southeast corner where there were no observed data whatso­
ever. For example, at 56°N, 30°E, the standard errors of X,Y 
and Z are 103 'Y, 129 'Y and 145 'Y, respectively . The accuracy 
decreases more slowly in the northwest corner since some data 

from the Greenland-Norwegian Sea survey were used in the 
analysis. 

Figures 5 to 7 show the ' residuals' of X, Y and Z. The residual 
is the observed value of the component minus the 3rd degree 
estima te . lt is plotted to the east of the flight track when posi­
tive and to the west when negative. Figure 8 gives the 'vector 
re siduals' in the horizontal plane , and Figure 9 the 'vector 
residuals' in a vertical plane passing through the flight track . ln 
the latter case, when a vector is painting in the direction of 
increasing Z (i .e., downward) it has been plotted to the east of 
the flight track , in conformity with the directions in Figure 7. 
Figures 5 to 9 display the observed data in a most convenient 
way for those interested in large-scale features. 

The residual charts of Figures 5 to 7 demonstrate one of 
the advantages of rotating the grid axis by Ào = -55°. lt is 
quite a simple matter to plo t , by computer, the residuals 
perpendicular to the flight track, since this direction is 
simply that of the position vector u which can then be made 
the direction of the y-axis on a plotter. 

It was found that the covariances between V, V and Z 
could be neglected. lncluding these covariances makes only 
slight differences in the standard errors, amounting to I or 2 
percent at the center of the data area and 3 or 4 percent at 
the edges. The 'residual mean products' are given in Table 4 ; 
of course, those of UU, VV and ZZ are just the square of the 
U, V and Z residual errors in Table 2, listed here for com­
parison with the mean products UV, UZ and VZ. Note that 
they are mean products, i.e. , the residual products divided by 
their degrees of freedom. 

It may not be clear how to obtain an estimate of the 
covariance between a V-coefficient and a V-<:oefficient. In 
Table 4 the residual mean product of UV, for the 3rd degree 
case, is given as 895 "(2

. Titis figure, multiplied by the inverse 
matrix listed in Table 2A, gives the required estimates . For 
example , the covariance between U2 and V6 , obtained from 
the (2 ,6)th terrn of the inverse matrix, is 895 X -1 .4644 X l 0 1 

=-1.3106 X 104 
"(

2
. Of course, to obtain an estimate of the 

covariance between a U-<:oefficient and a Z-<:oefficient, the 
matrices in Tables 2A and 2B would have to be the same. 

Many are interested in how a particular polynomial mode! 
compares with a spherical harmonie mode!. In Figures 10 to 
12 the 3rd degree polynomials have been compared to Cain's 
10th degree spherical harmonie mode! GSFC (12/66) Se t 1 
Rounded, reduced to 1965 .8. The agreement over the main 

(con ti nued on page 105) 

Table 4 

Residual Mean Products 

uu vv zz UV uz vz 

Observations 1372 1372 1382 1372 1370 1370 

1 St Degree 24,670-/ 15,99J,r2 27,182·/ 2,913-y2 - l,7 13-y2 - 2 l 6-y2 

2nd Degree 19,931 12,679 25,596 827 - I ,3 08 387 
3rd Degree 19,675 12,274 25,314 895 - 1,230 587 
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FIGURE 5 . Residuals of north component of magnetic field. The residual of a component is defined as the observed value of component minus the 
value obtained from the 3rd degree polynomial . Plotted to the right of the flight track when positive, to the left when negative. 
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data area is always withln about 75 'Y, but is naturally very 
poor outside. The disagreement in Y, in the upper left-hand 
corner of Figure 11, is rather puzzling since some data from 
this area were used in the least-squares analysis. These came 
from several flights across the Greenland and Norwegian Seas, 
and can be seen in Figures 5 to 9. (In fact, a polynomial 
expansion over the Greenland-Norwegian Sea area agrees quite 
well with the spherical harmonie mode!.) With this one ex­
ception, though, the agreements are generally in conformity 
with the standard errors in Figures 2 to 4. 

It is of interest to know how the degree of a polynomial 
expansion compares with that of a spherical harmonie expan­
sion. Bullard (1967) suggests that the number of constants per 
unit area is a reasonable basis of comparison. By thls method, 
a 3rd degree polynomial fitted to the Scandinavian data area 
of 2 million square kilometres (see Figure 5) is 'equivalent' to 
a spherical harmonie expansion of degree 49. Bullard also 
shows that the shortest wavelength which can be represented 
in an nth degree spherical harmonie expansion is c/n, where c 
is the circumference of the earth. A harmonjc expansion of 
degree 49, then, would have a cutoff wavelength of 800 km, 
that of degree 10 a cutoff of 4000 km. 

The vertical gradients of X, Y and Z, from the 3rd degree 
polynomials and Equation (17), with their standard errors, are 
contoured in Figures 13 to 15. Comparisons with the gradients 
calculated from the aforementioned spherical harmonie mode! 
of Cain are given in Figures 16 to 18, as well as comparisons 
with the gradients calculated from the inverse cube relation­
ship. The latter comparisons are of interest since the data were 
reduced to sea level by using this relationship. Since most of 
the data were observed at about 3 km, the error introduced by 
using the inverse cube formula is Jess than 10 'Y. 

TABLE 5 

Vertical component of Curl2 H, in Units of ma/km2
, and 

(in brackets) the Modulus of its t value. 

Latitude 
0 

(°N) 70 -171 
(1.1) 

68 - 125 
(1.1) 

66 -92 
(1.1) 

64 -n 
(1.0) 

62 -ii5 
(0.8) 

60 -'72 
(O. 7) 

58 -94 
(O. 7) 

56 -130 
(0.7) 

5 

-140 
(1.3) 

--87 
(1.2) 

-47 
(1.1) 

-1 9 
(0.6) 

-4 
(0.1 ) 

- 2 
(0.0) 
- 13 

(0.2) 

-40 
(0.4) 

Longitude (° E) 

10 

-123 
(1.5) 

-ii6 
(1.4) 

-20 
(O. 7) 

14 
(0.6) 

36 
(1.3) 

45 
(1. 7) 

42 
(1.2) 

24 
(0.4) 

15 

-122 
(1. 9) 

-ii2 
(1. 7) 

-12 
(0.5) 

27 
(1.0) 

53 
(2.2) 

68 
(3.0) 

71 
(1. 7) 

61 
(0.8) 

20 

-137 
(2.3) 

-75 
(2.3) 

- 23 
(1.1) 

18 
(0.8) 

47 
(1. 9) 

66 
( 1.6) 

73 
(0.9) 

68 
(0.5) 

25 

-167 
(2.5) 

-106 
(2.4) 

-:54 
(1.5) 

- 13 
(0.3) 

18 
(0.3) 

38 
(0.5) 

47 
(0.4) 

45 
(0.2) 

30 

-214 
(2.3) 

-155 
(2.0) 

- 106 
(1.4) 

-il? 
(0.8) 

-37 
(0.4) 

- 18 
(0.1) 

-9 
(0.1) 

-11 
(0.0) 

In Table 5 are listed the computed values of the vertical 
component of curl H (see Equation (20)), with the modulus 
of its t value in brackets. The t value is the value of the curlzH 
estimate divided by its standard error. An estimate is 'statis­
tically significant' at the 5 percent level whenever ltl is larger 
than 2.0. It will be noted that only in two small areas can the 
curl be considered significantly non-zero. Of course, the test 
that curlzH = 0 is not a very powerful one, in a statistical 
sense, because of the type 2 error mentioned in the previous 
section. That is , the hypothesis that curlzH = 0 may be 
rejected with only a 5 percent chance of being wrong, but 
cannot be accepted with the same degree of confidence. 

An appendix is included giving 3rd degree estima tes of the 
geomagnetic elements U, V,Z,D,H,X, Y,! and F, the vertical 
gradients of X, Y,H and Z, and the vertical component of curl 
H. The angle I is the inclination of the total field vector F 
relative to the horizontal, and the vertical gradient of H is 
calculated from 

aH =i[ X QX + y .a...t.] az H az az 
The other components have been defined previously. 
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Appendix 

Estimates of Severa! Geomagnetic Quantities, 
Calculated from 3rd Degree Polynomial 

Vertical gradients (DX, DY, DH, DZ) of X, Y, H and Z are in gammas per kilometre, and vertical com­
ponent of curl H (CURL) is in milliamps per square kilometre. 
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58.00 4.oo 6556 -14412 46523 -6 0 5 15833 15730 _ -1803 71.2 49144 6.0 -0.2 s.9 20.1 . -27.5 
58.oo 6.oo 6332 -14534 46548 -5.5 15853 15781 -1508 11.2 49174 5.9 • l 5.9 20.? -0.4 
58. QO _B. 00 _ 6Q96 -L't653 _ g.6_59_2 -4. 4 __ _l587Q____l5623 ""-122Q ___ u.2-__ ___it_922a_ ___ 5_._9 ____ ----3--- s_._L Z.0.3 22.6-

'"" 58.00 10.00 5850 -14767 46653 -3.4 15884 15856 -939 71.2 49283 s.9 .4 5.8 20.3 41 • 6 C 
58,00 1~._00 5596 -14876 46731 -2.4 __ 158't_4 _ _ L588o -66_1-_ u.-2 _ 493{,Q _ _ _s._6 ____ .6. 5-.8 20.3 _ 56.4 ex, 

r 58.00 14.00 5335 -14977 46824 -1.4 15899 15894 -387 71.2 49449 5.8 .s S.8 20.4 6 7 .l ri 
58. 00 -- . 16. 00 5068 -15070 46930 -o.4 15899 . 15899 -114 71.3 49550 5.8 .9 5.8 20.4 73.4 ► 58.00 10.00 4797 -15153 47049 .6 15894 15893 157 71.3 49662 5.7 1 • 1 s.7 ?0.4 75.4 -l 

58,0Q 2JlnLO 4522 -15226_ _ 4 U8o_ l. 5 15884 1587a____ _ 427 7L.4 49782 5.7 - 1 .2 5.7 20~4 - 72.9 ô z 58.00 22.00 4245 -15289 47322 2.5 15867 15852 697 71 .5 49912 5.1 1.4 5.7 20.4 65.9 "' 58,00_ _ 2-'t "- Q_Q -- _3964 _ -15341 _ 474I4 _ 3-.5 ___ 15845 ]58]5 .91,4 __ 71.5_ -500A8- - - 5.6 - l._s_ _ 5.J 20.4 54._3- 0 
58.00 26.oO 3681 -15382 47636 4.5 15816 15768 1229 7 l. 6 50193 5.6 1.6 5.7 ?.0.4 37.9 'Tl 

58.oo _28 • 0 0 3395 -154.12 _ 47806 5. 9- 15782 15711 1492 71.7 50344 s .6 l.7 s.7 20 .4 16.8 -l 
:I: 

58.00 30.00 3107 -15433 47987 6.4 15742 15645 1750 71.8 50503 5.6 1. 8 5.7 20.4 -9.2 tT1 
58._Q_Q_ 32. QQ __ 28 l 5 -15443 __ 48176 7.3 . 15697 __ -15569_ __ 2QOL 12-.-0----5 0-6-6-q___ --- _5_._6_ _ - 2. ()__ _5.8 20.4 -40.2 0 

0 
59 • ()_Q__ _ 2~Q o_ _ 6519 _ _:-139 l 5 469_93 __ -I_._9 __ 15361__152~-2111 _IL_<L. _ 4-93_5_6 5 ,_8 __ - _o_. !L 5.0 __ 20._o__ -48.1 :s:: 

z 59.00 4.oo 6327 -14030 46906 -6.7 15391 15285 -1803 71.8 49366 5.8 -0.2 5.8 20.1 -18.9 ô 59_.0_Q_ __ __ 6 • 0 0 6120 -14145 46928 -5.6 15412 153.39_ -1505- n.e 49394. ___ 5.8 .o 5.8 20.1 -- 6.3 z 59.00 8.oo 5902 -14258 46969 -4.5 15431 15383 -1215 71.8 49438 5.8 .2 5.8 20.2 21.1 0 59 • QJ) __ 1_0_. O 0 5672 _ -14367 __ 4 702__6_ ____ -3
0

5 __ 15446 __ L5_1t1a ~931 7)--8-4.949B 5.B • L_ _---5 • -,___ 2 o .3--_ u.2 ex, 
59.00 12.00 5434 -14472 47100 -2.4 15458 15444 -652 11 .0 49572 5.7 .6 5.7 20 .3 58,6 "' tT1 !?_9._0!!_ __ li.Jlo 5188 -14570 __ 4lltl9 ___ .,._1 .4 -15il6b ] 546] 378 .--1..L.L __ -4.9659 5,7 . 8 5,7 2-0.-4------- 6-1-. 9 ;-, 
59.00 16.oo 4936 -14661 4 729 l -o.4 15469 15469 -106 71.9 49757 5.7 .9 5.7 20.4 73.2 < 

► ?~ .o o ___ __ _10.00 4679 -14743 47407 __ .6 15461:! __ . 15467_ --- _ 164 _ 71.9 49866 - 5.6 ____ l. l 5.7 20.4 74.2 -l 
59.00 20.00 4418 -14817 47534 1.6 15462 15456 432 12.0 49986 5.6 1.2 5.6 20 .4 70, 9 0 

;-, 59.00 __ 22_._o__o -- 4152 -14882 4 7 6 7 3 ----2.. b_ __ 15-4.5 o_____t5'ù 4 698 12.0 __ 50 l-14 ___ -5-♦-6__ - 1-4 __ 5. 6- 21l-.5- hl.3- -< 
59.00 24.00 3883 -14937 47822 3.6 15433 15403 962 72.l 502s1 5.6 1.5 5.6 20 . s 51.2 
59.00 26.00 3611__- l498c_ 412-02_____ 4-6 ]5~11 1536-2 1223 12 .2- _ 5 039 0-_______s_._s____ 1. 6 5.J _ 20,5 -3~--6 
59.00 20.00 3335 -15017 48152 5.5 15383 15312 1480 72.3 50549 5.5 1.8 5.7 20 .5 13,5 
~!L _ _ lll_._OJL__ - 3056 -15043 __ 48332 -- _. 6,5 15350. 15252 -- - 1733 . 72.4 50711 . 5.5 l. 9 _ - . -5- 7 ____ _ 20 .5 ___ ,,._1-2 .. 3 
59.00 32 0 00 2773 -15060 48521 7.4 15313 15184 1981 72,5 5o8RO 5.5 2.0 5.7 20.6 -42.9 

-----60,00 2.00 6283 -13550 47278 -8.1 14935 14785 •?111 72.5 495Rl 5 .7 -0.4 5.1 19.9 -41.2 
Q.O .__Q_O_ 4. QO __ _tiQ] __ -13-65_1 _______ 4728L -6.9 l 4 9 6jJ________l.-4.85.2-. _ "' 1 1 9 9 72_4 __ 4_9591 5,7 .. o. 2 s, L---2n,o -13,9 
60.00 6.oo 5917 -13765 47302 -5.7 14983 14908 -1498 72.4 49618 5.7 .o 5.7 20.1 9,6 
60.00 e.oo ~114 _ -13872 4 7340 - ----- -4~6 ____ _ 150Il3 14954 •1206.-- -- -12.4- _ <>966-1- - __ 5~1_ ____ 2 _____ 5.6. - - --- 20..2 z9.1o 
60.00 10.00 5501 -13976 47395 -3.5 15020 14992 -921 72.4 497)8 5.7 .4 5.6 20.3 45.4 
60.00 12.00_ -- 5278 -cliLOJ6 _ 47466 -2. 4_ lSO 33 __ 15 02 0---641---- 12..A- 49-1.9 o 5,6 . 6 5..1>---21)..3 51.5 
60.00 14.00 5048 -14171 47551 -1.4 15043 15039 -366 72,4 49874 5.6 .a 5.6 20 .4 65.6 
60,00 1~ tlll_ ~l!t_25_9 _ _Al6 5 o - a • 4 ------15. o 4 9 15049 -94 72,5 4.9970 5,6 .9 5,6 20.4 69.8 
60,00 10.00 4567 -14341 47763 .7 15050 15049 174 72.5 50078 5.6 l. 1 5.6 20.5 10.0 
~ - - _20.o_o_ __ _ 4318 __ -14415 _ 47887 ··-- i .. 1 15047 15041 440 - - 72.6 ---50195-- - --5...S.----L.2--- - .S.l.--- 2-0.~--- -----6.f4.0 
60,00 22.00 4065 -l44tl0 48023 2.7 15040 15023 703 72,6 50323 5.5 1.4 5.6 20 .s 57 .B 
6 o_. Q!) 24.QO 38-07 -,l.4537 48170 -3.1- _ - 15027 - - 14996-----___ 964 7 2---L--S-n-4-6-0-- S , 5 1---5--- 5.6--- 20.6 ----45-.1' 

--



LAT LONG u y z D H X y I E DL DY OH oz CURL 

60 . 00 26.oo 3546 -14584 48328 4~L_l2QD9 14960 1221 12.1 50605 5.5 l .7 . .....s....L~o....6.-..- --2.8...6. 
60.00 - ~~- - - 3281 -14623 48497 5.6 14987 14914 1474 12.0 50759 5.4 1.8 5.6 20.6 7.5 
60.00 30.00 3011---.li653 46676 6.6 )4960 )4860 1123 12.9 5()923 s.• 1.9 h6---20,7 ➔8-.-o 
60.00 32.00 2737 -14675 48865 7.6 14928 14798 1966 73.0 51095 5.4 2.1 5.6 20.7 -48.1 

1.00 2.00 - 6054-------=13192 47645 -8.3 14515 14361 -?107 73,l 49806 5.5 -0.4 5 05 19.9 -37.8 
~ ---- _hoo ___ ___ !;i8~-'L. _-13292 47f>4a - - ,.1..1. .1454L _ ___ .l.H.1.0 .. ---.l-I.9.3.. _ __ I3...Q_ _...A.9..B.l.1.. - - ----5...5-----o.2 5.S------20.0 1-2..4-
61.00 6.oo 5720 -13394 47668 -5.9 14564 14488 -1490 73.o 49844 5.6 .o s.5 2o.1 9 05 
~.LJl..O_- a. oo 5533... ___,,.134.9~TIQ6._ -1o. 1 14585 14536 -1196 -7.3-.-0--49Bas s.6 .2 --&,.5 20. 2 21..+ 
61.00 10.00 5335 -13593 47759 -3.6 14603 14574 -909 73.0 49942 s.s .4 5.5 20.2 42.3 
u.oo 12...00 5128....- ~688__ 1,1021 -2.5 1461Z 1'•6D4 628 13,o 50011 5.5 ..6 --5-..-5- 20. 3----- 53,.-2-
61.00 14.oo 4912 -13779 47910 -1.4 14629 14624 -353 73.o soo94 s.s .0 s.5 20.4 6 o. 2 
hl .. oo_ ___ 16.o.o _4688 .. 13865 40001- . _ .. 0 • .1_ 1463.6.. --1.4.636 -81--13..-0. __ s.01.aa.. _____ 5,.s..._ .9 - §.....5-- 20.4 &3,5 
61 0 00 18.00 4458 -13944 48116 0 7 14640 14638 186 73 0 1 50294 5 0 5 1.1 5.5 20.5 62.8 
ll....OJL __ 2..0_._o_n__ 4.2.2.2__"'.L4nJJ 46236 1.0 14639 J4632 450 13...l- 50410 5.5 1.3 5-rS---2--0w½-- 50.2 
61.00 22.00 3981 -14082 48371 2.0 14634 14617 711 73.2 50536 5,4 1.4 5.5 20.6 49.5 
61 .oo ---2.!t_.._o.o ._ -3.135 _ ____,._lil39 485]6 3.6 14625 )4592 969 13.2 5067 2 5o4 l w6 s.s 2{).7 --36T8 
61.00 26.oo 3485 -14189 48672 4.8 14610 14559 1222 73.3 50010 5.4 1.1 5.5 20.1 20.o 
~ - _ 2tj.OQ .. 323..0 _ -14230 _ .1>8B39 - -- 5.8...._ l-{•542 ---1-451-B- ---l--4-1-l-- -- 1.3-..4- So913---S.~ --- -1..-8 -- 5.5 . -20.~ - -- ---1.-1 
61.00 30.00 2970 -14263 49018 6.8 14569 14468 1716 73.4 51137 5.3 2.0 5.5 20.R -26 0 3 
6 l • o o -.J.2...o.o__ ..21.Q.b_ .........l.4..2JL _ 4 92 O 7 7 • 7 ..1..4..SA2- l 44 1 O l 9 5 4 13 • 5 5 1 3 1 O 5 • 3 -2-.-l-- - s. 6 -2-0 • 9- -55 • 9 

~o.o_ 5833 -12840 48(102 -B-6 l 41 03 )3945 -2101 13.b 50031 5.4 -o .4 s.t. 19.9 .......J-8..4 
4.oo 5688 -12934 48006 -7.3 14129 14016 -1786 73.6 50043 5.4 -0.2 5.4 20.0 -14.3 
6.oo . 5529 .. -13029 48028 --- · -o.o -14153 - l-407.6------l48l-----73 0 6 -- 50-07-0 ~.-4- - .o c;.4 20.1 6~ 
s.oo 5357 -13123 48065 -4.8 14175 14125 -1185 73.6 50111 5.4 .2 5.4 20.2 22.0 

__ 1 0-. 0-0.......-..- 5 l 7 4 ---1.321-1- 48111 -3.6 14193 14165 896 1--a-.~- s.4 .4 5-.4 2-ft-.-3 - 36-.0 
12.00 4981 -13307 48184 -2.5 14209 14195 -615 73.6 50235 5.4 .6 5.4 20.3 45.7 
l .4.0 01L. --· 4119 _1-339_4 -~ - -1.4 14221 14217 339 73.6 51)316 5,4 .s 5.4 20 .-4-- -5-h-7-

62.00 16.00 4569 -13476 48359 -o.3 14230 14229 -67 73.6 50409 5.4 1.0 S.4 20.s 54.} 
~ .. .o.o __ _____ 113. o o 4352 -13553 46466. .0 14234- -- -14233- -- - ·· - 1 gg_ __ 73.-6 - --50-513 - 5.4- -- --·· l .l ·'h4 - 20.6-- 52.7 
62.00 20.00 4129 -13624 48585 1.9 14235 14228 462 73.7 50628 5.4 1.3 S.4 20.6 47.5 
Q2_.JJJ) __ 22. 0.0 3.9 0.0 _ .,..1.3..b_aB __ 4-8..I u_ ----2-.-9--14 2 3 2 14214 121 73.7 5o75J ---5 .3 l • 4- --5-.4 --2 0.1 38.4-
62.00 24.00 3665 -13745 48860 3.9 14225 14192 975 73 08 5oBA8 S.3 1.6 S.4 20.7 25.s 
~....o.o._- ~D..IL- 3.426 __.. 13795 49Q)4 4 .9 \t.214 14161 1226 1J,8 SJ9]J 5.J 1 • 7 5.4 2 n-.-8- -S-.-l> 
02.00 28.oo 
62... Q_Q__ 3Q.OQ_ _ 
62.00 32.00 
----- -
63.00 2.00 
63_._QQ - 4 ... o o__ 
63.00 6.oo 
~3..0Q_ ·-· ..a.a.a -
63.00 10.00 
63_. Q_O 12.0.0 
63.00 14.00 
63.Q_Q_ _ _ 16.00 __ 
63.00 18.oo 
f>.:1_..LQ_Q__ ____ -- 2 0 LO O. 
63.00 22.00 
63 .. 00 24.oo __ 
63.00 26.oO 
63.._0Q 28.ao 
63.00 30.00 
<1_3...._o_o__ _ 32. 0.0 

64.00 2. o__Q__ 

3181 -13837 49 l 79 s.9 14198 
. . 2932 ___ -.l387L .. 4.935_6 6.-9 _ u.11a 

2677 -13898 49544 7.9 14154 

5618 -12493 48349 -8.8 13698 
54..87_ ~.Bl 4-635 f,__ _ _ ~4___-1.3.J.2 5 
5342 -12669 48379 -6.1 13750 
5184 -12758 48416 -4.-9.. -13771 
sois -12846 48468 -3.7 13790 
4.83.6 - ...12.93 l _ .....4.55.3;. -2....S----l-380~ -
4648 -13014 48613 -1. 3 138]9 
4451__ ..,, l 3092 ___ 48._1.ll..b__ -,Q, 2 J 3B26 
4247 -13166 48811 .9 13834 
4036 _ -13234 489.29 - 2.0 13836 
3~19 -13296 490~8 3.0 13834 

14121 1471 73.9 5}1A8 5.3 1.9 S.4 20.9 
- l-~14 ------1-71-2 - ---74.-0 ____ 513'i2-- ------5-..-2- -- --~ .o - 5-4 21.0 
14019 1946 74.1 51526 s.2 2.2 s.5 21.0 

13537 -?093 74.2 50252 5.2 -o.3 s.2 19.8 
13610 -1110 14.2 -54-2"'6 S..-3---0.l ---5-.-&- ~I} 

13671 -1470 74 .1 50295 5.3 • 1 s.2 2 0.1 
-- - 1-3-7 2-l--- - - -H 1-l-----14,.-1- - 50336 -- 5..-3 - -· --- .3 - . -5.3 211.2 --

13762 -883 7 4. l 51)392 5.3 .4 5.3 20.3 
13793 601 - 74 .1 5 A 4 S'il---_.§,, ~ --.-6 5.3 ---2-lh-4-- -
13815 -325 74.l 50539 5.3 .0 5.3 20.4 
13828 _ -54 71 •• 2 5A63l s.3 l-.0 ~ 3 ---2-4-.--S 
13832 212 74.2 50734 5.3 1 • 1 5.3 20 ·" - .1382.8 - 473 - - 74.2-- --...5.n847 . ·----5..2 J.-.--3 - - - 5•¾----~-4-.-4-- -
13814 730 74.3 50971 s.2 1.5 c;. 3 20.A 

-12.3 
--37-2 
-66.2 

-41.5 
~ 19.-S 

-0.8 
- 1 '+ • 6 
26.6 
3s.-1 
40.2 
4-1--.1 
39.7 

- -34~ 
24.6 

3596 -13.152 49199 4.1 - 13828- --- 1-3-7..93 -- - 982- 1-4-. 3---51 1 0 S 5.2--- l .-4-- - --S-.--3---2 .. - -~ A R H-.-5 
3368 -13401 49351 5.1 13818 13763 
3134 -1.3444 4.95.15. - 6.-1- 13804 13725 
2894 -13479 49690 7.1 11786 13680 
2649 -13506 49876 B.l 13764 ---- 13627 

~406 -12151 48687 -9.0 13299 _ Dl.3.5_ 

1230 74.4 51249 5.2 1.8 s.3 20.9 
----1~ - ----1 4 • 4 5144.l - 5.2 1.9 ". 3 2 1.9 

1708 74.5 51566 5.1 2. 1 S.4 21.1 
- 1939 -- 74.6 - 5] 749 ---5.-1 - 2 .-2- - - - --';--4 -~h-2-

-?.o.B!t - 74_. 7 __ So4..7L _ -5.....L- -0..3- 5.J .J...9...8 

-5.4 
2-8-.--l 

-so.6 
+9-r& 

~ 

(Il 

C 
;:c, 
< 
t"'1 
-< 
0 
"Tl 

;:q 
> z 
~ 
z 
> 
< 
► 

0 
'Ci 



0 
LAT LONG u V z D H X - J I F l) X O'L OH oz CUR L 

64. 0 0 4. n o 5289 -122 3 2 48697 -7.6 13327 13209 -1766 74.7 504 A8 5.1 -0.1 Sol 20. 0 ___ -2.8_. D 
64.00 6 0 110 !::> 158 -12315 48721 -6.3 13351 13271 -1459 74.7 50517 5. 1 • 1 5 . 1 20. 1 -1 0 .8 
64. 0 0 0._00 5 0 14 -12397 _48760. -5. 0 LJ:173 - U322 -U6L __ 1_4-.l 5-05-60 5-2 .3 s. l 2.n.2 3.3 
64.00 10.00 4858 -12479 48812 -3.7 13392 13364 -871 74.7 50615 5.2 .5 5.1 2 0.3 1 4. l 
64.00 12. 0 0 4693 -12560 48877 -2.5 13401:l 13395 _ _.,_ses 74.7 5061<.3 5.2 _6 5.1 20.4 21. 6 
64.00 14.00 4517 -12637 489':>6 -1.3 13421 13417 -311 74.7 507h2 5.2 .e 5.1 co .5 25.7 
64.00 16. 00 4334 -12712 49047 -0.2 13430 13430 -41 74.7 508 5 3 5.2 1.0 s.2 20.6 26.5 
64.00 11:l . 0 0 4142 -12782 491Sl 1 • 0 13436 13434 224 74.7 5n954 5.1 1.2 5.2 20.7 23.8 
64._00 20JOO 3943 -12847 49266 2.1 13438 13430 484 74.7 51066 5 • 1 1.3 5.2 20.8 11.1 
64.00 22.00 3738 -12907 493':14 3.2 13437 13417 739 74.8 511R9 5.1 1.5 <;.2 2 0.9 tl. 0 
64.._QQ 24.00 ___ 3526 -12%1 49533 - 4-• . 2 13432 13395.. _ 9B9 14-.8 51322- .5.1 1.6 <;. 2 2 0.9 -5. 2 
64.00 26.oo 3309 -13001:l 49683 5.3 13423 13366 1233 74.9 51464 5.1 1. 8 S.2 2 1.0 -22.0 
64.00 28.00 3086 -13050 49844 6.3 13409 13328 1472 74.9 51617 s.o 2.0 5.2 21.1 -42.4 
64,, 00 30. 0 0 2856 -13084 '10017 7.3 13392 13283 1705 75.o 51779 5,0 2.1 5,2 2 1.? -66.5 
64_.._oo 32.oo 2622 -13112 50201 8_._3 J.3371 13231 . ___ l.-932 75,l 519'>2 5.0 2.3 5.3 21.3 -94.3 

65.00 2.00 ___ 5198 -11811 49015 -9.2 12905 12737 -:;>073 75.2 5068 5 't-9 -0.3 
..,, 

4.9 19 .9 -s0. 5 C 
65.00 4.oo ':>093 -11887 49028 -7,8 12932 12812 -)756 75.2 5o7n5 5.o -0.1 4,9 20 .0 -39.7 

0:, 
r 

6_5 • 00 6.oo 4975 -11%3 49054 -6.4 12956 12875 -1449 75.2 50737 s.o • l 4.9 20.1 -23.9 n 
65.00 0.00 41:144 -12040 49094 -5.1 12978 12927 -1150 75.2 50781 5,0 .3 5.0 2 0.2 -11.2 ► 
65_._oo 10.no _ 4702 -12117 49}47 -3._8 12997 12968 -859 75.2 50837 5 .__o .s 5.o 20.3 -1. 5 

-! 
ô 65.00 12.00 4549 -12192 49213 -2.5 13013 13000 -576 75.2 50904 5.0 .7 5,0 ? 0.4 s. o z 

65.00 14 0 OQ __ _4J86 -12264 4929L -1.3 13.025 130.22 -100_ 75.2 _ 5098.3 ...S..,.JL ~9 5JO 2 0 .5 8.3 en ---
0s.oo 16.00 4215 -12334 49382 -0.1 13034 13034 -30 75.2 51073 5.0 l. 0 5,0 ?n. ;, 8.4 0 
_65 , _o_o __ __ 10.00 4036 -12400 49484 1.0 . 13040 13 038 234 75.2 51173 s.o 1.2 5.0 20.1 s.1 

.,, 
-1 65.oo 20.00 3849 -12462 49598 2,2 13042 13033 493 75.3 5121<4 5.0 1.4 5. l ? O.A -1 .4 ::r: 

65 ._QJ) 22.no J655 -12518 49723 3.3 1304-L __l.3020_ _ 7..49 _ ___Js_.i 5.14-05 - 5.._o_ J.. 5 5.1 20.9 -11.3 t"T'1 

65.00 24.00 3455 -12570 498bO 4 ... 13036 12998 993 75.3 51536 s.o 1, 7 5 .1 21 • 0 -24.S 0 
65._o o 26.oO 3248 -12615 50008 5.4 .L302l_ ____ l2.961l __ l.2.15 __ 1-5~4 _ 5_Hù7 _ .!t..9 L.8 Sol 21. 2 -4Lo 2 0 

- :: 
65.00 20.00 3036 -12655 50168 6,5 13014 12930 1471 75.5 51828 4.9 2.0 5 • 1 2 1, 3 -61,4 z 
-~~ •. oo_ 30.00 2817 -l26H8 50338 7.5 12997 12885 1700 75.5 51989 4,9 2.1 5,1 21.4 . -85 • 0 ô 65.00 32.oo 2592 -12714 50519 8,5 12976 12833 1923 75.6 52159 4.8 2,3 5.1 ?1.5 -112.1 z 

- ---- -- 0 ~ 2. no- 4992 -11474 49332 -9,5 12512 12341 -?063 75.8 50894 4,8 -0.2 4,7 )9,9 -71 .9 0:, 

~Q_O _____ 4 .._o_a_ 4899 - l.l.54 J_ 49.3_49 _ )24)8--1146 7 5 , 1 ----5..o 'lll 4.8 4_.,a_ 20..0 -5-4_.,6 en 
- -B...O - 12.5..4 Q - -D...D t"T'1 

66. 0 0 6,oo 4793 - 11 614 49378 -6.6 12564 12481 -1439 75.7 5o9,2 4.8 .2 4,8 20.1 -40.2 ;:,:, 
< 9.§_.J)O .. .. e .• oo 4674 -ll6H5 49420 -5.2 12586 12534 -1140 . 75. 7. 50997 4,9 .4 4.8 20.3 -28.6 ► 66.00 10.00 4544 -11756 49474 -3,9 12604 12575 -A50 75.7 51054 4.9 ,5 4,8 20,4 -20.1 -1 
0 66.00 12.00 4404 -11826 49540 -2,6 12619 12606~ .S.6-7..__.75.7-_5_1122 _..1t .9 .7 4,9 2.0,5 -14,5 ;:,:, 

66.00 14.00 4?54 -1189 3 49618 -1,3 12631 12628 -291 75,7 51201 4,9 .9 4,9 ?0,6 -12.0 -< 
66.00 -1.§. 00 4095 -lJ.958 49J0_8 ___ -n_L_ l264Q )2MO -22 15.1 5)29.ü- 4-._q_ .1 .. .1. -- 4--.9 2-n. 7- -12.-6 
66,00 10.no 3927 - 12020 49809 l , l 12645 12643 241 75.8 51389 4,9 l. 2 4.9 2 0,A -16,3 
-~ -o _ _ _ 20. 0 0 3752 -12077 49922 __ 2.3 12647 12637 498 75.8 - S.1499 . 4.9 1, 4 4.9 20.9 -23..'2 
66 , 00 22 . 00 3570 -12131 50046 3,4 12645 12623 749 75.8 51618 4,9 1.6 4.9 21,0 -33,2 
66 ._o o 24 .JJ Q__ 338.l -12179 5011:lO 4_,5_ l.21,.3.'i.__ __ .1_2 6 0 0 ___ 9 Q 5 7 5 , 'l____S+J..4..8-__ --"-..8.._ 1,7 4.9 ....21. l -4.6 .s 
66.00 26,oo 3185 -12221 50326 5 0 6 12630 12569 1234 75.9 518A7 4,8 1,9 5,0 2 1. 3 -63,0 
6~00 20.00 2983 -12258_ 5 041:l.3 6..J _ -1.26J.6- 12.5..3..L.--l 4-62_ 76.0 5;:>o..15_ i..a 2,.0. .S.. 0 2L-4- _,._a2-,.s 
6 6 .00 30,00 2774 -122A9 506!::>0 1.1 12599 12484 1693 76.0 52194 4 , 7 2.2 5,0 2 1, 5 -105.9 
~6._J)_0 _ 32,00 2560 _ - .12314 __ 50829_ · - - a.1 12577 12431- 1.912 --. 76 • . l - 52362 . . - 4...7-_ ___ .2.3 ______ 5.o .. _. -21 . ..t. __ .. 1..32.3 

67,0 0 2._oo 4786 -11137 49638 _-9J -12121 )1941 -2052 --16...l-----5.l..o..9J _____ 4 _., 6 -0..2.... 4 ..6.__ ....J. 9._9 -.ae .. s 
67 . 00 4.no 4704 -11201 49659 -8,2 12149 12024 -1737 76.3 51124 4.6 .o 4,6 ?.O, 0 -72.6 
67.00 6.QQ 4610 -11266 _4~692 -1,_.,_1 12) 73 _ ____.1.2066 -J43Q 16,2 51161 4...L _ 2.__ 4...6.. _2.0_.2.... -.s'l..5 
67.00 e . oo 4503 -11332 49736 -5.3 12194 12141 -1133 76.2 51209 4.7 .4 4,7 20,3 -49.1 
01...00 . _ _ 10.on ··-. 4365_ -11391 --- 49791 -4.0 . .. 12211 . 12182----. -843-----16.2 . -S}.,>t..L . - 4... l ··-·- ~.b.--- -4. 7._ -- 20-.-4--- __ ..... 4..1...1> 
67.00 12.00 4256 -11461 49858 -2 , 6 12226 12213 -561 76.2 51335 4.7 ,7 4.7 20,5 -36,9 
67.00 14 . 00 4ll8 -11524 49936 -1.3 12237 12.234 -2.85- 7 6-.2-. ...5..1-414 4 . 7 .9 4.7 ___ 20. 7 --35 • 2 



LAT LONG u 1/ z - 0 li____ _x__ '(__ - l _ F L))C. DY DH oz CURL 

6? • 0~ .. 16 • 0 0 3no -11584 <;0026 -o ._1 12245 _ _ 122.'l.5 ________ -.17. -- 76_.z_ _ !iLS.0.3 _ __ _ 4..7 __ .1.. L L7_ 20 .. a.. - :H,..3 
67.00 18.00 3Al5 -11641 50126 1. 1 12250 12247 245 76.3 51601 4.7 1.3 4.8 20.9 -40.5 
67.00 20.00 3651 -11694 5023] 2. 3___122'>0 12240 500 16.3 5171).9__ -4-.L-- 1----.4- 4-.8- 21 • 0- -47.6 
67.00 22.no 3480 -11743 50359 3.5 12248 12225 749 76.3 518?7 4.7 1.6 4.8 2 l • 1 -57.8 
67 Loo 2 4_.J) 0 3302 -U 787 50492 -- 4._6_ 12241 12201 997 16.4- 5)954 4-.7-_ l~L 4-.8 - 21 .. 3 -11.1 
67.00 26.nO 3117 -11826 50635 5.8 12230 12168 )228 76.4 52091 4.7 1.9 4.8 21.4 -87.4 
6}_. 0 0 28.00 2925 -11860 507_89 6.9 12216. . 12129_ U5B_ ... 7.6..5 . 52231 .. _ _4.+fi_.. -2-1- . -· 4..8. 21 .. 5--- -10.0.8. 
67.00 30.00 2727 -11889 50953 7.9 12197 12081 J6Al 76.5 5?.393 4.6 2.2 4.8 21.6 -129.3 
6 7_. 0 0 32.00 2523 -11911 51.1.28_ _ 9 • .o_ --121.l.5__--1.2026 \_89 6---u. 6__ s.;,.55.a_ _ '--· s__ 2 .. 4 4..9 21.s -155.o 

68.o_o _ 2.00 4579 -10800 - 49_9_3i_ .::l.JL._o __ W_lO 11551 -2041 16.8 51293___ 1h4 __ -0 .. .1__ 4-.L ..2.0 .. ()_ -10.8 .. 2 
68.00 4.00 4508 -10858 49959 -8.5 11757 11629 -1728 76.8 5\323 4.5 • 1 4.4 20.1 -93.7 
68,00 -- 6.oo 4424 -10918 49994 -6.9 117B1 1169!¼_ - l!t2L . . _ . ..7.6 .. 7 _ . . 513.64_ 4.5. _3- - - -4...5- _ 2.n..2- -- - -A.l. 8 
68.00 0.00 4329 -10979 50041 -5.5 11801 11747 -1127 76.7 !:',] 414 4.6 .4 4.5 20.4 -72.6 
68.0_Q_ _ lQ .LQQ_ 4222 -11039_ 50Q9.f3. - ~.J__ _llBJ 8 11789 -839 16.1 5}413 4.b -6- --4-. 5-- - ? -n~5-- - -66.o 
68.00 12.00 4105 -11097 <;Q l 66 -2.1 11832 11819 -558 76.7 5\543 4.6 .0 4.5 20.f, -62.2 
68.o_o _ 1~.00 3978 -11154 . .50245 ·- _ --1 .4 1 l 8't2 11839 -28/t 16 • 1 516.21- _ 4.D l..0 -- 4.6- 20.1 -61.1 
68.00 16.00 3A42 -11209 50334 -0.1 11849 11849 -17 76.8 51710 4.6 l • 1 4.6 ~0.9 -62.8 
_68.00 18.00 3697 -11261 50433 1.2 11853 11850 . . ·- - 2.43 _. 7.6_.8. s.i.an7 .. 4..t,_ _ -l-. 3- - f+..6 . 2 l .o. -67 .4-
68.00 20.00 3545 -11310 50543 2.4 11852 11842 497 76.8 5}914 4.6 1.5 4.6 21.1 -74.8 
_68 ._o o 22LOO 3385 -11354 50_663 __ -3.._6 ___ ll.fl4.8.__ .l.l.825 1!t.!L__ 1.6..JL __ .5.2-43-0- 4-.t,___ 1.6- -4..6 2-l .2 -85.0-
68.00 24.00 3217 -11395 50794 4.8 11840 11799 984 76.9 52155 4.5 1.8 4.7 21.4 -98.2 en 

C 68 0 _D_ll 26.QQ_ 3.o_U .._u_uo_ __s_a_'U!t_ - _s_.g__ -il 8 2 8 !)165 1210 16 9 57,!9 4.,. 5 1..-9- -4-.1-- 21~5 -1 )4,3- ;:c, . 
68.00 28.00 2A62 -11460 <il085 1.0 11AJ2 11724 ]444 11.0 5?433 4.5 2.1 4.7 21.6 -133.3 < 

[Tl 
68.00 30.DO 2675 -11485 51246 8.L l l 792. 1.1674 . \664. 11-.0 5;>.585. - 4-4 . 2.3 . 4.7 21.R -155.~ -< 
68.00 32.00 2481 -1)504 ">1417 9.2 11768 11618 1875 77.1 52747 4.4 2.4 4.7 21 • 9 -P30. 1 0 

- -· --------·---- --- -~· ~- ·--- 'Tl 
69.00 2.00 4371 -10461 50217 -10.3 11338 11154 -?032 77.3 514Al 4.3 -o.o 4.2 20.0 -130.9 en 

() 
69~ O_O 4 • 00. 43.10 -1.05.l 5_ 5 024 7. _ -B. L -l-1.3.6.4--11233 -+z.11 11 • 3- --5.l-5 1-b- ----4-.3--- .2 4.2 20 .. 2 -1 }7.8 > 
69.oo 6.oo 4236 -10570 "i02tl6 -1.2 11387 11298 -1419 11.2 51559 4.4 .3 4.3 20.3 -101.1 z 

Cl 69 •. oo s.oo 4151 -10625 50335 -5. 7. 11407- 1.13!:>l -1 .125. 11-.2 . 5)612- 4-4- .• 5 4"3 20.4 -99.o z 69.00 10.00 4o55 -1Qb79 50394 -4.2 11423 11392 -838 11.2 51673 4.4 .1 4.3 20.6 -93.4 > 69 _. 0 0 12.00 3948 -10733 50463 -2..B- l 1-43.6- - 1-1-422--- 559 7-1-..2--5.l+l+-3- - 4-.4- - -.8 4-.4 20 .. 1 -90.3 ~ 
69 0 00 14.00 3832 -lo71l5 505'+2 -1.4 11445 11442 -287 11.2 518?2 4.4 l. O 4.4 2 0.A -89.9 > 
69. o_o 16.00 3707 -10834 _50631 _ -O_J__ _ ll45l__ __ U45J ---22 11 0 3 5\9)0 4:,9 l.2 4--4- - 2.0 .. 9.. -92 .. l-
69.oo 18.oo 3574 -10881 sono l. 2 11453 11450 236 77.3 52007 4.4 1.3 4.5 21.1 -96.9 
!'9~00 20.00 3432 -l0':125 50839 2.4 11451 . U!t41. . _ _ 488. .U ... 3- s21.12 __ - · 4..4 . 1.5. _ 4..5 21.2 -104.5 
69. 00 22.00 3?83 -1091>4 <;Q957 3.7 11445 11422 732 77.3 522?6 4.4 1.7 4.5 21.3 -114.8 69 _

0
00 __ 24.QO 3126 -11000 51 o 8!>__ ___ 4._9-__ u4.3.f,__ 11395 910 7J.,JL_ 5:2J49 4.4 1".a__ 4"5 - 7-l-.5 -12-7.8 

69.00 26.no 2963 -11031 51223 6.0 11422 11359 1200 77.4 52481 4.3 2.0 4.5 21.6 -143.6 
69 •. o Q 2ti.oo 2792 -110~8 -5.U7o__ _ 1 2 l-1.405 11315 l 4,14 11.5 526 2-1--- - 4..3---- a..-l-- 4. S -21-. 1 -~ (,2 .2 
69.UO 30.00 2h15 -11078 51527 8.3 11383 11264 )640 77.5 527h9 4.3 2.3 4.5 21.9 -183.5 
~9_. ou 32.00 2432 .-11094 51694 --· .9_.4 __ .1.135 7 _ _ -l.120.L--- - 1 B4A - ·- -1.7. • 6 . 5.?9?-7. . - -- -4.. 2- - 2 .4- 4-.5 ?2.0 -207.6 

10.00 2_._n o 4160_ -1_0120_ 5Q489_ _ ~lJl....l____lO 9.ft.2.______lj) 7 5 3 -2023 1.1.JL ___ 5 l 6 6 2 4...1._ __ .()_ _ 21).. ~ 15.6..2 - -
70.00 4.oo 4108 -10170 50523 -9.o 10968 10833 -1717 77.8 51700 4.1 .2 4.1 20.?. -144.9 
10.00 6Loo _4044 -l.Q2l 9_ _ 5.Q566__ ____ -7. 4 1-0990 10898 ~1418 _J..7 • 1 5\147. ~ 4. l 2(}.. 4 135.-4-
70.00 e.oo 3968 -10269 50618 -5.9 11009 10952 -1126 11.1 51801 4.2 .6 4.1 2n.5 -128.2 
7QLQQ 10.00 3882 -10319 50679 -4 .. 4 11025. - - -1..09.92. . -8-42. - 11.1. 51864- . 4-.2 . • 1 .. - 4.~- - 2~)..6 . -1 ;>3.. 5-
10.00 12.00 3786 -l031i7 <;Q749 -2.9 11036 11022 -565 11.1 5\935 4.3 .9 4.2 20.8 -121.2 
10.00 14.00 3681 -10413 S0829 -1 .5 11044 1104.l- - . -29.6-- . - 1-1 • 1 5?015 - 4.3 -- ---1.+ -4-.-2- <?n .. .q ----c! 2 l o-3 
10.00 16.nO 3566 -10457 50917 -0.2 11049 11049 -33 11.8 52102 4.3 l. 2 4.3 21.0 -124.o 
10..00 10. a_o 3443 -1.o. 4.99 51.0.l.5 - l-..2---1-1-0 4 9 11047. 22-3-- - 1-~~ 4.3 ~4--- -4-.-1---2+.-2- - -1 ?. 9-.-1 
10.00 20.00 3312 -10538 51122 2.4 11046 11036 472 77.8 52302 4.2 1.5 4.3 2).3 -1 36.9 
Ill.a O Q __ . 22 • . 0 0 3173 -10573 51239 3.7 11039. . l-101.6 - - - 7-1-4- 11.0 5?.4-14- 4..-2- -----1 • 1- ····- 4 .. 3- - 7•lo4- ---~1.i, 
70.00 24.oo 3027 -10604 c; 1364 4.9 11027 10986 948 77.9 57535 4.2 J .9 4.3 2 J. li -160.o 
10.00 2.6~0 28i'4 -l0630 51499 6 .. 1 1101-2 -- -10.944 - - 1-1 -7-b 17 • 9_ 5;)61'>-3-- -- -4..2-• - - 2·.G- -- 4-.-3-- <4-. -1-- -++5. 5-

-··- ---- -



IJ 

LAT LÜl\iG u V z _Q ___ H_ __ X y _l_ f _Ql._ _DY lJH Dl. CVRL 

1 o_. Q o 28.00 è714 -10652 c;l643 7.3 10992 l09.03 _ l .l'zL _ 1e .. o 52800. - - 4.Ll 2 .. 2 4 .. 4 2L.a -.193...S. 
10.00 30.00 2";47 -10669 517'16 8 0 4 10969 10850 ]608 10.0 52944 4.1 2,3 4.4 ??,0 -?14. <' 
7Q_.OO 3Z..oo 2374 -lQ6!iQ__ 51958 9.5 )0941 )0789 18)2 IB..l 5.3.0..<17_ 4-a-lL. ---2..s... 4.4 22.. l -23.7.5. 

71 .oo ê.OO 3944 -9776 c;o749 -11.0 __ lQ~4~ 10347 -?Q.lL _ 78._3 ~8}L 3.9 .2 3 ,8 2n.2 -185,6 
71 .oo 4.oo 3901 -9821 50787 -9.3 10568 10427 - 1715 78.2 5]875 4.0 .3 3 .9 20 .3 -1 75 ,0 
11.00 b.OO 3846 -9866 50834 -1.1 10589 1049.4-.. ~1420 78.2 51925 4 .. 0 ,5 3.9 20. 4 - -166..5 
71,00 8.oo 3779 -9911 50888 -6.l 10607 10547 -1132 78.2 519 82 4.0 ,6 1,9 20 .6 -1',0 , 3 
11.00_ 10.00 3703 -:.9955 50951.__ -4....fJ... _ 1 .01!2.2.. .lJl..5..8..8..___ _ ....B.51. _ 18.,2 52.0..4L 4 ... l .e 4,0 êo.7 -156.4 
11.00 12.00 36 17 -9998 c;1023 -3.l 10632 10617 -577 78.2 5?1]9 4.l l , 0 4,0 2 o.A -154,8 
11 • ..0.o_ .14...il.O 3521 - .l O Q.3.9.._ 5110.l. -=1 .. 7 -l. 063.9 l.Ob..3.4____ ...3.1-0... - 78 .. 2 5?.198._ 4.1 l, l 4.l 21.0 p1ss.s 
11.00 16.oo 3417 -10078 5 1191 -0,3 10642 10642 -51 78,3 52286 4. l l, 3 4. 1 2 J • 1 -]58.5 u.oo __ lH.oo 3304 -10115 51288 1.1 l0641 10639 .. 202 78.3 52380 4 .• l -1.4 4.l 21 .2 -1.6.3.9 
11.00 20.00 3183 -10148 513'14 2.4 10636 10626 448 78.3 5?4A3 4.1 1,6 4 • 1 21 .4 -171,7 
7.J....Q_Q__ ..ll.....o._Q_ .l.055 -10178 5 l2.08 ~? 10627 10605 !287 --1.8. .. 3 _525tl_ ____h_Q__ 1.7 4.L 21.s_ -1.8.2. 0 
71,00 24,00 2919 -10204 51631 5,0 10614 10574 918 78,4 5?710 4.0 1,9 4.2 21 . 7 -194.6 -c 

r-71..J) Q_ 26.!lQ 2U_6 -l.Q~ 5 1762 __h2_ .1Q596 105....3.5_ ))42 78._4 528lb_ __ 4_.o__ 2.1 4.2 21.a -209.I t:O 
71. 00 28.oo 2627 -10243 51902 7,4 10575 10487 1359 78.5 52968 3.9 2,2 4.2 22 .0 - ?27 . 3 r 
1_1 .. 00 30.00 2470 -10255 52051 8.5 10549 . lQ.432. LS.6..L 78.5 53109 ..3.. 9 2 .4 4.2 22.1 -247.3 ri 

► 11.00 32 . oo 2307 -10262 52207 9.7 10518 10369 1767 78.6 512'i7 3.8 2,5 4,2 22.3 -?69.7 j 

~ 2. 00 3724 -9428 50997 -11.4 10137 9935 -?012 78.8 5]995 3.7 .2 
0 

3,6 20.2 -217,3 z 
12.00 3!:!88 -9469 51039 -9.Z )0162 1Q016 -17)6 78 .7 52041 3.B -L .3 • .1 2.0.....4 ~L9 

V, 4 .oo 
0 12.0 0 6.oo 3641 -9509 51089 -0.0 10183 10082 -1426 78.7 52094 3 0 8 ,6 3,7 20 .5 -?oo.5 "Tl 

7_.2_._l).l) ___ e... Q.Q. _ _ __ ~584 =-9.549 511'!6 _-_6_4._ __ _ 102.00_ l 0.13.b_ - -.l.L42_ . .18 . 7 - 5.215] __ 3..9_ .1 3.8 20.1 . -195..3 -l 
12.00 10. 00 3516 - 9589 51211 -4.9 10213 10176 -865 78.7 5?219 3.9 .9 3.8 20.8 -192-1 ::c 

tT1 12.00 12.00 34...3..2_ -:.2...626 51283. __ -3...J__ 10222 )0205 .595 is .. 1- _.5.2292 3...2.. --l...Q..._ -4,a 2..0..9 ~- ♦--1 C, 12.00 14,00 3353 -9662 51364 -1.9 10228 10222 -332 78.7 52372 3.9 1, 2 1,9 21.l -192.3 0 
1,.00 LQ_....o..o.._ 3259 -%_96 ..5.l!t.?2._ _ -JJ.4 _ .LQ.229. )0229 -16 -1.8....8... _5_~59.._ _ 3.2 l....3.- 3.9. 2..1...-2. -.195...1 3:: 
12.00 18.oo 3156 -9728 51548 1.0 10227 10225 174 78.8 5?553 3.9 1.5 3.9 21.3 -201.3 z 
12.00 __ 20 ..... oo_ __ ... Jo45 _ -9756 51652 _ . 2.3 10220_ - .J.0211. -·-· - - 4-lft 78 0 8 5.2.653 J .. 9 - - 1~6 - 3.9. 21.s -202.2 ô 
12.00 22.00 2926 -9781 51764 3.7 10209 10188 651 78.8 52761 3.8 1.8 4.0 21 .6 -?.]9.3 z 
12.00 24.oo 2601 -9802 5lfill4.... _ 4 . 9 )0194 10156 872 78.9 5;?876 3,8 1--9- 4-..0... 2.1.....B -23.l.....1 0 

c:, 12.00 26.oo 2668 -9819 52011 6.2 l 0175 10115 ]099 78.9 5?997 3.8 2.1 4.0 21.9 -246.4 V, 

12.00 28.._o..o.__ 2529 -9831 52J<tL __ l..JL__l..0.15) )0066 1312 19 • O. 5Jl26 3.7 2.2 .4 .• o. 22.-1--- -26.3.lt :-ri 
;,;:, 

12.00 30.00 2382 -9838 52291 a.6 10123 10009 }516 79.o 51262 3.7 2.4 4.0 2?..2 -282.7 < 
~ --32.oo ___ '-2.3..Q _ __ =.9_8_'±.l _ -· 52442 -· .. 9 • .8 _ __ I 0020 -~!ili.. J 712.._ __ 7..9. L _._53~ ___ ___ ...3.Ji ____ __ 2.5... .. 4 .• 0 22 •. lt -- -J.a.4 • .3 ► -l 

0 
;,;:, 
-< 

-- ---- --- --·-•-·•--- ----- ------ ·· - -- -•----· -·- ------




