CANADA
DEPARTMENT OF ENERGY, MINES AND RESOURCES
OBSERVATORIES BRANCH

PUBLICATIONS

OF THE

Dominion Observatory

OTTAWA

Volume XXXVII

THE QUEEN'S PRINTER

This document was produced OTTAWA, 1870
by scanning the original publication.

Ce document est le produit d'une
numeérisation par balayage
de la publication originale.



eburgoyn
black block


e O
R St e e 1 _..-m._.m".fng ..._urm_.u. _m_m.—_n,_r._... i
e ST ER R
A e T .W.r.nf__-u BT ) SN e
L T.Lu}n.n_. i i Sl e ST
R e Sy . -

A% : .u.. ..I..... q AL S
[ ...ﬂ”..'.-m.h AN ___.IL_...‘..H-_H__ 0 r..uru.ﬂ.—ﬂ._.
T e ) i s oy ey
T H_._.n_.._.“- 1

TRt 4
) R o
o i S L 4 =i, -
= kg v ; .LT. s s R L
| H}“H-.uﬁm...w.wm.. ..u.rﬁ.._ﬂ.p_“_. iy ¥ . gt o . A 11 -@ mﬂ.ﬁ.hw ...“._.u_r.n_..“_...u.._hﬂhm o
S iy Lt 24 oot U i it | . . g+ "4 9] _ . L S .
e A P ) Ll g e 3 e O SR
e R e B A S AT | : _

v e | ok g, g o R T Sehem X C e S T
R e I I S e SR S
UpRT T bl FRER o = 5 Ligr < i ) - =L [ "L Tl i R+
ne N e P [ . iy - ) B i - [ B il " J___. =iy
, = T sl - . 1] . T, - _ . L T sl ____m el
h_l-ll .ln-.r.r-.. = -I-1 -*. — - ) R __. -y . g W, u =T = ‘ql_ﬂ- o _w -
| c-:-q._l Ll?-l-FT I._E-L- & N Shals : N i, et . " ~ —Ij. rl ‘.-ﬁlf |..,-l..v. i L .“.nru.ﬂ -
1 i#ﬂnﬁ n.m.__r_.__m_l..r : A . P S et e e § “hf R e .ﬁ..ulﬂ_m._-u.. o' R T
I Y ..‘_H_ll L r_.. — i I : U r .Fv LAt 1 = i i e L S L ._.-.._ A ..I.Lqu_.-.nw." S
oal g e T RLUE = A e L e gL N e L ok i e
g o, o il 3 ! = ; : D H j 5 k

L R R
W]. -1.__4_n__-m__..Uv X . _|I_.|l.....|...
| - A - . i Y/ il & ; N ._. =) ..h...r_.nl..‘_llm._-_.‘ll.;..nJ.!.._ll-
= . ..L. i -u_I'..nI " 5 2 - . o g J ) . ' - : & ._I- l‘_H-_ _.“.l-"_h_. -‘..ﬁ!..—-—‘—wrrr—l
AL e the Y $b) P SR SR ey FaX R e e - e i
iy > s N = il = = _ : Ry NSRS R ....._..__E_.F_"_n_,n._ iy .h.“..._.,l.mf,.
b " -:-M.— _ILml B i . L . ' § =R i,y el L III. l. : .H- . .-.“.. : _I. * -l.l._T ] -._..
__.ﬂ__ﬂ ..m_.r__.w.n ..a”_.._ B BT e SR 13 TEa wa_" .Muuﬂ_m___..__f.nﬂ_.u__ _.H_._-h..._ e
.‘.I,.“.I._Il._fn_l.ludrlﬁ‘“—.v k ._.I..q :Mh-’ . ! - 8 : 5 - ! - f i . : s v, M J .. i = L uMi.n_me __“lﬁ_qu _—I?_lr“—-_. _I_Lr. _ _m‘_..MI_ 1_llm
3 LI ) L . i : _|_ u.”ﬁ._m.u.muql_a.llﬂy_m Bl Rl

L =S

LE __l..ﬂ_”‘wl_l._.—-u_ . I .I._-. 1

F_l.. .i___J. .ﬂ. __vw_. “na_.n.hl_.ﬂ. . : !
..1...' -L”ﬂw___. -u...-l......_.ulh_-ﬁuw Sl B . s . ¥ . y A i ) Ay SETS lﬁﬂ.ul_- A
-Jm.hl nn..l_r.“_.. ! K ALl . N o P . L B il L N N I_.l [ ps f = .r..

e R e L ¢ SR G L GBI

: ) : i -

= _| wr Ly " r [ AT . ) . - Fez L i e R _uv._ e m.l. T ,...”._.Pl.u.n:.l-..
st st S T R ST et el R CT S S e L S A SRR,
I . A la | L , . = e - N



No. 1

No. 2
No. 3

No. 4

No. §

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,
ILR.Grant and JW.Geuer .. .. ... D L RS TRt Th ot O o oA S e T e e e e s e A 1
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.
T L A L R N VG | S0 e AL (e O oAt hn AelE ¥ Ay s Py D B0 AL T A, AN B 3 ks 21
Polynomial Estimation of Certain Geomagnetic Quantities, Applied to a Survey of
Scandinavia, by GV.Haines ....................... BT it e N,y sona N 75
A Three-Component Aeromagnetic Survey of the Nordic Countries and the Greenland Sea,
by W. Hannaford:ahd GV Hames! <07 el i, 00 52000 0 15 A1 i rarce koot ol age feme vet ol o7 af L 113
The Effect of the Solar Cycle on Magnetic Activity at High Latitudes, by E.I. Loomer and
Ry e o W L e A e oo S ot Al S e N e o iyt S 165
A Symposium on Processes in the Focal Region, by Keichi Kasahara and Anne E. Stevens,
U T v T e o N Yo et e NSNS L (] S e e, e g g T e e i 181
Record of Observations at Fort Churchill Magnetic Variometer Station, 1964-1965, by G.
W T T ALV 5 o) AT Hic) bary oo o T e ol o el e (RS ot OO, e Bt o b 237
Record of Observations at Great Whale Magnetic Observatory, 1967, by E.I. Loomer ..... 335
Record of Observations at Agincourt Magnetic Observatory, 1967, by W.R. Darker and D.L.
R O T B e g T T el 1o e on ot P e 1) it MO0, el CA AR B G i o) S0 o 411

e e






CONTENTS

LA S T (I che: FET ot CR ST 0 e e A vy B g [ 0 101 O i H0 D78 o B8 o .t Aot Pl el e P T,
1 TR e L Bt e oyt et E el b b R e M e il At Pro Tali o B8 E¥ol d ol S T o ¢
Faylor ExpansiOniol I ERandrZ i St S0 e il om0 ot P P o e R T et )
BEtimation by lieast SqUATESIFR vt St R 15 NI | Siem Lot TR T el Sy st e
Estirmativnof Geomagne ticiQUAnTITIES (i o5 04 & S riia Fone 1 e et bomies g 1o 8 oaBiee o 1 0ol e ekl oral o 4
fiheCovarancesbetWeen At /Ze o i & ot UL AL 8 & (% R enlaieresi e rh otre s et o e o s B
refPolynamialibly Do thes] Sl P i e ey oot e aecm S iesy Sl oy PO O o
Resultsifor. Scandinavian, Survey Of LROS5 . .o o dilate ais sle o0d 6 om ae ae b o lorre ot aiait s e s e s
A KT oW e T L S A e L R T Tl e L
RIS Ak s a¥o: HoZa 'd ko 5o TN 0 B 2o ceohrohdlg oo o e iome ISH ¥ GoEis o B0 () ol 3 It bl Yok, o, AIbLA
A P 1T T KR Rl TR R T B fon P S Pmeet T Rl Bs (I fe e A A herer - S N EO S S, 2
(e e S e oo fa et L P T (P T i A o e 39 ot L e Ty



POLYNOMIAL ESTIMATION OF CERTAIN GEOMAGNETIC QUANTITIES,
APPLIED TO A SURVEY OF SCANDINAVIA

G.V. HAINES

ABSTRACT: It is mathematically convenient to describe the geomagnetic field over a small portion of the earth’s surface
in terms of polynomials in a polar stereographic coordinate system. The method is applied to data from an airborne
magnctic survey of Norway, Sweden, Finland and Denmark, conducted in 1965 by scientific institutes of the four
countries and the Dominion Observatory of Canada. Polynomials of the third degree were fitted by the method of least
squares to the observed values of two orthogonal horizontal components and the vertical component, in three independent
analyses. From the three polynomials, values of the north (X), east (Y) and vertical (Z) components, together with their
standard errors, were computed at grid points, and are shown as contour charts. Charts of the vertical gradients (9X/0z,
0Y/0z, 0Z/9z) and the vertical component of curl 4, calculated from the polynomials, are also given. By statistical tests,
the vertical component of curl H differs significantly from zero in two small regions. Geomagnetic components and
vertical gradients calculated from the polynomials are compared with values computed from Cain’s spherical harmonic
model GSFC (12/66). Finally, charts of the residuals, or differences between the observed field and the polynomial
representation of the field, are plotted, both as profiles along the flight paths and as vector diagrams in horizontal and
vertical planes.

RESUME: Mathématiquement parlant, il est commode d’exprimer le champ géomagnétique au-dessus d’une petite partie
de la surface de la terre en fonction de polyndmes dans un systéme de coordonnées stéréographiques polaires. La méthode
s’applique aux données recueillies au cours d’une étude aéromagnétique couvrant les territories de la Norvége, de la Suéde,
de la Finlande et du Danemark, étude qu’ont effectuée en 1965 des instituts scientifiques de ces quatre pays et la Direction
des observatoires fédéraux du Canada. La méthode des moindres carrés a servi 4 déterminer les polyndmes du troisiéme
degré, équivalents aux valeurs de deux 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 calculées aux points du graticule, en fonction de ces trois polyndomes, et sont présentées sous forme de
cartes d’isogammes. Il en est de méme pour les gradients verticaux (8X/dz, 3Y/3z, dZ/dz) et ia composante verticale de
H. 11 découle d’épreuves statistiques que la composante verticale de rotation H différe considérablement de zéro dans deux
petites régions. Les composantes géomagnétiques et les gradients verticaux calculés A partir des polyndmes ont été com-

parés aux valeurs calculées 4 partir du modéle GSFC (12/66) des harmoniques sphériques de Cain.
Enfin, les résiduelles, c’est-d-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
chart, 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 estimate at a given position is a measure
of the errors which occur at random. It 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 model;
that is, it is derived under the hypothesis that the data can be
represented in the given manner. The appropriateness of a
given model may be tested statistically and various models

79

tried until a suitable one is found. Systematic errors in the
observations, though, can be detected only by comparisons
with independently observed data.

It 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. In a purely mathematical derivation of
these horizontal components, however, it may be of some use
not to enforce this @ priori condition but rather use the curl as
an indication of the consistency under the given derivation.
Whether or not the curl is significantly different from zero can
be tested statistically by knowing the standard error of the
curl estimate.
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Rotated Grid System

The Greenwich Grid System and the use of the polar
stereographic transformation have been described by Hutchison
(1949) and Haines (1967). When the flight lines of an aero-
magnetic survey do not point grid east or west, in the Green-
wich system, it is convenient to rotate the Greenwich system
until they do. The convenience arises in plotting residuals or
other information along the flight track. This will be shown
later, in connection with Figures 5 to 9.

If the Greenwich system is rotated counterclockwise
through an angle Aq, the rotated polar stereographic transfor-
mation is

u=—tan(%)cos (A —Xxg) (1)

v= tan (%) sin (A —Aq) 2)

where 8 is the geographic colatitude and X is the geographic
east longitude. In this coordinate system, grid north is the
direction of true north at any point whose east longitude is
Ao- The inverse transformation is

9 =2arctan Vu® + v2

A=MXg + n — arctan («Z—)
where the arctangents are taken in the appropriate quadrants.

The magnetic field components U and V, in the direction
of u and v, respectively, are defined by

U = Hcos(D—x+2ng) (3)

V = Hsin (D—A+2g) (4)

where A 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 ¥ become

U=X cos (A —2g) + 7Y sin (A —Ag)

V==X sin (\—~Xg) +Y cos (A —21g)
The expressions for X and Y, in terms of U and V, are derived
easily:

X =Ucos (A —Ag) — Vsin (A —Arg) (5)

Y =Usin (A —21g) + V cos (A —Ag) (6)

The rotation angle Ay is chosen so that the v-axis of the
above coordinate systern lies approximately in the direction of
the average flight line.

Maxwell’s Equations

Two equations of Maxwell pertaining to the magnetic field
are

div F=0 )
curl F=J + at (8)
where F is the total magnetic field vector, J is the electric
current density vector, and D is the electric displacement
vector.

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

div F=%zl—ai [22+Xcot0+%0&—%cosec0] (9)

curlgF=% = ';— [Y "r%—}\z— cosec 6] (10)

curl;\F=%——;—[,\’—%] (11)

curl,F = _aL [Y cot 6 +%—’}\K cosec 6 +%] (12)
where 0 is the geographic colatitude, X is the east longitude,
z is the vertical downward direction, and a is 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 + dD/dt) is zero, Equation (8) gives
curlgF=0 and curly /"= 0. These, together with Equations (10)
to (12), yield expressions for the vertical gradients of X and ¥
in terms of the measurable horizontal gradients of Z.

The assumption that the horizontal component of
(/ + 3aD/at) equals zero is justified. The current densities
measured near the earth are only of the order of 107
ma/km? (see Chalmers, 1957), and since these are primarily
vertical, the horizontal component would be even smaller. The
effect on the vertical gradients of X and Y is less than
107 y/km.

Referring to Equation (12), it is seen that the expression
for curl,F contains only horizontal components, and so is
equivalent to curl,//, where H is the horizontal magnetic
field vector. This expression is of interest since all terms on
the right are measurable. and curl;F should be less than
107 ma/km? as mentioned in the previous paragraph.

The equations, then, are as follows:

FeileE]

-gzl =£—[Y+g% cosece]
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?FZ -{%—[ZZ + Xcoto +%—g—% coscce]

curl,# = —L [Y cot d +3_ cosec 8 +3_]

When the derivatives of X, Y and Z with respect to 8 and
A are expressed in terms of the derivatives of U,V and Z with
respect to u and v, using Equations (1) and (2), (5) and (6),
the following expressions are obtained for the vertical gra-
dients and curl ;A

*

n

;l- [X+ —; secz(%) icos (?\—}\0)% —sin (A —Ag) —g%;]

(13)

(2) 3sm (A—2g) _52 +cos (A —2g) gvgg]
(14)

it

Eet[orull)y @ 2] 09
curl,H = ;l—[Y tan(%)— % secz(—g—) ;%E‘I - —%‘-Vf] (16)

Expressing X and Y in terms of U and V, and @ and A 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:

%:—ﬁ [uU+vV+ 1 tu? +v ; f+v-§}]
17)
%}:=—;—‘&%—+"—2 [uV—vU+1+u ot z ‘51—11%%‘
(18)

B =Lz +uw+wy - 1LREES 1+ a9

i =~1 [uV— vU+-1—+—l2‘3—iﬁ 3%51—%%] (20)

Taylor Expansion of U, V and Z

The components of U, ¥ and Z can be expanded about a
point (uy , vg) by Taylor’s theorem as follows:

U= Uy +Uza+U38+L04a® +Usas +1uge?

+-é—U7a3 +%Usa25 +%U9 G.Bz +%U10ﬂ3 (21)
= Vl + Vaa -+ V3B +-%—V4a2 + VSaB +%V632 (22)
1 31
+-6— Vaa® + 7V8a2(3 +% Vgap? +~é— Vm[i3
zZ = VA +22 a +Z3B +LZ4G,2 +Zsa.ﬁ +—I‘Z6ﬁ2 (»)3)

+iz70> +1 740 28 +3 2908 +1 2,061

where a = u — uy and §=v —vq. The coefficients U, , U,, etc,
are actually partial derivatives evaluated at u = ug and v = vy,
The fraction appearing in the af 8/ term isﬂ—l—ﬂ- . The equations
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,H = O condition
was imposed on U and V, leading to certain relationships
between their coefficients. From Equation (20) the relation-
ship between V, and Uj is

- 2y —y
£ T T o e (24)

Taking higher derivatives yields relations between the higher
order coefficients. When uV approximately equals vU the
second term can be ignored and ¥, = U3. 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 # 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
standpoint.

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 component 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 all components (together with their
standard errors) can be estimated at every point of the area
under analysis. It 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 p,, of the distribution of a variable y, when
other variablesxy,x,,..... ,Xp are given, depends linearly on
these other variables, the relationship

uy=[31x1 +ﬁ2x2+ ...... +/3po

is called the true regression equation. If, in addition, the
variance 0}2, of this distribution is constant for all sets of x
values, the method of least squares may be used to estimate

uy and 03 _ The estimate of My is

(25)

¥ =byxy thpxot. ... +bpxp

where the b; are the least squares estimates of the ;. The
estimate of 03 is

n e
§@—wf

fias (26)

o=
Sy"-
where n is the number of observations used in the analysis.

n
The p X p matrix whose (i, j)th element is £ x;x; isknown
1

as the matrix of ‘sums of squares and products of independent

variables’. This matrix will be denoted by 4!. The summation
n

subscript in ZX;i x; has been suppressed since the meaning is
1

obvious. The (i, /) element of the inverse matrix A multi-
plied by s}, is an estimate of g;;, the covariance between the
least squares coefficients b; and b;. This estimate is denoted
by s;;. The element s;;, of course, is an estimate of the variance
0;; of b;. These are always positive and so may be denoted by
s? and o}, respectively. The positive square root o;, of o7, is
called the standard error of b;, and the positive square root s;,
of s?, is the estimate of this standard error.

The statistic 37 , being a known function of the variables
X;, also has a distribution. Its mean when the x; are held
constant is i, (hence y' is an unbiased estimator of yy) and
its variance is

(27)

It should be emphasized that y' is the estimated mean of
the y — distribution, and o%, 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 O;r, the relationship is

o%, = 032,-: + an,
which may be estimated by

5 =sp + 5 (28)
The square root of a variance is always called a standard error.
Thus Tyr, Oy and oy, are standard errors of ys, 7 and y,
respectively, and s, Spr and s,, are their estimates.

Confidence intervals may be determined for the various
statistics when the variable y is distributed normally, at fixed
values of x;, x3, ..., xp. It can be shown, in fact, that

b: — B s .- v :
_.l_si_ﬁl (fori=1,2,....,p) andlxy_"_z are distributed with

2
Student’s ¢ distribution, and SJ; is distributed as Chi-Square/df,
o
¥
where df is its degrees of freedom. Of course, the last
two expressions are true when y is replaced by ' or y,
remembering that u Y= My = iy,

Estimation of Geomagnetic Quantities

The coefficients Uy, U,, Us, etc, in Equations (21), (22)
and (23) may be determined by least squares to give estimates
of U, V and Z. These estimates correspond to the ¥’ 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:

o% = o}y cos? (\—rg) +a¥ sin? (A—nrg)

5 2/E
0’2y=: 0%} sz (K"lo)""o%/ cos (K—?\o).

The covariance between U and ¥ is 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 useful if latitude and longitude are given rather
than u and v.) The variances of these quantities can be estimat-
ed by expressing 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 curl,H since they all are distributed normally
when n, the number of degrees of freedom, is large. This is so

because é"?_——ﬁi(for i=1,2,...,p)is distributed as Student’s ¢,
1

which tends to the Normal distribution as n becomes large.
The convergence is quite rapid, and there is very little differ-
ence between the two distributions at n = 100. Of course,
linear functions (such as U,V,Z, etc.) of normally distributed
variables (such as ;) are themselves distributed normally.

i
t
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The Covariances between U, V and Z

The variance of any function of the U- coefficients can be
calculated by knowing the variances of all these coefficients
and the covariances between them. These come 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 function of the V- coefficients
can be calculated. But to obtain the variance of a function of
both the U- and V-coefficients it is necessary to know the
covariance between each U-coefficient and each V-coefficient,
as well as their respective variances; and, in general, to obtain
the variance of a function of the U-, V- and Z-coefficients, the
covariance between every pair of coefficients must be avail-
able, in addition to all the variances.

This 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, ¥ and Z can be calculated. The effect of these
covariances can then be included in the calculation of any
function of U, V and Z. For example, the variances of the
components X and Y now become

03(=a%, cos? (A—Ag) +o%/ sin? (A—2g) — 2 sin (A7) cos(A—Ag) oy
} =0} sin® (A—rg) +2} cos® (A—rg) +2 sin (A—Ag) cos(A—Ag) oyy

where gy;y, 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
curl, 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-
ful 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 error 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. It 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 per cent 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. All 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, Finland and Denmark (see Figure
1) was conducted by the Dominion Observatory of Canada,
and governmental agencies of the four countries concerned.
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. (1967).

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 corrected 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® 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 ¢ is Coefficient Divided by Standard Error.

U
Coeff. St. Error "
() )

1 4.4529+3 004213 1049.7

Ist Degree 2 —2.6916+4 .0139+4 1937
3 0.5671+4 .0142+4 40.0

1 4.4562+3 .0068+3 655.1

2 —2.7201H 0131+ -207.1

3 5196+ 0133+ 38.9

2nd Degree 4 —0953+5 .0776+5 -1.2
5 —7965+5 .0452+5 -17.6

6 —656615 .0770+5 -8.5

1 44511+3 .00721+3 621.0

2 —2.6762+H4 .0301+H4 —88.9

3 4235+ 02974 14.3

4 —0631+5 ,0894+5 0.7

3rd Degree 5 —6835+5 .0642+5 —10.6
6 —4957+5 .0970+5 =5.1

i/ —1.1005+6 .7494+6 =S

8 .8724+6 ,2810+46 3.1

9 329646 298846 1.1

10 1.8587+6 .6932+46 27

|4 V4
Coeff. St. Error - Coeff. St. Error ;
(67 (67 67] 6]

—~13.1510+3 .0034+3 —3850.7 48.6890+3 .0044+3 10975.6
59771 011244 534 2.3316H .0145+4 160.6
—4.1965+4 0114+ —367.5 —3.1023+ .0148+ —209.0
—13.0850+3 .005443 —2411.7 48.7030+3 .007743 6343.6
5383+ .0105+H4 514 2.3335+H  .0148+H4 157.7
—4.2443+4  .0106+4 —398.6 -3.1145+4 0151+ —206.9
—1.0154+5 .0619+5 -16.4 .3626+5 .087745 4.1
—4863+5 .0361+5 =135 .0960+5 .0510+5 1.9
—59671+5 .0614+5 =937, —542945 087145 6.2
~13.0920+3 .0057+3 —2312.6 48.7060+3 008143 6030.4
4890+ 023844 20.6 23311+ .0340H4 68.6
—4.2102+4  .0235+H -179.5 —3.1436+4 .0336+4 —93.7
—9004+5 .0706+5 -12.8 334645 100745 3.3
—3265+5 .0507+5 6.4 .0138+5 .0718+5 0.2
—4001+5 .0766+5 952 —6245+5 .1089+5 =5.7
151146 591946 0.3 .0291+46 .8480+16 0.0
411516 222046 1.9 —9655+6 .3165+6 -3.1
1.3980+6 .2360+6 5.9 —3664+6 .3358+16 -1.1
033146  .547516 0.1 1.5939+6 .7838+6 2.0

Note: Coefficients and their standard errors are in floating-point notation, a decimal 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 curl,H = 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
Ao = —55° was chosen, so that the flight lines lie approximate-
ly parallel to the v-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 point « =—.0782 and v = .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 ¢ 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 ?x,-x,-, as de-

scribed previously. The independent variables x; are as follows:

4 X
1 1
2 a
3 B
4 a?
5 af
6 p?
7 a®
8 ap
9 ap?
10 i

When the inverse matrix is multiplied by s} the estimate

of of, (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
U, and Ug, obtained from the (2,6)th term of the inverse
matrix in Table 24, is 19675 X —1.4644 X 10' =-2.8812 X
10%92. An estimate of the variance of Zg is obtained from the
(8,8)th term in Table 2B and is 25314 X 3.9570 X 10° =
1.0017 X 1092  The standard error, or square root of the
variance, of Zg, is 3.1649 X 10° v, agreeing with that found in
Table 1.
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Table 2A

Inverse of ‘Sums of Squares and Products’ Matrix for U and V.

2.611289E—03 A( 1,1) 7.422348E03 A( 1,2) 1.264439E02 A ( 1,3) —2.192143E 00 A( 1,4) —B8.556475F01A (1, 9
—2.126795E 00 A( 1,6) —3.085387E 01 A( 1,7) —2.532459E 01 A( 1,8) —3.154100E 01 A( 1,9) —5.133806E 01 A( 1,10
7.422348E03 A( 2,1) 4.601081E 00 A ( 2,2) 1.013325E 00 A ( 2,3) —3.924691E 01 A( 2,4) —1.921547E 01 A( 2, 5)
—1.464402E 01 A( 2,6) —9.684486E 03 A( 2,7) —1.004828E 03 A( 2,8) —1.399633E 03 A( 2,9) —1.031612E 03 A( 2,10)
1.264439E02 A ( 3,1) 1.013325E 00 A( 3,2) 4.480464E 00 A ( 3,3) —2.616126E 01 A( 3,4) —2.949616E 01 A( 3, 5)
—3.692750E 01 A( 3,6) —1.678010E 03 A( 3,7) —2.002849E 03 A( 3,8) —1.231156E 03 A( 3,9) —8.047466E 03 A ( 3,10)
—2.192143E 00 A( 4,1) —3.924691E 01 A( 4,2) —2.616126E 01 A( 4,3) 4.062932E 03 A( 4,4) 1.375145E 03 A( 4, 5)
1.466941E 03 A( 4,6) 1.231606E 05 A ( 4,7) 3.954836E 04 A ( 4,8) 4.654455E 04 A( 4,9) 7.581533E 04 A ( 4,10)
—8.556475E—01 A( 5,1) —1.921547E 01 A( 5,2) —2.949616E 01 A( §, 3) 1.375145E 03 A( 5,4) 2.095863E 03 A( S5, 5)
2.290546E 03 A ( 5,6) 3.256350E 04 A( 5,7) 5.003927E 04 A ( 5, 8) 6.261124E 04 A( 5,9) 9.539435E 04 A( 5,10)
—2.126795E 00 A( 6,1) —1.464402E 01 A( 6,2) —3.692750E 01 A ( 6, 3) 1.466941E 03 A ( 6,4) 2.290546E 03 A( 6, 5)
4.781409E 03 A ( 6,6) 1.822811E 04 A( 6,7) 5.985830E 04 A( 6,8) 8.216248E 04 A( 6,9) 1.421456E 05 A ( 6,10)
—3.085387E 01 A( 7,1) —9.684486E 03 A( 7,2) —1.678010E 03 A( 7,3) 1.231606E 05 A( 7,4) 3.256350E 04 A( 7, 5)
1.822811E 04 A ( 7,6) 2.854615E 07 A( 7,7) 2.932680E 06 A( 7,8) 3.668373E 05A( 7,9) —1.111472E 06 A( 7, 10)
—2.532459E 01 A( 8,1) —1.004828E 03 A( 8,2) -—2.002849E 03 A( 8,3) 3.954836E 04 A( 8,4) 5.003927E 04 A( 8, 3)
5.985830E 04 A ( 8,6) 2.932680E 06 A( 8,7) 4.014740E 06 A ( 8, 8) 1.899643E 06 A ( 8,9) 1.991860E 06 A ( 8, 10)
—3.154100E 01 A( 9,1) —1.399633E 03 A( 9,2) -1.231156E 03 A( 9,3) 4.654455E 04 A( 9,4) 6.261124E 04 A( 9, 5)
8.216248E 04 A( 9,6) 3.668373E 05A(9,7) 1.899643E 06 A ( 9, 8) 4.536794E 06 A( 9,9) 5.537757E 06 A ( 9, 10)
—5.133806E 01 A (10,1) —1.031612E 03 A (10,2) —8.047466E 03 A (10, 3) 7.581533E 04 A (10,4)  9.539435E 04 A (10, 5)
1.421456E 05 A (10,6) —1.111472E 06 A (10,7) 1.991860E 06 A (10, 8) 5.537757E 06 A (10,9)  2.442353E 07 A (10, 10)
Table 2B

Inverse of ‘Sums of Squares and Products’ Matrix for Z

2.576942E-03 A ( 1,1)
—2.082796E 00 A ( 1, 6)
6.768310E-03 A ( 2, 1)
—1.393020E 01 A ( 2, 6)
1.212066E—02 A ( 3, 1)
—3.635349E 01 A ( 3,6)
—2,155178E 00 A ( 4, 1)
1.405025E 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)
1.673626E 04 A ( 7, 6)
—2.436122E 01 A( 8,1)
5.763909E 04 A ( 8, 6)
~3.035632E 01 A( 9, 1)
7.942495E 04 A ( 9, 6)
~4.976280E 01 A (10, 1)
1.392833E 05 A (10, 6)

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)
—1.614939E 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)
~1.378796E 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)
9.810290E01 A ( 2,3)
—9.943831E 02 A ( 2,8)
4.449464E 00 A ( 3,3)
—1.986962E 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 06 A ( 7, 8)
~1.986962E 03 A ( 8, 3)
3.957018E 06 A ( 8, 8)
—1.212301E 03 A ( 9,3)
1.832912E 06 A( 9, 8)
—7.989012E 03 A (10, 3)
1.921123E 06 A (10, 8)

—2.155178E
—3.035632E
—3.855341E
—1.378796E
—2.534696E
—1.212301E
4.004086E
4.472681E
1.327866E
6.04259SE
1.405025E
7.94249SE
1.212832E
3.247412E
3.810996E
1.832912E
4.472681E
4.454349E
7.308263E
5.448800E

00A( 1,4)
01A(1L4L,9)
01A(24)
03A(2,9
01A(3,4)
03A(3,9
03A(4,4)
04A(4,9
03A(S,9)
04A(59
03A(6,4)
04A(6,9)
05sA(7,4)
05A(7,9
04A(8,4)
06 A(8,9)
04A(9,4)
06 A(9,9
04 A (10, 4)
06 A (10,9)

—8.284378E01 A( 1, 5)
—4.976280E 01 A ( 1,10)
—1.887838E 01 A( 2, 5)
—9.693962E 02 A( 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, 10)
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 (10, 5)
2.426606E 07 A (10, 10)

Note: Elements of matrices are in floating-point notation. For example, 2.611289E —03 = 2.611289 X 1073,

Table 3
Residual Errors
U 4 iz D H X Y
Observations 1372 1372 1382 1372 1378 1372 1372
1st Degree 157y 126y 165y 072 122y 121y 161y
2nd Degree 141 113 160 0.6 18 118, 141
3rd Degree 140 111 159 0.6 112 112 140
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FIGURE 2. North component of magnetic field, and its standard error. Calculated from 3rd degree polynomial whose coefficients were determined
by method of least squares.
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Table 3 lists the residual errors of the various components
for the three degrees. It will be noticed that there is practically
no decrease in these errors in going from the 2nd to 3rd
degree. This means the 2nd degree polynomial fits the observ-
ed data almost as well as the 3rd degree, and there would
probably be no further improvement in going 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 those 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
estimate could 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 s;; = 30y. Table 2 gives
s; = 159y. Then Equation (28) gives 52, = (30)® + (159)* =
26181 7%, and s,» = 162 7. Thus the least-squares estimate of
the mean of the Z distribution at 59°N, 25°E is 48,000 v,
and the standard error of this estimate is 30 vy. The standard
error of a Z-value about its mean is 159 7; 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 o% is
constant over the data range.) The standard error of an indi-
vidual Z-estimate, however, is 162 v 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 s;3 = 20 y serves also as
the contour for s,» = 160 7. That of s;3 = 60 ¥ is equivalent to
Sz = 170 7.

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 v
contours; outside the area of observed data the accuracy
decreases rapidly, standard errors reaching over 100 v 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 v, 129 v and 145 v, 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
estimate. It is plotted to the east of the flight track when posi-
tive and to the west when negative. Figure 8 gives the ‘vector
residuals’ in the horizontal plane, and Figure 9 the ‘vector
residuals’ in a vertical plane passing through the flight track. In
the latter case, when a vector is pointing 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 S to 7 demonstrate one of
the advantages of rotating the grid axis by Aq = —55°. It is
quite a simple matter to plot, 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 U, V and Z
could be neglected. Including these covariances makes only
slight differences in the standard errors, amounting to 1 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, V'V 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 U-coefficient and a V<coefficient. In
Table 4 the residual mean product of UV, for the 3rd degree
case, is given as 895 2. This figure, multiplied by the inverse
matrix listed in Table 2A, gives the required estimates. For
example, the covariance between U, and Vg, obtained from
the (2,6)th term of the inverse matrix, is 895 X —1.4644 X 10!
=-1.3106 X 10* y%. Of course, to obtain an estimate of the
covariance between a U-coefficient and a Z-coefficient, the
matrices in Tables 2A and 2B would have to be the same.

Many are interested in how a particular polynomial model
compares with a spherical harmonic model. In Figures 10 to
12 the 3rd degree polynomials have been compared to Cain’s
10th degree spherical harmonic model GSFC (12/66) Set 1
Rounded, reduced to 1965.8. The agreement over the main

(continued on page 105)

Table 4

Residual Mean Products

uu 2% zz uv vz vz
Observations 1372 1372 1382 1372 1370 1370
1st Degree 24,6700 15,9914°  27,1829% 291347 —1,7134% 21647
2nd Degree 19,931 12,679 25,596 827  —1,308 387
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 within about 75 v, 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 harmonic model.) 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 harmonic expan-
sion. Bullard (1967) suggests that the number of constants per
unit area is a reasonable basis of comparison. By this method,
a 3rd degree polynomial fitted to the Scandinavian data area
of 2 million square kilometres (see Figure 5) is ‘equivalent’ to
a spherical harmonic expansion of degree 49. Bullard also
shows that the shortest wavelength which can be represented
in an nth degree spherical harmonic expansion is ¢/n, where ¢
is the circumference of the earth. A harmonic 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 harmonic model
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 less than 10 +y.

TABLE §

Vertical component of Curl; A, in Units of ma/km?, and
(in brackets) the Modulus of its ¢ value.

Longitude CE)

Latitude
0 5 10 15 20 25 30

CN) 70 171 —140 —123 -—122 -137 -167 —214
L) @3) @S (L9 (23 (25 3)

68 -125 —87 —66 —62 —75 —106 —155
an @2 @4 A @3 Q4 Qo

66 =92 —7 —20 ~12 23 54 -—106
an A ©7 (©5 Q1) @5 Q.4

6 —72  —19 14 27 18 13 -7
(1.0) (0.6) (0.6) (1.0) (0.8) (0.3) (0.8

62 —65 —4 36 53 47 18 -37
08 (01 @13) 22 1.9 (0.3) (0.4
60 —72 ) 45 68 66 38 ~—18
0.7 (0.0 @7 3.0 (1.6) (0.5 (0.1)
58 —94 -3 42 7 73 47 -9
0.7 ©2 Q.2 @& 09 (©4) (©.1)

56 —130 —40 24 61 68 45 -1
0.7 (04) (0.4) (0.8) (0.5 (0.2) (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 # value in brackets. The ¢ value is the value of the curl, H
estimate divided by its standard error. An estimate is ‘statis-
tically significant’ at the 5 percent level whenever |¢| 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 curl, / = 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 curl, / = 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 estimates of the
geomagnetic elements U,V,Z,D.H X,Y,I 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

OH = 1[ y0X i)
P={x g +r ¥
The other components have been defined previously.
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Appendix

Estimates of Several 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 # (CURL) is in milliamps per square kilometre.



LAT LONG u VL Z 1] H X Y 1 E 0nx 0y OH DZ CURL
54,00 2400 7879 =15900 44908 =-6.6_ 1774 = 4RPHT 645 =0,.3 625 . _20.5._ =138,7
54,00 4,00 7591  -16056 44930 -5.7 17760 17673 -1762 68,4 48313 6.5 =0.0 606 20.5 =99,0

6,00 7290 bbb 2045 —=63,9
54,00 8,00 6979  =16350 45045 -3,9 17778 17737 -1204 68,5 4B426 6.3 b 603 20.5 =333
- - 6 6.2 20,5 7.3
54,00 12,00 6337 -16605 45238 -2.1 17773 17761 -655 68,6  4R604 6.2 .8 6.1 20.5 14.1
54,00 14,00 _ 6010 . =-16712._ 45357. _ _=1.2 17760 .. _17156 _ =379 68,6 _ 48710 6ol 9 Sl 2056 30,7
54,00 16,00 5681 ~-16804 45489 -0,3 17739 17738 -100 68,7 4RB25 640 1.0 6.0 20.4 42.4
54,00 18,00 5352  -16881 45632 - 182 6 5.9 20.3 49,2
54,00 20400 5023 ~16940 45783 1,5 17669 17663 467 68,9 49074 5.9 i3 5.9 2043 50,8
54,00 22,00 4695 =16983 45941 2.5 igugal
54,00 24400 4369  ~=17009 46105 3.4 17561 17530 1043 69,1 49336 5.8 1.4 5.8 2041 38,2
54,00 26400, . 4044 . -17018 . 46273 _._ 4ot 17492 17442 1332 A9.2 . 49669 5.7 = J S . e B 28079 23,7
54,00 268,00 3720 -17012 46447 5.3 17414 17339 1619 69,4 49604 Se7 1.6 5.8 19,9 3.4
54,0 3 3397 =1699 6,3 17328 17223 1903 69,6 649740 5.7 1557, 549 19.8 =22.7
54,00 32.00 3072 -16958 46806 7.3 17234 17095 2181 69,8 49878 SeT 1,8 5.9 19.8 -5 o7
55,00 2.00 7578  -15478 45322 -6,9 17234 17108 -2074 69,2 48488 6.4 -0.3 6.4 203 =112+8
55,00 _ 4,00 . . 7311 _-15625 _ _45337.. _ . =5,9 _ 17251 17159 __ =1T7BQ . 69,2. . 48508 . 6,3 . _=0,1 ... 6¢3 ._-20.4 7504
55,00 6,00 7031  -15768 45376 -5,0 17265 17200 -16495 69,2 48549 6.3 .2 6.3 20.4 4244
55,00 8,00 6740  =15906 45436 -4,0 17275 17232 -1216 69,2 48609 fe2 4 662 2044 -13.8
55,00 10.00 6440 -16035 45515 -3.1 17280 17254 940 69,2  4R685 6.2 ¢S 6ol 20,5 1043
55,00 12,00 6135 16153 _ 45 g yes S
55,00 14,00 5825 -16260 45722 -1,3 17272 17267 -389 69,3 48876 640 .9 6.0 204 44,8
55400 _ 16,00 5512 -16354 _._45B47 ... . e0o .. 1725717252 . .all3 .. 69,4 4RIBT _ . 6,0 - 1.0 5e9 2004 55.1
55,00 18,00 5197 -16433 45982 .6 17235 17235 166 69,5 49106 5.9 1] 549 20.3 605
55,00 _ 20,00 4882 =16498__ 461 231 5.8 12— 5.9 2043 6049
55,00 22,00 4567 -16548 462890 2,4 17166 17151 728 69,6 49361 5.8 1.3 5.8 20.2 56,3
55,00 _ 24,00 4252 =1658B3  4644) 3.4 17119 17089 3010 69 B 49495 5.7 o 5.8 202 — 46,5
55,00 26,00 3938 16603 46608 4,3 17063 17014 1292 69,9 49633 5.7 1.5 5.8 2041 3Ile4
55,00 . 28,00 3623 -16608 . _ 46781 . S5.3 . 16999..  16926...__ . 1572 - .. 70,0~ 49773 __. 5.7 NG e 20,0 10.8
55,00 30,00 3308 -16601 46959 6.3 16927 16826 1848 70.2 49917 5.7 %7 5.8 2040 =154
55,00 32.900 2991 =1658] 47144 7.2 16849 16715 2119 70.3 509064 Se7 1.8 Elon L halig: lo]i:
56,00 2600 7294  -15069 45729 -7.2 16742 16611 =2091 69,9 48697 6.2 =0,3 6.2 20,2 =90.8
56.00 4,00 7047 =-15208 45739 6.1 16761 16665 -1793 69,9 4RT13 6.2 =0.1 6e2 20.3 -5546
56400 .. _6.00. . .._6786 __=15344 . 45771 =5,1 ..16778 _ _ 16710 .. . =1506.....69,9 48749 .. 62 el B0} 2043 -24,7
56,00 8,00 6514  =15475 45824 -4,2 16790 16746 ~-1222 69,9 48804 6.1 o3 6ol 20.4 240
56,00 10.00 6233 -15600 45896 - L u944 74 6.1 2 640 2044 2443
56,00 12.00 5945 -15715 45985 -2.3 16892 16789 -668 69,9 48959 640 = 600 20.4 4242
56,00 _ 14,00 _ 5652  -15821 46089 __=1,3 16800 16795 «393 10,0 49056 640 8 549 g g - IgECE
56,00 16,00 5355 -15915 46207 -0.4 16792 16791 -119 70.0 49163 5.9 1.0 59 20.4 6444
56.00. .. 18,00 ..__.5055 . =15997 . 46336... . . . 5. 16776.—. 16776 157 . 70.,1-— 49279 O TR SO | 5.9 20s3 68,6
56,00 20,00 4753  -16065 46476 1.5 16754 16748 433 70.2 496403 5.8 1.2 5.8 20.3 67.9
56,00 22,00  _445)  =16121 46625 . 24 ! D3 49633 - GoF. - g3l g8 - 2p-% - g4
56,00 24,00 4147 -16163 46782 3,4 16686 16657 987 T0.4 49669 5.7 1.5 5.8 2042 5149
56,00 26,00 _ 3843 16192 46947 4.4 ) 3643
56,00 28,00 3538  -16207 47119 5.3 16589 16518 1536 70.6 49954 Se7 1.7 5.8 2042 154
56,00 30,00, . 3231 -16211  .47299.. 6.3 16530 .16431 S1B0B . T0eT - 50108 5T o leB s BB 20¢}—n}0.8
56,00 32.00 2922 -16203 47486 7.2 16465 16334 2070 70,9 50259 5.7 1.9 5.9 2041 =624
57.00 2.00 7023 -14674 46128 =7.4 16268 16132 -?102 70.6 48912 6.1 -0.4 6el 20.1 -72.8
57,00 4200 _ 6795 _=14804 46134 -6,3 16289 16189 =1 N e o V)
S57.00 6,00 6553  -14933 46162 -5,3 16308 16238 -1508 70.5 4B958 6.1 | 6.0 2043 -10e7
57.00 _. ._8.00. ._ 6300 ._-15058. _462l0 =443 16323 .. 16277 _ . _ 1223 _ 70,5 — 69008.. _—_ 6.0 3ol 20vI——}hel
57.00 10,00 6037 -15178 46276 -3,3 16334 16307 -943 70,6 49074 6.0 ¢S 5.9 20.3 3467
57,00 ~12.00 . 5766  =15290 46359 -2,3 16361 _ 16327 _ 667 _T0.6_ 49155 5.9 6

VIAVNIGNVOS 40 AJANNS

LOT



LAT LONG Y v S 4 D H X918 A7 ji F DX 0y DH DZ_ CURL
57,00 14,00 _ 5489 =15394 46457 ~1le4 16343 16338 _ =392 _ 70,6 49248 LG IR 509 . 2044 __ _63.0
57,00 16.00 5207  -15487 46568 =0.4 16339 16339 -119 70,7 49352 5.8 1.0 5.8 20.4 70.5
57,00 18,00 4922 _=155740 46692 .S 16330 16329 154 10,7 49465 S.8 i 5 5.8 20.4 73.5
57,00 20,00 4634  -15642 46827 1,5 16314 16308 427 70,8 49588 5.7 1.2 S.8 20.3 71,9
57,00 22,00 4344 -15702 46972 2,5 16291 16276 JOOT T 709 SQINT. L SIEY L5 G 5.8 20,3 65,6
57,00 24,00 4051 ~15749 47127 3.4 16262 16233 972 71.0 49854 5,7 1.5 5.8 20,3 54,5
57,00 26,00 3758 15785 47290 4.4 16226 16178 1242 71,1 49996 . 5,7 1.6 5.8 20,3 . . 38,5
57.00 28,00 3462  -158¢09 47462 5.4 16184 16113 1510 71.2 50145 5,6 1.7 5.8 20,3 17.4
57,00 30.00 3164 -15822 47642 __ 6.3 16135 16037 1773 71,3 50300 5.6 1.8 5.8 20,3 =8,7
57,00 32,00 2864  -15824 47830 7.3 16081 15952 2032 71,4 50461 5.6 1.9 5.8 20,2 ~40,0
58,00 2.00 6765 ~14289 465290 -7.7 15810 15669 -2109 71,2 49133 6,0 “0.4 6.0 2040 58,6
58,00 4,00 6556 -14412 46523 -6,5 15833 15730.. -1803 71,2 49144 6,0 -0,2 . 5.9 20,1 .~21.5
58,00 6,00 6332 -14534 46548 ~5,5 15853 15781 -1508 71,2 49174 5,9 ) 5.9 20,2 -0.4
58,00 _8.00 _ 6096  ~14653 46592 =4,4__ 15870 15823 1220 71,2 49220 L S e i I LR ST 22.6
58,00 10,00 5850 ~14767 46653 ~3.4 15884 15856 -939 71,2 49283 5.9 b 5.8 20.3 41.6
58,00 12.00 5596  -14876 4673) -2.4 15894 158890 -661 71,2 _ 49360 5.8 b . 5.8 20.3 56,4
58,00 14,00 5335  -14977 46824 1.4 15899 15894 -387 T1.2 49449 5.8 .8 5.8 2044 67.1
58,00 __ .16400 5068 -15070 46930 -0,4 15899 .15899 -114 71.3 49550 5.8 .9 5.8 20.4 73.4
58,00 18,00 4797 -15153 47049 .6 15894 15893 157 T1.3 49662 S.7 1.1 5.7 2044 754
58,00 4522 ~15226_ 47180 1.5 15884 __ 15878 __ 427 Tlaé 49782 . 8.7 1.2 5.7 2044 72.9
58,00 22400 4245  -15289 47322 2.5 15867 15852 697 71.5 499]2 S5e7 1.4 5.7 204 6549
58,00 _ 24200 3964  ~15341 47414 = 3,5 15845 15815 = 964 71,5 _Sg04B __ _ S.6 1.8 5.7 2044 S4.3
58,00 26400 3681 -15382 47636 4,5 15816 15768 1229 71.6 50193 5.6 1.6 5.7 20.4 37.9
58,00 28.00 3395 ~15412. . 41806 S.4. 15782 15711 1492 71.7 50346 5.6 l.7 5.7 2044 16.8
58,00 30,00 3107 -15433 47987 6.4 15742 15645 1750 71.8 50503 5,6 1.8 5.7 2044 -9,2
58,00 32.00 _ 2815  -15443  48176_ 7,3..15697 15569 2003 .. 72,0 50669 _ S.6 2.0 _5.8 20.4 -60.2
59.00  2.00 6519  -13915 46903 _ ~-7,9 15367 15221  =2111 _ 71.9 49356 5,8  =0.4 SeB_ 20,0  =48.)
59,00 4,00 6327 -14030 46906 -6,7 15391 15285 -1803 71.8 49366 5,8 -0.2 5.8 20,1 -18,9
59,00 ___ 6,00 6120 ~14145 46928 -5,6 15412 15339. .. =1505 71,8 49394 _. 5.8 .. $eell 5.8 . 20,1 6.3
59,00 8.00 5902 -14258 46969 -4,5 15431 15383 -1215 71,8 49438 5.8 o2 5.8 2042 277
59,00 10.00 5672 -14367 47026 . =3,5 15446 1541 5.8 s 5.7 20.3 45,2
59,00 12,00 5434 214472 47100 -2.4 15458 15444 -652 71,8 49572 5.7 .6 5.7 20,3 58,6
59,00 14,00 5188  -145170 47189 =1,4_ 15466 15461  .378 71,9 49659 5.7 B 5.7 —67%9.
59,00 16,00 4936  -14661 47291 -0.4 15469 15469 -106 71.9 49757 5,7 .9 5.7 20.4 73.2
59,00 _ 18,00 4679  -14743 47407 _ . 6 15468 .. 15461 ._..__. 164 T1.,9 49866 . .. 5,6.. l.1 Sa7 2044 . 74,2
59,00 20,00 4418  -14817 47534 1.6 15462 15456 432 72,0 49986 Se6 1.2 5.6 20,4 70.9
59,00 22,00 __ 4152  -14882 47673 2,6 15450 15434 = 698 72,0 50114 S.6 1,4 = 5.6 20.5 63,3
59,00 24,400 3883  -14937 47822 3,6 15433 15403 962 72,1 50251 5.6 ) (EL] 5.6 20,5 51.2
59,00 26,00 3611 -14982 47982 4,6 2.2 50396 5.5 1.6 P 1 e _3b4.b
59,00 28,00 3335  -15017 48152 5.5 15383 15312 1480 72.3 50549 5.5 1.8 5.7 20,5 13.5
59,00 3056 -15043._ .. 48332 _ . 6,5 15350 . 15252 ... 1733 T2.4 50711 . . 5.5 . 1.9-. ... 5.7 -.__20.5 =12.3
59,00 32,00 2773 -15060 48521 T.4 15313 15184 1981 72.5 50880 5.5 2.0 5.7 20,6 -42.9
60,00 2.00 6283  -13550 47278 -8,1 14935 14785 -2111 72,5  495R] 5.7 0.4 5.7 19.9 =412
60,00 4,00 6107 -13657 47281 6.9 14960 14852 _ =}799 12,4 4959) 5,1 0,2 ) 20,0 =13,9
60,00 6,00 5917 -1376S 47302 -5,7 14983 14908 -1498 72,4 49618 5.7 .0 5,7 20.1 9,6
6 5714 _-13872 47340 .. =4,6.... 15003 14954 «1206.. T2.,4 - 69661 __5.1 i) 5.6 20.2 29,4
60,00 10.00 5501 -13976 47395 -3,5 15020 164992 =921 72.4 49718 S5e7 o4 5.6 20.3 45.4
6 5278 __ -14076 47466 2.4 15033 15020 ~bih] 124 49790 5.6 6 5.6 20,3 57,5
60,00 14,00 5048 -14171 47551 ~1,4 15043 15039 =366 T2.4 49874 5.6 .8 5.6 20,4 65.6
60,00 16.00 4810  ~14259 47650 _=0.4 15049 15049 =94 72.5 49970 S.6 9 S.6 20.4 69.8
60,00 18,00 4567 ~14341 47763 .7 15050 15049 174 72.5 50078 5.6 Lic] S5¢6 205 7040
60,00 20,00 .___ 4318 -14415_ _ 4788T 1.7 15047 15041 440.. . _7246 .._50195.. 5.5. 12— — 5.6 20.5 . __66.0
60,00 22.00 4065 -14480 48023 2.7 15040 15023 703 72.6 50323 5.5 1.4 5.6 20.5 57.8
60,00 24,00 3807  =14537 48170 3,7 15027 14996 964 T2,7  Sa460 5,5 1,5 5.6 206 — 45.4
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Saf 20,6

5.5 20.80—— =12.4

LAT LONG u v z D H X Y
60,00 26.00 3546 =-14584 48328 4,7 15009 14960 1221 5.5
60,00 28,00 3281  -14623 48497 5.6 14987 14914 1474 5,4
60,00 32.00 2737 =14675 48865 7.6 14928 14798 1966 Seb
61,00 2400 6054 -13192 47645 -8,3 14515 14361 =2107 S5e5
61,00 400 ___. 5894  _=13292 __ 47648 _ __ =T.1 14541 . 14430 _ - 4123m_,_13.n“ 49817 5.5
61,00 6,00 5720 =13394 47668 =5,9 14564 14488 =1490 5.6

00 $533 =1349 -
61,00 10,00 5335 -13593 47759 «3,6 14603 14574 -909 5.5

- 47827 =2.5 164617 14604 6

61,00 14,00 4912 =13779 47910 =1,4 14629 14624 -353 5,5
61,00 16,00 .. . 4688 . 13865 48007 _»0,3-_ 14636 __ 14636 B8] 5.5
61,00 18,00 4458  -13944 48116 .7 14640 14638 186 5,5
61,00 20,00 4222  -14017 4
61,00 22,00 3981 -14082 4837) 2.8 14634 14617 711 5.4
6 14625 14592
61,00 26,00 3485 14189 48672 4,8 14610 14559 1222 5.4
61,00 . 28,00 . . 3230 .<=14230_.. 4B8B39_.___S,8._ 14592 __ 14518 __ 1471 . 73,4 50973 _S.é_
61,00 30,00 2970 -l4263 49018 6,8 14569 14468 1716 .3
6 _.2106
62,00 2400 5833  =12840 48002 -8,6 14103 13945  -2101 73,6
62,00 4400 5688 -12934 48006 =7.3 14129 14016 -1786
62,00 .. 6,00 . 5529.. .«13029 48028 - =640 14153 - - 14026-—— =348l T3,6—- 50070 - —Sgb--
62,00 8,00 5357 13123 48065 -4,8 14175 14125 -1185
62,00 10,00 5174
62,00 12,00 498 -13307 48184 =2.5 14209 14195 =615
62,00 14,00 4779 =13394
62,00 16,00 4569 =13476 48359 -0,3 14230 14229 -67
62,00 . 18,00 4352 «13553 . 48466 . = 14234 .— 14233 199 _..73,6..--505}13----
62,00 20400 4129  -13624 48585 1.9 14235 14228 462 v 2
62,00 22,00 3900 - 14232 - 14214 — 7V = JT7 "Bayel - g 334 gL g P  GRE
62,00 24,00 3665 -13745 48869 3,9 14225 14192 975 r
62,00 26,00 3426  -13795 49014 4.9 14216 1416} 1226 3
62,00 28,00 3181 -13837 49179 5.9 14198 14121 1471
62,00 30,00 _._.2932__ -13871_ . 49356 . 6,9 - 14178 14074 1732 . The0 51352 Sel gl ]
62,00 32.00 2677 -13898 49544 7.9 14154 14019 1946
63,00 2.00 5618 =12493 48349 -8,8 13698 13537 ~2093
63,00 4,00 5487 _-12581 48356 = =7.4
63,00 6400 5342 =12669 48379 -6,1 13750 13671 -1470
63,00 B,00. . 5184 . «=12758. . .484l6. 4gQ . 13771 —- 13721 =} ) TR Ty ) -
63,00 10.00 5015 ~-12846 48468 -3,7 13790 13762 -883
63.00 12,00 4B36 . 12931 48534 —-a.s_uaos_—yszss——.so;__—lm%___sfs___rs—s,a_—e»ﬁ__asﬁ
63,00 14,00 4648 =13014 48613 -1.,3 13819 13815 -325
QQ;QQ_,ﬁ__lélﬂQ_ 4451  =13092 & - 2 =54
63.00 18,00 4247  -13166 48811 .9 13834 13832 212
63,00  20a00 4036_ =13234_ _.48929 . . _ 2.0 13836 . _13828 .. _473.. _.T4.2. - 50847 ..
63,00 22,00 3819  -13296 49058 3.0 13834 13814 730
63,00 24,00 3596  -13352 49199 4o1 - 13828 13793 982 .
63,00 26,00 3368  =13401 49351 5.1 13818 13763 1230
63,00 28,00 3134 =13464 49515
63,00 30.00 2894 =13479 49690 Tl 13786 13680 1708 5,
63.00  32.00 . 2649 . =13506 49876 8,1 1376413627 -1939- - 74,6 =ea)
64400 2400 5406 =12151 48687 =9.0. 13299 13135 = =2084 74,7 50471 Se
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LAT LONG

V]

v

4

A Z D e e e e DX _____ DY __DH Dz CURL
644,00 4400 5289 12232 48697 =7e6 13327 13209 -1766 74,7 50488 Sel 0,1 5l 20.0_ . _=28.0
64,00 6,00 5158 -12315 48721 -6,3 13351 13271 -1459 74,7 50517 S.1 .1 Sel 20,1 -10.8
64,00 8400 5014 =12397 48760 -5,0 _ 13373 13322 =1161 14,7 50560 5,2 <3 Sel 20,2 3.3
64,00 10,00 4858 -=12479 48812 -3,7 13392 13364 -871 74,7 50615 5.2 5 S.1 20.3 14.1
64,00 12,00 4693  -12560 48877 =2.5 _ 13408 13395 _ _ .588 T4.7___50683 S5e2. o5 Sa.l  20.4 21.6
64,00 14,00 4517 -12637 48956 -1.3 13421 13417 =311 74,7 50762 S.2 .8 5.1 20.5 25.7
64,00 16,00 4334  -12712 49047 =-0.2 13430 13430 4] 74,7 50853 5.2 1.0 5.2 2046 26.5
64,00 18,00 4142 -l2782 49151 1,0 13436 13434 224 74,7 50954 5.1 1.2 5.2 2047 23.8
64,00 20,00 3943 12847 49266 2.1 13438 13430 484 76,7 51066 S.l Tt 542 20.8 17.7
64,00 22.00 3738 12907 49394 3,2 13437 13417 739 74,8 511R9 5.1 1.5 5.2 20,9 8.0
64,00 24,00 3526  -12961 49533 _4.,2 13432 13395 __ 989 74,8 §1322 _ _S5,1 1.6 5.2 20.9 ~5.2
64,00 26,00 3309 -13008 49683 5.3 13423 13366 1233 74,9 514664 5.1 1.8 5.2 2140 -22.0
64,00 28,00 3086 -13050 49844 6.3 13409 13328 1472 74,9 51617 5.0 2.0 5.2 21,1 4244
64,00 30,00 26856  -13084 50017 7.3 13392 13283 1705 75,0 51779 5.0 2.1 5.2 21.2 -66,5
64,00 32,00 2622 -13112 50201 8.3 13371 _ 13231 1932 __ Toal . 51952 . 5.0 2.3 5.3 21.3 =94,3
65,00 2.00 5198 =-11811 49015 -9,2 12905 12737 =2073 _ 75,2 50685 4.9 =03 49 19.9 -58,.5
65,00 4400 5093 ~-11887 49028 -7.8 12932 12812 =-1756 75,2 50705 5.0 ~0,1 449 2040 -39.7
65,00 6.00 4975  -11963 49054 -6,4 12956 12875 -1449 75.2 50737 5.0 ol 4.9 2041 -23.9
65,00 8,00 4844  ~12040 49094 -5,1 12978 12927 -1150 75.2 50781 5.0 «3 5.0 20.2 -11.2
65,00 10400 _ 4702 =12117 49)47 =3.E 12997 12968 __=859 75.2 508371 5.0 55 5.0 20.3 =1.5
65,00 12.00 4549  -12192 49213 2.5 13013 13000 -576 75.2 50904 5.0 al Se0 2044 540
65,00 14,00 4386  -12264 _ 49291 = -1,3 13025 13022 -300 75,2 _50983 5.0 9 5.0 2045_ 8.3
65,00 16,00 4215 -12334 49382 =0.1 13034 13034 =30 75,2 51073 5.0 1.0 540 20.6 8.4
65,00 _ 18,00 4036 =12400 . 49484 1.0. 13040 13038 . 234 75.2 51173 5.0 1.2 5.0 20.7 5.1
65,00 20,00 3849  ~12462 49598 2.2 13042 13033 493 75,3 51284 Se0 1.4 5.1 20.8 <14
65,00 22,00 3655 -12518 49723 _ a3l 104N 1020 L 746~ TFS 3. 5145 BTG S.1 20,9 -11.3
65,00 24,00 3455  =12570 49860 4,4 13036 12998 993 75,3 51536 5.0 Vel Sel 2140 -24.5
65,00 264,00 3248 «12615 50008 S.4 13027 12968 1235 1544 81677 4,9 1a8 Sal 21.2 -41a2
65,00 28400 3036 -12655 50168 6.5 13014 12930 1471 75.5 51828 49 2.0 Sel 2143 -6le4
65,00 _ 30,00 2817 -12688 50338 75 12997 12885 1700 75.5 51989 449 2.1 Se1 2l1.4 . -85.0
65,00 32.00 2592 -12714 50519 8,5 12976 12833 1923 75,6 52159 4,8 2.3 Sl 21,5 =112.1
66.00 2.00 4992  ~11474 49332 =9,5 12512 12341 =-2063 75.8 50894 448 =042 447 19.9 -71.9
66,00 4,00 4899 11543 49349 -B.0_ 1254 - 50917 4.8 =0,.0 4.8 2040 - =54.6
66,00 6,00 4793  -11614 49378 -6,6 12564 12481 -1439 75,7 50952 4,8 .2 4.8 2041 -40,2
66,00 . ._._8,00 4674  =11685 49420 =5.2 12586 12534 _ =1140 . 15,7 50997 4.9 oh 4.8 20.3 ~28.6
66,00 10,00 4544  -11756 49474 -3,9 12604 12575 -850 75,7 51054 4,9 .5 4,8 2044 -20.1
66,00  12.00 4404 _-11826_ 49540 __ -2,6 12619 12606 567 75,7 _ 51122 4,9 4 4.9 _20.,5 1445
66,00 14,00 4254  -11893 49618 -1.3 12631 12628 -291 75,7 51201 4,9 &9 4,9 20.6 =120
66,00 16,00 4095 ~11958 49708 P | 12640 12640 =22 5.1 51290 4.9 150 4.9 7\ IR At A WY )
66,00 18,00 3927 -12020 49809 1.1 12645 12643 241 75,8 51389 4,9 1.2 449 20,8 -16,3
66,00 _ _ 20.00 .. 3752 -~12077 49922 ... . 2,3 12647 12637 498 75.8. .51699 .. 449 1.4 69 .. 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
66,00 24,00 3381 -12179  Ss0180_ _4,5 12639 12600 99 Vel 6.9 21,1 —=46,5
66,00 26,00 3185  -12221 50326 5,6 12630 12569 1234 75,9 518R7 4.8 1,9 5.0 20%3 -63,0
66,00 28,00 2983  -12258_ 50483 6,7 12616 12531 _ 4B 2.0 5.0 21,4 =82,8
66,00 30.00 2774 -12289 50650 75T 12599 12484 1693 76,0 52194 4,7 2,2 5.0 21.5 =105.9
66,00 _ _ 32,00 2560 _ -12314. _ 50829. __ 8,7 12577. 12431 __. 1912.-.. 7641 .—.52362... bl 2,3 5,0 . .2le6___=132,3
67.00 2,00 4786 =11137 49638 =9,7 12121 11947  =2052 @ 76,3 51097 4.6 =042 Gafh 19.9  =88,5
67,00 4400 4704 =11201 49659 -8,2 12149 12024 -1737 76,3 51124 4.6 o0 4o6 2040 =72.6
67,00 6,00 _ 4610 11266 49692 -6 ot =1430 16,2 51161 4,7 2 4ob 20,2 -59,5
67,00 8400 4503 =11332 49736 =-5,3 12194 12141 -1133 76,2 51209 4,7 ol 4.7 2043 -49.1
67,00 10.00_ .. 4385 _=11397 _ 49791 . .=4.0. .12211.- 12182 aB43 . 76,2 51267 . — Aol =3 —4e7 200h— ... =bleb
67,00 12.00 4256  =11461 49858 =-2.6 12226 12213 =561 76,2 51335 4,7 al 4.7 20.5 -36.9
67,00 14400 4118 -11524 49936 “1e3 12237 . 12234 L2885 76,2  S1414 47 49! haT PNV =08
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LAT LONG [ MY S D} H X Y 1 Eoe =1 X ny DH Dz _CURL

67.00 16,00 3970 -11584 50026 =0,1 12245, _ 12245 . =11 T6.2 _ 51503 4.7 . 1,1 627 __20.8. . .=36.3
67,00 18.00 3815 -11641 50126 1,1 12250 12247 245 76,3 51601 4,7 Yo 4.8 20,9 -40.5
67,00 20.00_ 3651  -11694 50237 2,3 12250 12240 560 76,3 51709 4,7 1.4 4.8 . 21,9 47,6
67,00 22,00 3480 -11743 50359 3,5 12248 12225 749 76,3 51827 4,7 1.6 4.8 21.1 -57.8
67,00 24,00 3302 -11787 50492 4.6 12241 12201 992 16,4 51954 4,7 1= O O e e
67,00 26,00 3117 -11826 50635 5,8 12230 12168 1228 76,4 52091 4,7 1.9 4.8 21.4 -87.4
67.00 _ 28,00 2925 ~11860 50789 6.9 12216, . 12129. _ _ 145B  _T6eS._ .5223T._  4eb . _ 2.1 . _4eB.__ 21,5 .. =106.8
67.00 30.00 2727 -11889 50953 7.9 12197 12081 1681 76,5 52393 446 2.2 4.8 21.6 =129.3
67,00 _ 32,00 _ 2523 -11911 51128 9,0 _ 76,6 523558 = 4,5 @ 2.4 459 21 B a]E5.g
68,00 2,00 4579 -10800 49934 =10,0 11730 11551 =2061 76.8 51293 4ok =0.1 4.4 20,0  =108.2
68,00 4,00 4508 ~-10858 49959 -8,5 11757 11629 -1728 76,8 51323 4,5 ) 46 20.1 -93,7
68,00 __ 6400 4424 -10918 49994 =6,9. 11781 . 11694  _-1424 ... 16,7 ._51364.. _.4.5 . -3 4eS 20,2  __=Rl.8
68,00 8,00 4329  -10979 50041 -5,5 11801 11747 -1127 76,7 51414 4,6 ol 4.5 20.4 ~72.56
68,00 10,00 4222  =11039 50098 - -A39 16,7 51473 4.6 .6 4.5 20.5 =660
68,00 12,00 4105 ~-11097 50166 -2,7 11832 11819 -558 76,7 51543 4,6 .8 4.5 20.6 —62.2
68,00 14,00 3978, =l) )54, . S0245" . -1,4 118421 11839 -284 76,7 51621 4 o6 1.0 heb 20.7 mb6lel
68,00 16,00 3842  -11209 50334 =0,1 11849 11849 -17 76,8 51710 4.6 1o) 4.6 20.9 -62.8
68,00 18,00 3697 -11261 50433 . 1,2 . 11853 11850. . ... 243 .. 16,8 53807 beb il oD hiob 2140 JEIE Y
68,00 20,00 3545 =11310 50543 2.4 11852 11842 497 76,8 51914 446 1,5 446 21.1 ~74.8
68,00 22,00 3385 ~11354____ 50663 3.6 11848 11825 T44 16,8 52030 4o b 1.6 _4.6 . 21,2 -85,0
68,00 24,00 3217  =11395 50794 4,8 11840 11799 984 76,9 52155 4,5 1.8 4.7 214 -98,2
68,00 26,00 3043 =11430 50934 16,9 52299 4,5 46 4o 75 - e 1) N ¥
68.00 28,00 2862  =11460 51085 7.0 11812 11724 1444 77.0 52433 4,5 2.1 4t Sk o 523343
68,00 30.00 2675 . -11485 51246 8.1 11792 . 11674. 1664..  TZ.,0. 5585 -beb. .. 2,3 C 447 21.8 =155.2
68,00 32,00 2481  -11504 51417 9,2 11768 11618 1875 T7.1 52747 4ok 2.4 4,7 21.9 =180.1
69,00 2400 4371  -10461 50217 -10.3 11338 11154 -2032 77.3 51481 4,3 -0,0 442 200 =130.9
69,00 _ %400 4310 -10515 50247 _ -8,7 11364 S NEN— . 20+2- =117+8
69,00 6.00 4236  -10570 50246 -7.2 11387 11298 -1419 77.2 51559 4,64 .3 4.3 20,3  =107.1
69,00 8.00 4151  -10625 50335 =5.7. 11407- 11351, =1125..  77.2. 51612 bolr g5 4+3. 20e4 -39,0
69,00 10,00 4055 -10679 50394 -4,2 11423 11392 -838 77.2 51673 4.4 .7 4.3 20.6 93,4
69.00 12.00 3948 «10733 50463 -2.,8 11436 11422 559 Jr S PR P SR Sy R ™ e — o Ly e i -90.3
69,00 14,00 3832 -10785 50542 -1,4 11445 11442 -287 77.2 51822 b4q4 1.0 4.4 20.R -89,9
69,00 16,00 3707 -10834 _50631 =0,1 11451 11451 =22 77.3 519140 oy 1.2 boh 20,9 =921
69,00 18,00 3574 ~1088] 50730 1.2 11453 11450 236 77.3 52007 Gob 1.3 445 21,1 -96,9
69,00 20,00, 3432 -10925 50839 2.4 11451 11441 . _488 27,3 . 52112 __ 4.4 155 45 21.2 . =104.5
69,00 22.00 3283 ~10964 50957 3,7 11445 11422 732 77.3 52226 4,4 Nop 4,5 21e3 =114.8
69,00 24,00 3126  -ll000. 51085 4,9 11436 11395 979 11,46 52349 bk T 445 ayig——aya7g
69,00 26,00 2963 =11031 51223 6.0 11422 11359 1200 77.4 52481 443 2.0 445 21.6 <=143.6
69,00 28,00 2792 =11058 81370 1.2 11405 11315 1424 17,5 52621 443 e 45 Salo A e ST
69,00 30.00 2615 -11078 51527 8,3 11383 11264 1640 77.5 52769 4.3 2.3 45 21.9 -183.5
69,00 . 32,00 2432 ~11094 51696 .. 9,4 11387 . . 11206 1848 . 17,6 52927 o big2 — . 24l 45 22.0 =207+6
70400 _ 2400 4160 -10120 50489 =10.7 10942 10753 =2023 1258 51662 4.1 1 be0 20,1 =156.7
70.00 4,00 4108  -10170 50523 -9,0 10968 10833 -1717 77.8 51700 461 .2 4.1 20.2 =144.9
70,00 6,00 4044 =-10219 -
70.00 8,00 3968  -10269 50618 -5.9 11009 10952 -1126 77.7 51801 4.2 .6 4e1 20.5 ~-128.2
70,00 10.00. 3882. . -10319 50679 4,4 11025 ___10992 .. _a842 - T7.7 51Bb6A - 442 . Jlr bR 20ub-- - =123e5
70,00 12.00 3786  -10367 50749 -2.9 11036 11022 ~-565 77.7 51935 4,3 .9 442 20.8 -121.2
70.00 14.00 3681  -10413 50829 . =15  11044- 11041 =296  _7T7.7- 52015 — 4,3 1,1 42— 20,9 =121+3
70.00 16,00 3566  -10457 50917 =0.2 11049 11049 =33 77.8 52102 4.3 1.2 4¢3 21.0 ~=124.0
7000 18,00 3443 =10499  Sl0l5 1,2 11049 11047 223 129
70,00 20,00 3312 -10538 51122 2.4 11046 11036 472 77.8 52302 4,2 1:5 4.3 21.3 =136.9
10400 22.00.. 3173 . -10573 51239 3.7 11039- ._11016 —— Tl4 . - 77,8 52414 _ _G4e2 - bo?- - bpeF -~ 2Vl ——=tbT e}t
70,00 24,00 3027  -10604 51364 4.9 11027 10986 948 77.9 52535 4,2 1.9 4.3 21.6 =160.0
70,00 26400 2874  =10630 51499 61— 11012- 10949 3176 7749 52663 4.2 2.0 4.3 2} 7
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LAT LONG y v Z D H X TsT F DX DY CURL.
70400 . 28400, 2714  -10652 51643 . Te3 10992 10903 _ 1396 . 78,0 52800 _.__ 4.l 2.2 e 219345
70,00 30,00 2547 -10669 51796 8,4 10969 10850 78,0 52944 4.1 2.3 -214,2
70.00 32,00 2374 10680 51958 9.5 10941 10789 78,1 53097 4,0 2.5 =
71.00 2.00 3944 =-9776 50749 -11.0 10542 10347 78,3 51833 3,9 ] 3.8 -185.6
71,00 4,00 3901 -9821 50787 -9,3 10568 10427 78,2 51875 4,0 o3 3.9 -175.0
71.00 6,00. 3846 -9866 50834 =TT 10589 10494.. 78,2 51925. - 440 = 3.9 ~166,5
71.00 8,00 3779 -9911 50888 -6,1 10607 10547 78,2 51982 4,0 .6 3.9 ~160,3
71.00 10.00 3703 =9955_ 50951 =4,6 10622 . 10588 = .BS1 78,2 _S2047 4,1 8 4,0 -156,4
71,00 12,00 3817 -9998 51023 -3,1 10632 10617 78,2 52119 4,1 1,0 4.0 -154,8
00— 14,00 - 3521 - 10039 —SPI0R — <3 37° -gh39 110634 300l . CFRLPE LSS g8 - o 4 ST 4ol =155,5
71.00 16,00 3417  -10078 51191 -0,3 10642 10642 78,3 52286 4,1 1.3 4.1 -158,5
71.00_ . 18,00 3304.. -10115. . 51288 1.1 10641 10639 78,3 52380 4,1 .4 4.1 -163.9
71,00 20,00 3183 -10148 51394 2.4 10636 10626 78,3 52483 4,1 1.6 4,1 -171,7
71,00 22,00 3055 _ -10178 51508 3.7 10627 10605 78,3 52593 440 1.7 4.1 _=182.0
71,00 24,00 2919 =10204 51631 5.0 10614 10574 78,4 52710 440 1.9 442 ~194.6
71,00 26,00 27176 =-10226 51762 6.2 10596 10535 1142 78,4 52836 4,0 2,1 4,2 =209,.1
71,00 28,00 2627  -10243 51902 7.4 10575 10487 78,5 52968 3,9 2.2 4,2 -227.3
71200 - 30.00 . 2470 =-10255 52051 8.5 . 10549 210432 7845 53109 3.9 2.4 4.2 ~2467.3
71.00 32,00 2307 -lg262 52207 9,7 10518 10369 78,6 53257 3.8 2.5 4.2 -269,7
72.00 2.00 3724 =9428 50997 1.4 10137 9935 78.8 51995 3.7 ] 3.6 =217.3
72,00 4400 3688 ~9469 51039 -9,7 10162 10016 78,7 52041 3.8 4 3.7 _=2071.9
72,00 6,00 3641 ~9509 51089 -8,0 10183 10082 78,7 52094 3.8 .6 3.7 =200.5
72400 8,00 3584 . =9549 . 51146 =64 10200 ....10136 __ _=1142 78,7 _52153._ 3,9 _ =y ¢ 3.8 . -=195.3
72,00 10,00 3516 -9589 51211 -4,9 10213 10176 78,7 52219 3.9 .9 3.8 =192.1
72.00 12.00 3439 =9626 51283 =3,3 10222 10205 1 3,9 1.0 3.8 =191,.1
72,00 14.00 3353 ~-9662 51364 -1.9 10228 10222 78,7 52372 3.9 1.2 3.9 =192.3
72.00 16,00 3259 =-9696 51452 -0.4 10229 10229 THLA -~ 82489 . 3.9 .3 3.9 2152 =198,7
72,00 18,00 3156 -9728 51548 1.0 10227 10225 78,8 52553 3.9 1.5 3.9 =-20143
J2.00 20.00 _ . 3045 _ _ =9756 51652 —2,3. 10220.. .10211. TB,B. 52653 ... 3,9 _....1.6...-_3.9. ~209.2
72,00 22,00 2926 -9781 51764 3,7 10209 10188 78,8 52761 3.8 1.8 4,0 =-219,3
72.00 24400 2801 =9802 51884 4,9 10194 10156 7 16 3.8 1.9 440 =231,.7
72,00 26,00 2668 -9819 52011 6,2 10175 10115 78,9 52997 3,8 2,1 4,0 -246,4
72,00 28,00 2529 =-9831 52147 T4 10151 10066 79,0 53126 37 U 440 =263.4
72,00 30.00 2382 -9838 52291 8,6 10123 10009 79,0 53262 3.7 2.4 4.0 -282.17
72,00 3 —=984)1 52442 ... 9,8 10090 994 1712 79,1 53404 . 3.6 2,5 . _4.0. 230443
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