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Characteristics of Magnetic Disturbance at the
Canadian Arctic Observatories

BY

K. Warraam anp E. 1. LooMsr
PART 1: CYCLIC FIELD CHANGES ON QUIET AND DISTURBED DAYS

ABSTRACT

A selection has been made of three classes of days at Resolute Bay* (geomagnetic latitude = 83°N) and Baker
Lake (geomagnetic latitude = 73.7°N) corresponding to “local disturbed”, “local quiet”, and “local very quiet”
conditions at a time of sunspot minimum. The disturbance daily variation has been harmonically analysed, and the
statistical properties of the cyclic disturbance waves examined.

Well inside the polar cap, it has been demonstrated that the form of the disturbance field remains substantially
constant independent of the intensity of disturbance and the season, and can be well represented by 24-hour waves
only. The 12-hour waves are only very partially persistent and higher harmonic waves are random. The results
from Resolute Bay are in excellent agreement with a simple atmospheric dynamo model, but modifications of the
theory lead to contradictions, and the plausibility of theimodel is thus'in doubt.

In the transitional region to the north of the auroral zone, diurnal disturbance is much more complex and vari-
able, changing form as the disturbance increases. The persistent properties of the waves are discussed in connection
with a number of theories of auroral zone magnetic disturbance, and it is shown that none of these theories satis-
factorily explain the observations.

INTRODUCTION

The quiet day solar daily variation and the disturbance daily variation in moderate
and low latitudes have been widely analysed and the findings discussed in detail by Chap-
man and Bartels (1940, Chs. 6,7, 9, 23). Until recently the observational material available
from polar regions has been very limited and it has been only partially discussed. The
Dominion Observatory has operated two magnetic observatories in the Canadian Aretic
since 1948. One of these is situated at Resolute Bay, Cornwallis Island (latitude 74.7° N,
longitude 265.1° E) and the other at Baker Lake, Northwest Territories (latitude 64.3° N,
longitude 264.0° E). The geomagnetic coordinates of these observatories are $=83.0° N,
A =289.0° E and =73.7° N, A =315.3° E respectively, assuming 78.5° N, 291° E for the
position of the north geomagnetic pole. Resolute Bay observatory is thus well situated
for the study of magnetic phenomena found within the geomagnetic polar cap, and so far
as is known to the authors, it is the only permanent observatory besides Thule in con-
tinuous operation well inside the auroral zone. Magnetic disturbance at Baker Lake is
representative of disturbance found in the transitional region to the north of the auroral
zone. Again permanent observatories in these latitudes are few in number: Calm Bay
(Tikhaya) magnetic observatory located in Franz Joseph Land at geomagnetic latitude
71.5° N should be comparable.

An analysis of the outstanding features of magnetic disturbance at Resolute Bay and
Baker Lake observatories is described in this paper. Part I refers to cyclic field changes
on quiet and disturbed days whereas in Part II the transient storm disturbances are
discussed. The statistical techniques used have been largely those tried for low and

*A recent decision by the Canadian Board on Geographical Names has assigned the single name ‘Resolute’ to this location.
201
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moderate latitude stations with certain modifications and additions. Wherever possible
the results obtained have been compared with the predictions of different theories: how-
ever, with two stations only this is often an ambiguous process. A similar analysis for a
denser network of Arctic observatories would be more valuable and such a treatment may
become possible after the IGY. However, the results discussed in these two papers are of
great value to any comprehensive discussions of magnetic disturbance because of the
position of the observatories.

THE SELECTION OF DAYS

Continuous photographic registration of three magnetic elements has been carried
out at Baker Lake since 1950 but at Resolute Bay since mid-October 1953 only. In order
to use records in three components for the same period of time at both observatories, days
were selected from the period November 1953 to Mareh 1955. At the time these investi-
gations began, data were not available beyond March 1955. The number of months in
each of the solstitial and equinoctial periods is different, but this is thought to be unim-
portant since the period is almost centred about the sunspot minimum of April 1954. The
results obtained should be representative of sunspot minimum: the amplitudes of the
cyclic changes found are probably only about 70 per cent of the mean for a complete
sunspot cycle.

The method in current use for the selection of the international magnetically quiet.
and disturbed days in each month has been described by Bartels and Veldkamp (1955).
Although the incidence of disturbance is world wide the relative intensity is not uniformly
distributed. Consequently it seemed more reasonable to use the measured K indices for
the two stations to select local quiet and local disturbed days, rather than the inter-
nationally selected days based on twelve observatories between geographic latitudes 47°
and 63°. The working criterion adopted was the sum of K, and limits were set so that on
the average throughout the interval approximately five days per month were disturbed
and five quiet. However, in order to examine the data seasonally it was necessary to
change the limits for the winter months at Resolute Bay corresponding to the decrease in
the average K sum during the winter months.

Table I shows the relative number of days selected in each season for the observatories:
at Resolute Bay the criterion of a disturbed day is approximately = K > = K.v + 5 and
for a quiet day is Z K < = Kay — 5. At Baker Lake the same K limits were chosen as
for Resolute Bay, although the seasonal change of disturbance intensity is different at the
two stations. As measured by the average sum of K in the three seasons, the summer is
most disturbed in the polar cap whereas equinoctial peaks are found at Baker Lake as at
middle and low latitudes. Winter is always least disturbed. The data in Table I also
indicate that in the most disturbed season the average level of disturbance increases at
the two stations, rather than the intensity of disturbance during the greatly disturbed days.

Some tests were made using the sum of K squared criterion for selecting days: during
the winter 1953-54 fewer than one in eight days would be changed had this been adopted.
This criterion modifies the selection of quiet days a little more than the selection of dis-
turbed days. For the purpose of selection, it seems sufficient therefore to employ the sum
of K test.
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LK N° of N° of N°of
1, ] B = -
LLOYD'S N®of | ALL |pisTURBED | TX QUIET | K |vervyauer | TX
SEASON | MONTHS
DAYS | DAYS DAYS DAYS
RAE S OLUSTE BAY
SUMMER 4 203 |15 TK >25/| 265 |12k <i15| 1350
{No K>1)
EQUINOX 197 |21 Tk >25| 268 |25 EK<15| w110
WINTER 8 143 |43 K > 20| 249 |68 tk<l0| 7212
TOTAL 17 173 |79 257 |i05 88 | 15 3
BAKER L AKE
SUMMER 4 192 |21 TK>25| 268 |26 Tk< 15| (23| o
4 (Not more
EQUINOX 5 224 |61 £K>25| 284 |21 IK <15 1.4
than 2 Ks
WINTER 8 185 |93 £K = 20| 262 |21 k<] 55 |14
>2)
TOTAL 17 198 {175 270 | 68 100 { 17 43

Tasre I. Table of selected days at Resolute Bay and Baker Lake from November 1953 to March 1955.

A further selection of very quiet days was made from the selected quiet days: at
Resolute Bay the criterion was that no K >1 during a very quiet day. Fifteen such days
were found at Resolute Bay, twelve of which occurred during the least disturbed winter
months and three during equinoctial periods. At Baker Lake only three days satisfying
this criterion were found, and to increase the number of days, the criterion was relaxed to
allow days with two K values equal to 2: seventeen days were found.

MAX N® MAX N2
WHICH WHICH
Ne COULD Ne COULD Ne
IN OUR OCCUR | WHICH DO | AGREEMENT| OCCUR [WHICHDO | AGREEMENT
SELECTION | INS INTL | OCCUR RATIO INIOINT'L | OCCUR RATIO
DAYS DAYS
RUESSCO 1 U T E BLIAGY
QUIET 71 34 29 085 52 47 090
DISTURBED 58 40 32 080
TOTAL 129 74 6l 082 92 79 0.86
B AKER L AKE
QUIET 49 35 25 072 47 38 Qosl
DISTURBED 2l 53 48 09l
TOTAL 170 88 73 083 100 86 O¢86
Tasie II. Comparison of selected days at Resolute Bay and Baker Lake with international quiet and
disturbed days, 1954.
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It is informative to compare this selection of days with the internationally selected
days, although a simple comparison is not possible. Table II shows the results. At both
stations more than 80 per cent of the days selected which could be international days
were in fact so. At Resolute Bay not one of the disturbed days selected is listed as an
international quiet day (5 or 10 per month) and vice versa. At Baker Lake one of the
quiet days is listed as an international disturbed day, and four of the disturbed days are
listed as quiet days (10 per month). This suggests that in future comprehensive programs,
it may be sufficient in the analysis of Arctic data to examine the days recommended
internationally. This conclusion is supported from a comparison of the very quiet days
with the very quiet intervals given by Bartels and Veldkamp (1955). One day only at
Resolute Bay was selected at a time not common to lower latitude observatories; this
day was not selected at Baker Lake.

HARMONIC ANALYSIS OF SELECTED DAYS
Methods

The material for the analysis of daily variation consisted of 24-h mean values in three
components, X, Y, Z at Resolute Bay and H, D, Z at Baker Lake. These mean values
were plotted on graph paper with suitable abscissa (400 mm. =24 hrs) and ordinate scales
(1 mm. =1 gamma on quiet days, and 1 mm. =2 gammas on disturbed days). The hourly
means are centred on the hour; twenty-five points are shown for each Greenwich day, the
first being the mean of the first hourly value for the day and the last hourly value of the
previous day, and similarly at the end of the day. The curves were analysed on a Coradi
Harmonic Analyser, and in general 4 sets of harmonic coefficients (a;, by, . . . . . a4, by)
determined for each day.

Scaling, drawing, tracking and instrumental errors influence the coefficients. Drawing
errors do not exceed about 3 mm. with the scales adopted and experiments with the
analyser showed that results were reproducible using average care to an accuracy of
about 11 mm. in 100 mm. amplitudes, and the absolute scale error of the machine was less
than 0.5 per cent. It was concluded that errors in the coefficients determined by the
machine, i.e. in a;, by, 28, . . . . . 4b, do not exceed 2 per cent of large amplitudes or 2 mm.,
whichever is larger. Scaling errors are difficult to estimate, but are unlikely to produce
systematic errors, unless e.g. the scale constants of the magnetograms are in error. It
seems reasonable to assume from the observatory records that this source of error cannot
exceed 5 per cent, and probably doesn’t exceed 3 per cent. In practice this means that
the uncertainties in the determination of na,, nb, do not exceed 5 per cent, or 2 gammas,
whichever is larger. The accidental errors in any means are of course much smaller.

Non-cyclic corrections were applied; this procedure seemed best on quiet days in
view of the existence of the post-perturbation effect which can be approximated by a
linear function. It is however, arguable whether a non-cyclic correction is best applied
to the results on disturbed days, since there seems little doubt that the disturbance daily
variation (Sp) at times of definite storm commencement is best described as a disturbance
local time inequality (Ds) and changes amplitude regularly during the development and
decay of the storm (Chapman, 1952). However, the analysis on disturbed days generally
corresponds to the determination of the solar daily variation during weak magnetic
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disturbance where no storm-time can be assigned, and the average cyclic conception has
meaning. Consequently non-cyclic corrections were applied to all the results, after the
machine analysis using the form 3
_ dy — do
nAb, = T

where dy, = value in magnetic element of 25th point on graph;
do = value in magnetic element of 1st point on graph;
and nb, (corrected) = nb, (measured) + nAb.,.
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Tanrce ITI. Geometrical properties of the clouds of points for four harmonies and three selected classes of
days at Resolute Bay and Baker Lake observatories.
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Frcure 1. Harmonic dials for the 24-h, 12-h, 8h, and 6-h waves in the diurnal variation of —Y at Resolute Bay,

N.W.T. The 43 points refer to 43 disturbed days in the winters 1953-1955. The vector from the origin to the star

on the dial indicates the amplitude and G.M.T, of the maximum of the sine wave. The average vectors and probable
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The smoothing corrections were not applied since in the first and second harmonics
they do not sensibly affect the results; in the fourth harmonic the correction is still less
than 5 per cent.

Results for Resolute Bay and Baker Lake

Following Bartels (1935), harmonic dials for 24-h, 12-h, 8-h, and 6-h periods were
constructed in which each point may be conceived as the end point of a clock hand which
indicates the time of wave maximum and whose length indicates the amplitude of the
wave. Analysis of the variability of the harmonics becomes an analysis of the geometrical
properties of the clouds of points. Dials were constructed for each magnetic component
in each season for quiet and disturbed days, and for all quiet, disturbed and very quiet
days. Figure 1 is typical of the results for Resolute Bay showing the mean amplitudes
and the probable error ellipses, and Table III is a summary of the results for both stations.
Defining the variance as the quotient of the sum of the squares of the deviations from the
average divided by the number in the sample, Table III shows the mean amplitude C,
mean phase ¢, the variance S,?, Sy? of the Fourier cosine and sine coefficients a and b, the
coefficient of correlation r between a and b for the sample of N and the axis ratio R. The
major and minor axes of the ellipse are equal to 0.83 S; and 0.83 S, respectively where S,2,
S.? are the variances found when the first coordinate axis lies along the major axis of the
probable error ellipse, and the second coordinate axis along the minor.

Table IV shows the amplitude, phase and standard deviation of any sample. The
expected amplitude for the average of N vectors having the same N amplitudes as the

observed vectors but with phases random is equal to \fII\T times the expectancy

\/'{_E__ﬁg%j-_b_’)} i.e. to \/{ _C_‘f_%__l\f} where M is the standard deviation in the amplitude

(M2 = 8.2 + S?). The probability that the average vector C is K times as large as this
b 1A et wh C=K\/”9“_'t_1‘_‘[f o K? = N

expected amplitude is e %* where { N } ie. Tt M?

Thus assuming that the points for the selected days are independent, the probability that

the mean amplitude C is accidental is e®*, A small value for this probability shows that

the directions of the N individual vectors are not random, but does not prove the presence

of a purely periodic persistent wave in the data because quasi-persistent effects on succes-

sive days are known to exist in the solar variation, and this results in a serious reduction

of the effective number of independent points in any dial. To examine the influence of

quasi-persistence the data for Y west (—Y) at Resolute Bay in the winter solstice were

» . 2
examined, and the expectancies E, = \/9-—_{\}14—2 computed for the averagesof h = 1,2, 4,

8, 16, 32 and 64 successive vectors. The results are shown in curves of Figure 2. Quasi-
persistence would be indicated by the ordinate increasing linearly with h for small h and
becoming constant at large h; random waves by a constant ordinate value of unity and
complete persistence by a slope of 45°. The curves obtained show that the third and
fourth harmonic waves are random, whereas the first harmonic is noticeably persistent
and the second harmonic semi-persistent. No striking evidence for quasi-persistence is
obtained, and so the effective expectancy to be used in calculating probabilities in a dial

should bel;[ where « is a small number. The test described above together with the fact
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Ficure 2. Persistence curves for —Y at Resolute Bay, N.W.T. on quiet days in the winters 1953-1955.

that quasi-persistence must be less important for the data where the number of selected

days in any season is small suggests that if a=2 is adopted, no serious errors should arise.
—CON

The column in Table IV showing P, = e@C+M¥) ghould then be an over estimate, if

anything, of the probability that the mean amplitude found was produced by accidental

superposition of random waves. Table IV also shows the standard deviation in the mean

amplitude calculated on the basis of N/2 independent points. Thisis 3+ §8 = \/%E

where M2 = 8] + 8 = 82 4 S;. The standard deviation in the mean phase &, is calculated
using the concept of phase variance of the points of the cloud; the phase variance s? is

defined g* = 1 {aﬁ St + b? 82} which result can be obtained by differentiation. Then by

analogy 6 ¢ = s/\/—

In Table IV a probability P, computed from the ellipticity statistic L., discussed by

Mauchly (1940), is given. L, is defined as ——=3 where R is the axis ratio of the probable

1 + R
error ellipse. The parameter L, is used to discuss whether the cloud is significantly
elliptical or not. P,(L,) is the probability that an ellipticity statistic as small or smaller
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TapLe IV. Statistical properties of the harmonic waves for four harmonics and three selected classes of
days at Resolute Bay and Baker Lake observatories.

than the value found for the cloud might be obtained in a random sample of N /2 points
drawn from a circular population. P, = L,N2~% after Mauchly (1940).

Discussion of Seasonal Resulis for Resolute Bay

Using the probabilities P, it is apparent that whereas the 24-h waves in the horizontal
components are very persistent, the Z wave is much more variable and in the summer on
quiet days cannot be well described as a persistent wave. This is not a result of the
number of quiet days in the summer season being small. The 12-h waves are very ill
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defined by comparison with the 24-h waves, and the higher harmonies completely random.
For this reason it was considered worthwhile completing the analysis in 4 harmonies for
the Y component only at Resolute Bay. In Figure 1 probable error ellipses are shown,
but the values P, in Table IV show that with the exception of the winter quiet day data in
the X component only, the clouds are not significantly elliptical. This trend is true for both
the 24- and 12-h waves, and so in general the direction 6 shown for the major axis is not
significant: there is also little evidence for real correlation between a and b in the sets.

Table V summarises the seasonal trends at Resolute Bay: no statistically significant
differences appear in the phases of the waves for the quiet and disturbed days in all seasons,
and no very significant shifts occur seasonally in phase. There is a suggestion that the
average phase of the horizontal component waves is advanced from summer to winter by
one half hour. The greater variability in Z and the correspondingly larger uncertainties
mask any real seasonal shift. These suggest that quiet day effects at Resolute Bay repre-
sent a residual disturbance daily variation, and that the development of additional
disturbance field in polar regions remains approximately constant independent of the
intensity of disturbance. The quiet day mean horizontal amplitudes vary seasonally as
would be expected, with amplitudes in summer, equinox and winter in the ratios 1 : 0.75:
0.41 respectively. (The average K sum from Table I goes as 13.4 : 11.0 : 7.2 or 1 : 0.82:
0.54.) The disturbed day means are less systematic but the equinoctial and summer
amplitudes exceed those in the winter as would be expected. The mean Z amplitude data
is too uncertain to be of much use.

PERSISTENT 24 hr. WAVES
RESOLUTE BAY DISTURBED DAYS QUIET DAYS
AMPLITUDE L.T. of MAX. AMPLITUDE L.T. of MAX.
T hrs. T hrs.
SUMMER 528+103 142 + 06 399+ 64 142 £ 0.4
—~X EQUINOX 830 = 85: 139 £ 0.3 30355 138 + 04
WINTER 504 + 4.3 135 = 0.1 I75% 1.9 133 = 0.3
SUMMER 770 * 86 19.7 = 0.3 416 = 68 198 £ 04
=Y EQUINOX 735 + 85 200 £ 0.3 308 £ 47 192 £ 0.4
WINTER 615 * 66 19.7 £ 0.3 158+ 1.7 192 £.0.3
SUMMER 278 =145 37+ 17 69 + 9.1 27 * 37
Z EQUINOX 183 & 82 60 = 1.6 142 * 4.6 26 08
WINTER 240 £ 50 53 + 06 58= 1.3 62 07
PARTIALLY PERSISTENT 12 hr. WAVES
— X WINTER 48 * 37 105 % 1.0 28 % 1.2 0.l £ 0.6
—Y WINTER 80 % 49 1.2 £ 0.7 38 2 L. 1.8 £ 04
Z EQUINOX 10.6 £ 46 Ll £ 06 37+ 26 47 % 1.0

TarLE V. Summary of persistent seasonal waves at Resolute Bay.
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It thus appears that disturbance at Resolute Bay merely enhances the quiet day
daily variation, or alternatively the latter can be regarded as representing the residual
effect of disturbance daily variation. The exact amplitude relationships depend on the
criterion used in selecting the days, but the conclusion does not. Figure 3 illustrates this
conclusion graphically showing the seasonal variation in the mean amplitude and phase
and the probable error ellipse (circles might have been drawn) for the two classes of days.

The results for any 12-h waves which show partial persistence (one P; < 0.05) are
shown in Table V, and no real differences are apparent. Once again the almost random
Z wave shows poorest agreement.

Very Quiet Day Results at Resolute Bay

The question naturally arises whether there is a real quiet day field distinctly different
in form from the disturbance variation and which can be detected at a polar cap station.
To answer this question the selection described earlier of very quiet days was made. The
last third of both Tables IIT and IV summarises the features found for the three classes
of days over the period of 17 months investigated around sunspot minimum. The notation
is that discussed earlier.
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F1gures 3a, (end overleaf) b, and ¢. Harmonic dials for the 24-h waves in —X, —Y, Z at Resolute Bay, N.-W.T,
for quiet and disturbed days in the summer and winter solstices and the equinoxes respectively,
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The probabilities P, indicate that the 24-h waves are not random, although once
again the Z variability on very quiet days is pronounced. The clouds appear significantly
elliptical except for very quiet days. The correlation coefficient r is real and pronounced
for the quiet days only in the horizontal components; however, it is significant that the
signs in r and the directions found for the major axes agree in the three classes very well.
The harmonic dials of Figure 4 illustrate the three classes of days, and show there are no
real differences in the form of the field.

574 2w

Z RESOLUTE BAY /,'/
\ X3
LEGEND
ALL OISTURBED DAYS  —— - A"
ALL QUIET DAYS —_—
ALL VERY QUET DAYS  —————
L

Fiaure 4. Harmonie dials for the 24-h waves in —X, —Y, Z at Resolute Bay, N.W.T., for very quiet, quiet and
disturbed days during November 1953 to March 1955.
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The tabular data indicate that the third and fourth harmonics are random, and
partial persistence can be seen only in the horizontal components on quiet days. It should
be noted that the 24-h wave amplitudes form much the largest part of the range observed
in practice, and a theoretical explanation of these terms only would account for more
than 90 per cent of the disturbance field on disturbed days, more than 80 per cent on quiet
days and 60 per cent on very quiet days.

The ratio of amplitudes weighted according to their uncertainties in the usual manner
on quiet and disturbed days is 0.35 + 0.07 with no significant differences in this ratio for
the three components. The ratio of very quiet day amplitudes to disturbed day ampli-
tudes is 0.14 + 0.04 for all components. It is of interest to note that the average K sums
on the days adopted, shown in Table I, have corresponding ratios of 0.34 and 0.12. Con-
sequently it follows that the K sum is a very good linear predictor of the diurnal variation
amplitude, or smoothed range.

Day to Day Changes at Resolute Bay in the Amplitudes of the Disturbance Waves in Different
Components

The analysis so far does not indicate how the relationship between the amplitudes in
X, Y and Z varies from day to day. The 24-h wave amplitude in each of the three com-
ponents was obtained for each day of the winter months using the Fourier coefficients
a1, by, and the day to day correlations computed. Table VI shows the results. The
correlations are significantly high, even for the small diurnal amplitudes on the very quiet
days: the correlations are highest for the class of quiet days, possibly because of irregular
disturbance and bays influencing the results somewhat on disturbed days, and errors in
determination of the Fourier coefficients being proportionately larger on the very quiet
days. In all cases the correlation between the horizontal components is higher than that
between a horizontal component and the vertical component. This agrees with the

CORRELATION COEFFICIENTS

Fx,y s,z
DISTURBED DAYS 0.454+008 0.35+£009
QUIET DAYS 0.70+£004 048+£006
VERY QUIET DAYS 054 £0.19 0.30+0.18

Tasre VI. Correlation coefficients between the first harmonic wave amplitudes at Resolute Bay for very
quiet, quiet and disturbed days in the winters 1953-1955.
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experience of Chapman and Stagg (1931), but it is not certain that at Resolute Bay the
result is not a consequence of the small Z amplitudes found and the larger uncertainties
in the determination of any one. In any case the systematic nature of the cyclic field
changes at Resolute Bay is clear.

Discussion of Seasonal Results for Baker Lake

Table VII summarises the seasonal characteristics for the persistent waves at Baker
Lake. Because of the greater complexity of disturbance at Baker Lake, it was considered
best to complete the analysis in all seasons for quiet and disturbed days in four harmonies.
Most of the 24-h and 12-h waves, though highly variable, do show persistence in each
season, whereas the 8-h and 6-h waves are almost random. Without a fuller examination
of the influence of quasi-persistence at Baker Lake it is doubtful if the probabilities P; in
Table IV really demonstrate the existence of persistent 8-h and 6-h waves. The 12-h
wave in Z and the 24-h wave in D are only developed on disturbed days.

24 hr. WAVES
BAKER LAKE DISTURBED DAYS QUIET DAYS
AMPLITUDE L.T.of MAX AMPLITUDE | L.T. of MAX.
H,Z 1} hrs. ¥ hrs.
H mins. “ mins. )
SUMMER 156 + 78 204 £ 14 278 + 39 203 + 04
H  EQUINOX 205 + 77 21.1 + 09 180 + 56 20.1 % 09
WINTER 218 £ 50 192 + 07 132 + 23 183 = 05
SUMMER 510 + 46 94 + 02 242 + 3 85 = 03
D  EQUINOX 536 + 53 93 + 03 6.1 % 27 89 ¢+ 04
WINTER 336 + 3l 94 + 04 34 + 14 7.7 £ 11
SUMMER 854 + 1l 48 £ 04 373 + 58 52 + 04
Z  EQUINOX 102 + 69 42 + 02 370 + 68 48 = 04
WINTE R 756 + 63 46 + 02 143 + 30 a1 + 06
12 hr WAVES
SUMMER 409 £ 59 35 + 02 239 =+ 39 33 & 02
H  EQUINOX : 285 & 59 .33 £ 03 243 + 49 33 + 03
WINTER “324 + 40 30 0.2 04 + 21 33 + 02
SUMMER 220 + 56 44 +03 95 + 2.7 53 % 0.4
D  EQUINOX 98 t 37 44 £ 05 60 = 21 49 + 05
WINTER 19 £ 23 58 + 03 55 + 1.1 6.1 ¢ 03
SUMMER 147 10, 106 £ ). 84 % 49 19 ¢ 08
Z  EQUINOX 23 + 64 100 = 0.4 53 = 62 e + 2
WINTER 120 + 46 89 + 05 43 % 18 24 + 0S

TanLe VII. Summary of persistent seasonal waves at Baker Lake,
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The distribution of the cloud of points is usually not significantly elliptical, although
the necessary parameters required to define the probable error ellipse are given in every
case. The exceptions usually occur on quiet days.

Table VII summarises the seasonal changes for the significant first and second
harmonies. Any significant vertical differences in L.T. of maximum in the eighteen rows
occurs for the 12-h Z wave where the phase is advanced by more than 90° on disturbed
days. The physical consequences of this are discussed later. The amplitudes of the first
harmonics show a seasonal variation compatible with the average sum of K for the selected
classes (see Table I) at different seasons. The 12-h disturbed day amplitude in H is some-
what smaller in the equinoctial months than might be expected ; the interpretation advanced
later requires that the concentrated currents of the auroral zone be further from the station
on these equinoctial days.

Very Quiet Day Results at Baker Lake

If the above results are interpreted in terms of a considerable change of type in the
disturbance daily variation as the intensity of disturbances changes (the change of type
being formally represented in terms of the different relative magnitudes of the first and
second harmonic waves with less important phase changes), it is of interest to examine
the results for the very quiet days, the selection of which was described earlier. The
features for the three classes of days, disturbed, quiet and very quiet days, are shown in
Tables ITI and IV.

The very quiet day disturbance shows persistent first and second harmonic waves
only; the populations are circular and the other harmonies random. Reasons are advanced
later for estimating that approximately 50 per cent of the disturbanee amplitudes on very
quiet days is produced by residual disturbance: thus no pure solar daily variation on quiet
days, such as can be derived at low latitude observatories, can be isolated from the Baker
Lake data.

However, if corrections for the solar daily variation on quiet days are to be made to
Baker Lake results, the formal representation of the very quiet day results in terms of the
first and second harmonic waves is the best approximation.

Day to Day Changes at Baker Lake in the Amplitudes of the Disturbance Waves in Different
Field Components

The procedure used was similar to that described on page 304. The correlations
between the 24-h waves and 12-h waves in H and Z were computed for the winter
months on disturbed days for comparison with the systematic results shown in Table VI.
The coefficients found were + 0.23 + 0.07 and + 0.21 + 0.07 respectively for the first
and second harmonics indicating very poor correlation, in contrast with the results obtained
at Resolute Bay. Hence the field changes from day to day in different components do not
change proportionally, although they do increase together. This is considered further later.

DYNAMO THEORIES

Dynamo Theory Applied to Polar Cap Disturbance

The harmonic analysis of Resolute Bay cyeclic field changes has demonstrated the
existence of a unitary phenomenon, expanding from very quiet to quiet to disturbed days
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with no significant change of form. It is suggested therefore that an atmospheric dynamo
might have this property, and the conductivity, or the amplitude of the driving motion,
or both, must change for different levels of disturbance.

Chapman and Bartels (1940, Ch. 23) and Fukushima (1953) have discussed dynamo
theories and derived the dynamo equation: the derivation given below is added only to
clarify the concept of conductivity in high magnetic latitudes. Using Martyn’s (1948)
expression for the conductivity in the ionosphere in a region where the magnetic dip can
be considered 90°, and letting Ox be an axis to the south, Oy to the west and Oz vertically
downwards, then the current density j has components along the axes

jx=¢lEx_0'2Enjy=°’2Ex+°'1Ey;jz =00E:

ng n n.'.
(e -
where 09 = € {m. a . - m_ + — l'+}
op =€ (Do ¥ E—; EF= ~ELANES. . [ BN
m, v+ w.! m_ V_’+ (0__2 m, P+’+ w.,.’}
_ e[ m, Wed Y ne?® n;ol
O’z—F vl + w? z+w_z ,,+z+w+z}
y el eF el
with w, = my 9~ = m % =y

and suffices refer to electrons, negative ions and positive ions respectively. Then
g3 Ex = jx + (02/0'1) jy, [ £ Ey = - (0’2/0'1) jx + jy where 03 = 01 + 0’21/0’1. Denoting the
height integrated conductivity by Z and current density by I

zaEx == Ix + 22 I,/El, EaEy R 22 I,/El + Iy

If the motion of the layer is considered horizontal and irrotational, it is associated
with a velocity potential ¢ such that if u, v, are velocity components along axes Ox, Oy

respectively u = _——g'-:, v = _-_—_%p_.' If ¢ is the colatitude, ¢ the east longitude measured
; = ; . A .
from the Greenwich meridian and a the radius of the shell u = T T

With the usual notation the vertical magnetic field

Z=2—1\%—W=2Gcoso. Then E;, = vZ = -—(coto )
and E;, = — uZ = 2—qr(cosl? )

The existence of a steady current system implies that I,, I,, are derivable from a
current function J such that

1 aJ 14J,

L= smoop >~ a0

1

,l, aJ 22 aJ
Therefore 2 G Z; (cot 0 35) = 25750 + 3, 5

and 2 G s (cos 03;,) = T 2,80 3¢



308 PUBLICATIONS OF THE DOMINION OBSERVATORY

From these equations it is simple to derive the well known dynamo equation assuming
uniform conductivity in the region of interest

2 2
2G % { cotong2 + & (sin 6 cos 0 2 }= S—ull—og—;,- + 2 ein o2
showing the enhanced conductivity Z; is applicable to the polar cap.

Assuming no obliquity of the earth’s axis, if ¢ = k' Pi!sin (t + a;!) where t = L.T.
in degrees i.e. t = ¢ + t!, t! being the time of the Greenwich meridian, and P,! is the
normalized Schmidt spherical harmonic function, then the solution of the dynamo equa-
tion is

J =263k Prsi :
o= 39 g K1 2! sin (t + o)
The magnetic potential
= —4 rg(£)22G 23£k11PzISin (t + 0[11)

where r is the radius of the earth and it is simple to derive the field components AX! south-
erly, AY! westerly and AZ! downwards. For small 6,
AX!=Cecos (t + o' — 90°), AY! = Ccos (t + ! — 180°),
AZ'=C.20cos (t + oi! + 90°) where C = 41r.§:7G23k11.

If the angle between the geographic meridian and a great circle through Resolute Bay
and the effective pole of the dynamo is B, then

AX,=Cecos (t + e — 90° + B)

AY, = Cecos (t + ou! — 180° 4+ B)

AZ =C.20co0s (t + a® + 90°).
It would appear best to compare these predictions with the results for the quiet class of
days: the disturbed class then requires an expansion of 2.9 times and the very quiet days
a contraction of 2.5 times.

Using the ratio of vertical to horizontal component amplitudes, § = 9 + 3 degrees.

Using the phase of the Z wave, o' = 206 + 12° and then the phase of —X wave
requires 8 = 40 + 12° and the phase of —Y wave requires 8 = 44 + 12°

Assuming the pole of the dynamo coincides with the geomagnetic pole at 78.5°N,
291°E, the geomagnetic colatitude of Resolute Bay is 7° and the angle 8§ = 45.6°, in
remarkably good agreement with the predictions above. It should be noted that in a
more rigorous treatment with a transformation of the effective pole of the system, geo-
magnetic rather than local time should be used: geomagnetic local noon is 3.0 hrs. behind
local noon at Resolute Bay at the equinoxes and varies by about one-half hour from the
winter to summer solstices.

The partially persistent 12-h waves at Resolute Bay are consistent with a P;? term in

the velocity potential, but the uncertainties in the mean data are such as to make the

1
determination of 8 and 8 not possible: however it can be shown that % =20+ 1.0

so the amplitude ratio of the first harmonic to the second harmonic motions is 19:1. The
phase of the semi-diurnal wind referred to these axes is 139 + 36°.

We note that if 2G = 0.6 e.m.u., we require

3.5 X 10 23 k' = 8.8 + 2.0 X 10-® on very quiet days
23 + 2 X 10®* on quiet days
64 + 5 X 10* on disturbed days.

[
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Comparison with Earlier Analyses

The phase angle a;,' = 206 + 12° deduced at Resolute Bay corresponds to a} current
sheet across the polar cap directed towards the 10.3 hrs. local time meridian. This is in
approximate agreement with the idealised current system for the disturbance field of
Chapman (1935), and in close agreement with the results of Hasegawa (1940). However
this phase angle does not agree with that deduced by Chapman (1919) in his analysis of
the S, field for sunspot minimum: referred to the same axes his result was 305°, with a
change to 294° at sunspot maximum. This discrepancy is not explained by assuming
that the very quiet day amplitudes at Resolute Bay correspond to a masking of the true
quiet day effect by residual disturbance. Using Chapman’s velocity potential it was
estimated that C = 13 gammas, whereas the amplitudes of the 24-h waves in horizontal
components at the sunspot minimum 1954 were 9 + 2 gammas. The phase of the driving
motion is thus about 90° different from that predicted by the lower latitude Chapman
analyses in the dynamo theory of solar daily variation on quiet days.

Fukushima (1953) has considered the complementary functions
J =Gy tan g sin (t + )
and considered this current system responsible for the disturbance field. Inside the polar
cap tan—g-is very nearly equal 1:0--12—P11 (6) (error less than 3 per cent at 8 = 20°) so the

expected vertical to horizontal component ratio should be 8 instead of the 26 found above.
We note that

X fra;l;lﬁsgfu = 0.30 + 0.30 on very quiet days,
= 0.32 + 0.11 on quiet days,
= 0.33 + 0.09 on disturbed days,
and = 0.34 * 0.12 for (disturbed-very quiet) days.

There is no obvious change by a factor of 2 in this ratio between the disturbance field and
the quiet or very quiet day field, although the uncertainties are such that definite rejection
of Fukushima’s solution is not possible. There is also the possibility that internal field
contributions might modify these ratios in different ways.

The Polar Cap Conductivity and the Velocity Amplitude

In the absence of appreciable ionisation by incoming charged particles it seems
reasonable to assume Z; = 1.2 X 10-° em.u. and Z; = 1.8 X 10-° e.m.u. for a 20 km.
thick layer at 100 km. height. These correspond to 3.4 X 10* electrons and ions/ce. at
100 km. as a yearly average around sunspot minimum. Then ;3 = 2.7 X 10-% e.m.u,,
and since on very quiet days Z; k! X 10—* = 8.8/3.5,

k' = 9 m/sec. = 34 km./hr.

The phase corresponds to an air flow from the p.m. hemisphere to the a.m. hemisphere
(to the N at 16.3 hrs.). The way in which these very quiet day currents complete their
circuit is obscure.

Since there are no important seasonal shifts in phase, which in itself does not suggest
a heat driven air circulation, but rather a tidal motion, it is possible that the different

80118—5
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amplitudes on different days reflect changes in conductivity rather than changes in the
amplitude of the circulation. This is supported by the relationship suggested earlier
between the average amplitude and the average K sum, which can be roughly regarded
as an index of solar particle precipitation.

The class of disturbed days would require a conduectivity of about 2 X 10-7 e.m.u.,
which could be produced by (say) a positive ion and electron density of 2 X 10%/ce. in a
twenty km. thick layer. It has been shown by Fukushima (1953) that a proton stream of
1/ce. moving with an initial velocity of 10° cms./see. (500 keV.) produces about 2 X 107
ion pairs/c.c. near the bottom of its penetration range, a little above 100 km. from the
ground. It seems likely therefore that the direct entry of weak corpuscular streams into
the polar cap during disturbed conditions could easily produce the conductivity required.
Then statistical variations in the wind and in the distribution of ionization produce the
large uncertainties described analytically earlier in the day to day features of disturbance.
The large scale circulation of air from the p.m. to the a.m. hemispheres approximately is
the only statistically persistent feature in the problem.

Extension of Dynamo Theory

In view of the successful numerical aspects of the elementary dynamo outlined above,
it seemed worthwhile to consider the implications of more refined models, and in particular
to consider the effects produced by the difference between the positions of the geomagnetic
pole and the geographic pole and the effects produced by a diurnally varying conductivity
on very quiet days. Both these problems have been considered before at different latitudes.

(1) Using geographic axes, if the geomagnetic pole has coordinates (6,, ¢o), then
Z = 2G {cos 6 + tan 6, sin 0 cos (¢ — ¢o)}. Assuming ¢ = k;' Py*sin (t + o) an exact
solution of the dyanmo equation is of the form

V3
2.3

—2G 23 tan 00% kll on sin (a11 + 00)
+ R (0) sin (2t + ' — o)
. . —4R , 8 (. ,dR\ _ -
where R satisfies the equation = - o (sm 6 —5@-> = — 2sin ¢ tan 6,.

J=2G3 ky! P! sin (t + o))

This suggests that the X and Z first harmonic waves should be in phase which is not
true. The zonal terms are largest in Z, and are 2} times larger in Z than in X. Their
magnitude is too small to relate to the phenomena discussed in Part II of this paper. In
practice the second harmonic amplitudes are known to be unimportant.

(2) In view of the complexity of the actual field distribution over the polar cap
region, which corresponds to a complex Z distribution in the lower part of the ionosphere,
it is of interest to examine the simple case when Z = 2 G is assumed. In northern Canada
this is not at all a bad approximation particularly near the auroral zone. Then the solu-
tion leads to a magnetic potential

2(r

= —41r—§(g)22G23k1‘sinﬁsin(t+all)
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3{%? = @ instead of 2 8. Once again
an effective centre for the motion not at the north geographic pole is required to explain
the observed phases.

(3) It has been found that the horizontal movements in the ionosphere in moderate
northern latitudes show a pronounced 12-h period with a mean velocity of about 30 m/sec.
(Briggs and Spencer, 1954). This suggests that the 24-h periods found in magnetic varia-
tion may be produced by the semi-diurnal wind movements when allowance is made for
the diurnally varying conductivity of the layer. Chapman (1913) has examined this
question using a certain conductivity expression, and recently his work has been extended
by Chakrabarty and Pratap (1954) who give reasons for using a diurnally varying con-
ductivity of the form = o 1 4 2.45 cos x + 2.25 cos? x where x is the zenith distance of
the sun. Using this expression the field produced by a semi-diurnal motion has been
calculated with the aid of the current function coefficients found by Chakrabarty and
Pratap (1954): at the summer and winter solstices the semi-diurnal component amplitudes
predicted are 70 per cent of the diurnal ones, and a phase change occurs unless oz = 0.
At the equinoxes a negligible (2 per cent) semi-diurnal amplitude is predicted. Further-
more the predicted phase relationships between the components, and the measured ampli-
tude relationships between the diurnal terms do not agree with experience. It is therefore
considered doubtful whether a semi-diurnal oscillation could be responsible for the fields
found inside the polar cap, and with the present state of knowledge of atmospheric motions,
it is considered that detailed calculations are not justified.

Furthermore using the selected quiet days, the equinox: summer amplitude ratio is
0.75 whereas examination of vertical incidence ionospheric records for Resolute Bay for
the year 1954 gives a ... ratio of 0.22; the seasonal average of the radio data gives 0.50.
Thus n.... of the E layer above the station is an unsatisfactory parameter for the deter-
mination of the conductivity in the dynamo layer; this might be expected since the field
variations are influenced by the integrated effect of conductivity over a wide area and
height. During the summer months, the average value of n.... is not appreciably different
on the selected disturbed and quiet days.

At Resolute Bay the expression 1 + 2.45 cos x + 2.25 cos? x represents the seasonal
variation in nn... of the E layer no better than Chapman’s expression (1 + 1.5 cos x)>

At the summer solstice when_the sun is’above the horizon for 24 hrs., then zmi“ in 1954 =

and the situation is the same as before except that

max

0.43. Chapman’s expression predicts 0.39 and the former 0.40.

Corrections for Internal Contributions Inside the Polar Cap

The internal contributions to the observed daily variation have been neglected; it
would however appear reasonable for very quiet day phenomena to reduce the observed
horizontal components by multiplication by 0.71 and increase the observed vertical
components by multiplication by 2.5 to obtain the external contribution only. These
figures correspond to an external: internal amplitude ratio of 2.5, n = 2, m = 1 and
neglecting the small phase difference in the internal and external contributions. The
effective pole of the dynamo becomes east of Greenland and agreement with the geo-
magnetic pole disappears.

80118—5}%
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This suggests that inside the polar cap, internal contributions to very quiet day
variations are not so large as the analysis of quiet day variations at low and moderate
latitudes suggests. When the results from a greater number of stations are published this
point should be pursued further. Other authors (Vestine et al. 1947) have used correc-
tions of 10 per cent inside the polar cap for the disturbance field; since all three classes
above reflect the same phenomenon this figure might also be applicable to the very quiet
day variation.

Application of Dynamo Theory to Very Quiet Day Results at Baker Lake

Since the very quiet days selected at Baker Lake and Resolute Bay are much the
same, it is important to compare the Baker Lake data with predictions based on the
velocity potential described above which fits the Resolute Bay data. We then find that

(i) the predicted 24-h wave in D is more than four times the observed amplitude,

(ii) the predicted ratio of%I corresponds to an angle of 16.3°, and the observed
ratio corresponds to an angle of 22 + 9°,

(iii) the angle ;! required at Baker Lake referred to axes as before is 206 + 6°,

(iv) the difference in phase between the two horizontal components is 177 1+ 10°
instead of 90°,

(v) the angle 8 required at Baker Lake = 144° whilst the actual angle between
the magnetic meridian and the geomagnetic meridian is 17°, and

(vi) similarly unsatisfactory conclusions can be drawn from the second harmonie.

Generally the results are not compatible with functions of the formP,! 2 unless n is
not small. Presumably this means that there is an appreciable residual disturbance field
(n known to be large) on very quiet days at Baker Lake. Assuming on these days equal
Z K products at the two stations, the horizontal components expected at Baker Lake
should be ~ 9 and 6 gammas respectively in 24-h and 12-h components and ~ 6 and 3
gammas respectively in the vertical components. These estimates suggest that approxi-
mately 50 per cent of the disturbance on very quiet days is produced by residual disturb-
ance (n large), and hence predictions based on the elementary model described above are
worthless.

THE DISTURBANCE FIELD AT BAKER LAKE

We have shown that the application of dynamo theory to Baker Lake observations
fails for very quiet day phenomena and that the disturbance field present on quiet days is
different in intensity and form from that present on disturbed days. The implications of
the formal results presented earlier are best seen in the form of vector diagrams.

The Magnetic Auroral Zone near Longitude 60°W Geomagnetic

Harang (1946) has given a graphical representation of the disturbance field deter-
mined as a function of geomagnetic latitude and local time using observatories situated
near geomagnetic longitude 120°E. No corresponding line of observatories is in operation
in the western hemisphere, but if the results from Resolute Bay and Baker Lake are
combined with those from Second Polar Year and other stations (note that both 1954 and
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1932-33 were years of minimum solar activity) approximate polar plots are possible which
can be continued beyond geomagnetic latitude 75°. The stations used at different times
include Thule, Resolute Bay, Baker Lake, Chesterfield Inlet, Fort Rae, Meanook, Agin-
court and Tucson. Although geomagnetic position coordinates are used it is simpler to
consider the plots as local time plots: the refinements in correcting to geomagnetie local
time are probably not important for the purpose of the diagrams shown. At Baker Lake,
at the equinoxes the difference between local noon and local geomagnetic noon is 1.2 hrs.
Figure 5 is typical of many plots, and shows the diurnal variation for all days in June of
the disturbance field in Z across the geomagnetic meridian A = 60°W. The heavy line
indicates the horizontal position of any assumed line current system. The similarity with
Harang’s (1944) results is striking, but the latitude range covered is much larger. Figure
6 shows approximate estimates of the positions of the lines of zero A Z and the maximum
A H, and a mean between these. This mean line is regarded as the best approximation to
the auroral zone. The dotted lines at lower latitudes in the afternoon and evening hours

June at Sunspot Minimum
Z Component j rocAt O Tine 5

A
Cl

Ficure 5. Diurnal variation of the disturbance field in Z (all days) across geomagnetic meridian A=300°. The
heavy line indicates the horizontal position of any assumed line current,
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correspond to a minor maximum in A H and an ill defined line A Z = 0. The auroral
zone is much more clearly defined on the morning side. In Figure 6 the maximum A H
and zero A Z curves intersect at about 16-h and 24-h L.T. in approximate agreement with
Harang (1946) and suggesting that the systematic change in phase of the amplitude of
the disturbance field with longitude, which can approach 4 hours, is not obvious on two
lines 180° apart. The material is not yet sufficient for a closer examination of the pattern.

Vector Diagrams at Baker Lake

The analysis of Baker Lake disturbance field characteristics ean contribute to the
study of the morphology of auroral zone disturbance. Figure 7 shows mean horizontal
vector diagrams for the three classes, correcting the quiet and disturbed days using the

June at Sunspot Minimum.

Z=0.
————— Max.a Min.H ' LOCAL O TiMg 53

Froure 6. Polar plot of the position of the lines of zero A Z, maximum | A H | and the auroral zone, deduced from
the diurnal variations of the disturbance field in H and Z across geomagnetic meridian A =300°.



PART I: CYCLIC FIELD CHANGES ON QUIET AND DISTURBED DAYS 315

~ o
4 [p2s®
LT.=GMT.- 6'4 hours at BAKER LAKE. § s HORIZONTAL DISTURBANCE
All times shown are G.M.T. e o VECTOR DIAGRAM
{Not Corrected for Internal Contributions.) % B e e BT
22 \&
0%y
F———
1]
10
©”
GEOMAGNETIC
NORTH
N 1“
GEOMAGNETIC 2 HORIZONTAL DISTURBANCE
aghi sy V™ VECTOR  DIAGRAM
me HORIZONTAL DISTURBANCE 8 7
9 VECTOR DIAGRAM ° t ON DISTURBED Davs
12 2 CORRECTED FOR VERY QUIET
ON QUIET DAYS CORRECTED DAYS.
0 FOR VERY QUIET DAYS.
¢ 0y
/s * 0 : / e
S, 2 /
4 [ /
/ LA ™
4
» /

Ficure 7. Horizontal vector diagrams for the three classes of selected days at Baker Lake, N.W.T.

very quiet day disturbance as an approximation to the true unperturbed solar daily varia-
tion. The similarity between the quiet and disturbed classes is striking, and the distine-
tion from very quiet day phenomena clear. In Figure 7 the persistent features of disturb-
ance only are shown: the inclusion of the higher harmonic terms, however, changes nothing
significantly. Figure 8 shows the diurnal variation for the three classes in Z. No attempt
has been made to combine Figures 7 and 8 in the form of total perturbing vector diagrams,
vertical plane vector diagrams and so on, because it is not clear what corrections are
required for internal contributions to the observed cyeclic field variations.

However, it does seem likely that the average night-time perturbing vector is larger
than the average daytime perturbing vector on very quiet days, but smaller by 10 to 20
per cent (depending on the corrections adopted) for the quiet and disturbed days: this
again suggests a difference. The perturbations are stronger over the p.m. than over the
a.m. hemisphere, a result in agreement with those found in the belt between zones.

Table VIIT summarises certain numerical results deduced from Figures 7 and 8. The
horizontal vector diagrams suggest symmetry about an axis between true and geomagnetic
north, and tending towards the latter with increasing disturbance. At local times 04 hrs.
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Ficure 8. The diurnal variation of the disturbance field in Z for three classes of selected days at Baker Lake, N.W.T.

and 15 hrs. approximately, corresponding closely to the second subsidiary set of hori-
zontal vector maximum, the auroral zone currents are along geomagnetic parallels of
latitude. The afternoon maximum corresponds to easterly flowing current in the auroral
zone to the south of Baker Lake, and in Table VIII the current in this branch is calculated
assuming a line current (or sheet of small lateral extent), and its position south of the
station estimated assuming a height of 100 km. The estimates are made using a number
of different corrections: it appears that corrections of 30 per cent to 40 per cent are necessary
to obtain general agreement with the synoptic plots and place the concentrated current
at geomagnetic latitude 69°. This agrees well with Vestine’s (1947) estimate but not with
that of Harang (1946).

The morning flow is more surprising. The equivalent line current is flowing easterly
N of the station. Either this implies that Baker Lake is so far north of the main westerly
auroral zone currents in the morning that the direction of the resultant horizontal force
is influenced more by the return path currents north of the station, which seems unlikely,
or the westward flowing currents south of Baker Lake in the morning branch are more
diffuse laterally than the eastward currents to the north of Baker Lake. In any case,
because of the effective Z enhancement in the centre of even a diffuse ring, calculations
of current or position based on one station assuming a line current north of the station
are not very reliable, though corresponding estimates are shown in Table VIII. A more
dense network of observations in this transitional region might therefore show a maximum
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in A H corresponding to A Z = 0 at geomagnetic latitudes around 76° at the time of the
minimum in A H corresponding to A Z = 0 known to exist around this local time about
geomagnetic latitude 68° (see Figure 6).

Table VIII demonstrates that the effect of increasing disturbance is to increase the
latitude separation of the branches considered above by about 4-5°: as might be expected
the movement to the south of the stronger p.m. branch is the larger.

It is of interest to consider the closure paths of the auroral zone currents. Much of
the p.m. branch is closed in the form of a sheet flowing parallel to the 10-h meridian in the
centre of the cap. However, the Baker Lake results show that by geomagnetic latitude
74° this sheet is so distorted that A Z = 0 about one hour later in the morning: this
distortion can also be seen in that the second set of horizontal vector maxima near 10-h
and 22-h L.T. for the two classes do not coincide exactly with the times when A Z = 0.
Furthermore it can be seen from the magnitude of the horizontal vector when A Z = 0
that closure must correspond to some sheet and cannot be well represented by a con-
centrated current on the average. Chapman and Bartels (1940, Ch. 9) suggested that
more than 80 per cent of the current in the auroral zone returns over the polar cap, whereas
Harang (1946) considered that the available material was insufficient to support the view
that the perturbing currents as a whole are closed over the polar cap. Combining the data
in Table VIII with the horizontal amplitudes at Resolute Bay found on quiet and disturbed
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ipm 5 5 -] -]
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iﬂlll ) S S S

DISTURBED DAYS 06x 10 0 07 x 10°a 12 x10a 18x 100

QUIET DAYS 02x10%0 02 x 10% | 02x10% 03x 10%
d,°

DISTURBED DAYS 2.0 2.4 4. 5.4

QUIET DAYS 0.6 0.7 1.2 1.6
dy

DISTURBED DAYS 1.2 1.4 2.5 3.3

QUIET DAYS 05 06 1.0 1.4

tom/lom
DISTURBED DAYS 2.1 2.3 2.6 2.6
QUIET DAYS 11 11 1.2 L2

ASSUMED HEIGHT= 100 km

TapLe VIII. Summary of strength of perturbing currents, with and without corrections for internal

contributions, assuming auroral zone characteristics at Baker Lake, N.W.T.
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days, it was estimated that about 40 per cent of the auroral zone currents return over the
polar cap on disturbed days, and all the current returns over the polar cap on quiet days.
This estimate suggests therefore that a riickstrom for lower latitudes is only significantly
developed on the selected disturbed days, and on the quiet days (or days of moderate
disturbance) this rickstrom is not appreciable.

The correlation between the 24-h wave amplitudes in Z at Baker Lake and Z and X
at Resolute Bay were computed for the common disturbed days in the winter months.
The results were rz,z = 0.75 + 0.05 and rz,x = 0.45 + 0.08. These coefficients are higher
than the internal ones found in the polar cap (see page 304) and contrast strikingly with
the results for Baker Lake (see page 306). The coefficients found suggest partial or com-
plete closure on disturbed days: however it is not clear why the correlation between the
Z amplitudes exceeds that between Z Baker Lake and a horizontal component at Resolute
Bay. Whitham and Loomer (1956) have found that disturbance generally is as highly
correlated between the two stations as the 24-h wave amplitudes in Z.

Comparison of Observations with Auroral Zone Theories

Meek (1955) has re-examined the Polar Year data 1932-33 in a discussion of the
location and shape of the auroral zone, and gives reasons for doubting the existence of an
equatorial ring current. The stream of particles from the sun is supposed to separate
under the influence of the earth’s magnetic field, and the charged particles of opposite
gign are precipitated into the atmosphere in the form of Stgrmer-like spirals: the spiral
produced by positive particle precipitation expands in an anticlockwise direction and that
due to negative particle precipitation in a clockwise direction. The positions of these
spirals are deduced from the local geomagnetic time of the diurnal increase and decrease
in H respectively, and the cross over points are near 10 a.m. and 10 p.m. L.G.M.T. Since
the basic data used was much the same as that used in deriving Figures 5 and 6, it is
obvious that the existence of spirals is open to considerable doubt. Furthermore it is not
clear how spiral precipitation could account for the observed minimum in geomagnetic
north component at about 22 hrs. L.T., and maximum at about 16 hrs. L.T., or the results
at Resolute Bay. However, the large declination changes observed during disturbance at
Baker Lake do not support the idealised concept of concentrated current flow westwards
on the a.m. side and eastwards on the p.m. side advanced by Chapman (1935) or the drift
currents advanced by Martyn (1951).

At the present time it would appear that the proposals of charge leaking down the
lines of force of the earth’s magnetic field advanced by Chapman-Ferraro-Martyn (1951)
and Alfven (1950) form a satisfactory basis for the explanation of auroral zone magnetic
disturbance. However, idealized concepts of concentrated current flow are not very valid
even in the average data discussed above. The authors consider it premature to discuss
the detailed form of precipitation unless the morphology of the disturbance field is much
more carefully determined from observatory records. However, a number of the magnetic
field changes discussed in Part IT of this paper suggest that none of the theories presently
advanced is fully satisfactory.

Nikolski (1947) has discussed in detail magnetic disturbance at Calm Bay (Tikhaya)
(® = 71.5°N, A = 153.3°E) in an important paper. He concludes that ‘“the changes of



PART I: CYCLIC FIELD CHANGES ON QUIET AND DISTURBED DAYS 319

magnetic disturbance during the night and morning hours depend on different laws and
that the mean regular variations Sp and D, in the disturbed field do not correspond to
any real prolonged phenomena in the field of magnetic storms and are fictitious i.e. merely
statistical results”’. Since Baker Lake and Calm Bay are both north of the auroral zone
and show similar diurnal variation in K index when plotted against L.G.M.T., it is
important to consider how applicable Nikolski’s conclusions are to the analysis described
in this paper. The similarities of the horizontal vector diagrams shown in Figure 7
suggest that there is correlation between the two disturbance maxima (the wing tips in
Figure 7), and that there is no shift in the times of the maximum disturbance on the more
disturbed days. Moreover in Part II of this paper clear evidence is presented for the
existence of regular non-cyclic field changes at times of disturbance at both Baker Lake
and Resolute Bay. Hence since the harmonic analysis has given a formal representation
of persistent features of the disturbance field, it is difficult to agree with Nikolski’s con-
clusions that “the mean regular peculiarities in the field of disturbance of magnetic storms
in high latitudes . . . represent fictitious, quite statistical results, and have nothing to do
with any real long-period physical phenomena’.

Fukushima (1953) and Vestine (1954) have discussed dynamo theories of auroral
zone disturbance, assuming that the conductivity in the auroral zone is much greater
than in other atmospheric regions, and have pointed out the difficulties. The current
systems calculated on certain two-layer conductivity models show features similar to
those of Chapman’s (1935) idealized system but often more diffuse and to this extent may
be thought to be in agreement with observation. It should, however, be noted that the
low correlation coefficients described on page 306 do not in themselves support very
strongly a dynamo model.

Variations in the Position of the Auroral Zone

The averaged persistent waves described earlier strongly suggest that the afternoon
maximum at Baker Lake is the most pronounced auroral zone feature at Baker Lake.
Table VIII discusses the average features associated with this maximum, but cannot
indicate how stable its properties are from day to day. To consider this the correlation
between the 12-h wave amplitude in H and the sum of the 24-h and 12-h wave amplitudes
in Z was computed. These parameters can be seen to largely define the amplitudes of the
field disturbance at the time of the afternoon maximum. The result was 4+ 0.11 + 0.07
for all disturbed days in the winter months. A similar calculation for the morning maxi-
mum gave — 0.19 + 0.07. Thus we conclude that though the waves show formal per-
sistence properties their interdependence is random, and the mean position of the auroral
zone deduced above is a statistical average: the position for any day can vary widely.
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PART II: TRANSIENT FIELD CHANGES

ABSTRACT

The analysis of magnetic disturbance at Resolute Bay and Baker Lake has been extended to include sudden
commencements, sudden commencement storms, non-sudden commencement storms, and bay phenomena. The
physical meaning of the mean disturbance field and non-cyelic changes is also discussed.

A number of new results are suggested by these analyses. There seems little doubt that Arctic sudden com-
mencements are atmospheric in origin. They occur equally frequently throughout the day but appear to show
systematic diurnal properties in preliminary impulse only.

The distinctions found at lower latitudes in the properties of sudden commencement and non-sudden commence-
ment storms are not 8o evident. In particular both classes of storm evidence storm time effects in one of two regular
patterns which are discussed. The expected differences in recurrence properties are not found. The equivalent
current systems of different types of storm are discussed.

The frequency, amplitude and sign of bays occurring on the selected days have been analysed. It was found
that Martyn’s explanation of bays is not satisfactory, and that the idealized form of the elementary polar disturbance
field shows properties systematically different from that of the idealized Sp field. The relation of bays to aurora
and polar blackouts is discussed.

Inside the polar cap certain features of the bay field appear which may be related to the second class of storms
found. The suggestion emerges of an inner pattern of zonal current and bay disturbance which predominates in the
polar cap in the summer months, and shows certain features the reverse of those found in the auroral zone. It appears
to develop instead of, rather than with, the usual pattern.

The mean disturbance field is shown to represent very largely the effect of the bay field, but unexplained terms
remain.

INTRODUCTION

The analysis of Resolute Bay and Baker Lake magnetograms described in the previous
paper has been extended to include a number of non-cyclic magnetic phenomena: these
include storm sudden commencements, moderate magnetic storms of the sudden and
non-sudden commencement type, bay phenomena, the mean disturbance field and non-
cyclic changes. The records used cover the period from 1949 to 1955 with special attention
being given the previously selected days. In each case an attempt has been made to
relate the findings to recent ideas in the field and show what contribution, if any, it is
possible for observatories in high latitudes to make. A number of properties of disturbance
have been found which are very different from those generally accepted; these suggest
that at the best, present day theory is inadequate.

It is the hope of the authors that some of the features of high latitude disturbance
outlined below will be investigated at other observatories before or after the forthcoming
International Geophysical Year, and that the unexplained differences in disturbance
characteristics from those at lower latitudes will help in the development of more satis-
factory theories, and act as a guide in deciding between them. The terminology used
here follows Chapman (1951, 1952).

INVESTIGATIONS OF SUDDEN COMMENCEMENTS

Comparison with Occurrence at Lower Latitudes

Resolute Bay magnetograms from September 1949 to November 1955 and Baker
Lake magnetograms from February 1951 to November 1955 were searched for sudden
commencements. The S C listed in the I.U.G.G. (earlier in the I.A.T.M.E.) bulletins
were used as a guide, but the magnetograms for each day were examined. During the

321
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interval September 1949 to December 1954, 167 S 8 C and S C were listed (in 1949, the
bulletin included S C only: in 1950 S S C and S C were listed and in the following years
only S S C), whereas 70 only were definitely identified at Resolute Bay. From February
1951 to December 1954, 71 8 S C were listed in the bulletins and 20 only were clearly
identified at Baker Lake. In each case a number of those found were not included in the
bulletins. It therefore appears that inside the polar cap, sudden commencements can be
identified half as frequently as in low and moderate latitudes, and nearer the auroral zone
less than one third as frequently. S C is however definitely not a localized equatorial
phenomenon, as has been suggested by certain authors. A comparison with the selected
planetary S C listed in the I.U.G.G. (earlier I.A.T.M.E.) bulletins of Bartels and Veldkamp
(1949 to 1954) showed that 41 per cent of the planetary S C (53 out of a possible 128)
were identified at Resolute Bay and 26 per cent (15 out of a possible 58) at Baker Lake.
Approximately one in four of the identified S C at both stations during these intervals
were not listed.

Comparison with Lower Latitude Times

Except for seven cases all times agree within 1 minute with the times found at lower
latitudes: in one case the time difference was 4 minutes and in the remaining cases less
than 2 minutes. It is doubtful if these differences are significant since it is not now possible
to check the accuracy of the time marks. It seems likely that polar S C occur simultane-
ously (to within 1 minute) with those at lower latitudes.

Classification of Sudden Commencements

The S C were classified according to a scheme suggested by Jacobs and Obayishi
(1956). S C with a preliminary reverse impulse, sometimes very quick and sometimes
lasting for a few minutes, were most common, forming 78 per cent of the S C at Resolute
Bay and 89 per cent at Baker Lake. The amplitudes of both the initial and main phases
were measured, wherever possible. Sudden impulses (S I) were not recorded: in northern
stations S I occur very frequently, and ocecasionally almost continuously, and it did not
seem reasonable to discuss their statisties with the well marked events preceding clear
and well defined disturbance. The data below does not include the sudden commence-
ments corresponding to the leading edge of a clear bay-like disturbance: these are often
pulsational and well marked in the horizontal force components at Baker Lake, where
they occur frequently.

The Diurnal Frequency Distribution

Figure 1 shows the diurnal frequency distribution of all identified S C in three-hour
intervals for the two observatories, for the cases where a reverse impulse does and does
not ocecur; the total number in the latter case is however very small. Chi-squared tests
for homogeneity indicate that the hypothesis of equal frequency of total S C in each
interval is a satisfactory fit, and it is considered therefore that the deviations shown from
a straight line are random. A Poisson distribution would then be expected and the numbers
found at both stations are satisfactory on this hypothesis. For example, at Resolute Bay
the maximum number in any interval is 15 and the chance of this appearing in any interval
is nearly 30 per cent assuming a Poisson distribution, and a mean of 9. Thus there appears
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Ficure 1. The diurnal frequency distribution of S C at Resolute Bay 1949-1955 and Baker Lake 1951-1955.

to be no evidence for a significant diurnal variation (D V) in the frequency of occurrence.
Since most of the S C are of the type with a reverse preliminary impulse, this result does
not confirm the suggestions of Ferraro et al. (1951) of a local time effect with an afternoon
maximum. It is in agreement with the analysis of Forbush and Vestine (1955) of S C
occurrence at Watheroo and Huancayo observatories. It may be that a significant diurnal
variation (D V) in the frequency of occurrence can only be found when the form of the
S C can change appreciably: since the above results largely refer to one type of S C, homo-
geneity may not be surprising. Many more years of records would be necessary to test
this suggestion in polar regions.

The Diurnal Variation in Amplitude of the Initial Movement

At Resolute Bay three component records are available only after October 1953, and
the determination of the mean azimuth and inclination of the perturbing vector is only
possible for the morning hours. Although substantially constant values are found, it is
believed that a real D V exists. Figure 2 shows the mean results for the nine cases where
measurements are possible at Resolute Bay: A Z is always negative and the azimuth is
never in the north quadrants. An examination of the longer sequence of La Cour declina-
tion records for the entire period of operation of the observatory showed that 14 out of 17
S C with no reverse impulse show northerly motions, whereas 41 out of 59 S C with an
initial impulse show initial southerly motions: thus over 70 per cent of the main motions
are to the north. It should be noted that this is the same direction as that generally
accepted for a normal S C at low and moderate latitudes. Both the D and the three
component records suggest that sudden commencements near noon are larger than ones

oceurring near midnight.
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Fraure 2. The diurnal variation in the azimuth and inclination of the perturbing vector producing the
initial impulse of 8 C at Resolute Bay and Baker Lake.

At Baker Lake three component records are available covering the entire period
searched, and Figure 2 shows the estimated D V in azimuth and ineclination for the initial
motion based on twenty-one cases. In 79 per cent of the cases the motion is southerly,
whether a reverse impulse or the main phase of S C without reverse impulse. If an atmo-
spheric current source is assumed, Figure 2 shows that during the initial impulse, the burst
of current is westerly and north of both stations in the morning hours whereas in the
afternoon hours the Baker Lake results indicate an equivalent current flow south of the
station. The direction of the Z motion during the afternoon at Resolute Bay cannot yet
be determined.

Analysis of the Main Impulse in Sudden Commencements

Measurement on the D records at Resolute Bay suggest that the main impulse is
not appreciably different in size whether it appears with or without a preliminary impulse:
an average of 35 gammas in A X was obtained for both classes. The main impulse move-
ments do not appear to be at all systematic, and it was concluded that no persistent D V
could be found. However, in Figure 2, the individual points shown refer to the main
impulse for those few cases where records in three components are available and no initial
impulse occurs. At Resolute Bay the points lie close to the partial curve derived for the
systematic initial impulses, but this is not the case at Baker Lake. It is concluded that
the initial impulse in 8 C is a physically distinet phenomenon.

The only systematic feature found in the main impulses of four 8 C which were
identified at both observatories and for which three component records exist is that the
main perturbing vector is about twice as intense at Baker Lake as at Resolute Bay, whereas
the initial impulse perturbation is twice as intense at Resolute Bay as at Baker Lake. In
the preliminary impulse these four S C have azimuths close to geomagnetic south at both
observatories (all in 06-12 hr. L.T.), and an elementary calculation shows that the position
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of an equivalent westerly line current source is about 3.5° of latitude N of Resolute Bay
at a height of 1100 km.: the internal corrections are then about 10 per cent. It is of
interest to note that this corresponds to the calculated latitude of the dip pole at this
height, 5° north of its epochal position (Jacobs and Sachs, 1956). There are certain
longitude uncertainties but there is a possibility that the two facts may be related. In
any case, if charged particle precipitation north of Resolute Bay is assumed, within minutes
of time the pattern of disturbance becomes much more complex and diffuse, and its maxi-
mum certainly moves south. Although the mean azimuths for the initial phase are often
close to geomagnetic south, the initial phase data from Resolute Bay suggests that devia-
tions from this occur, particularly around noon and midnight. This suggests the possibility
of a dynamo-like generation of the initial impulse in S C, and it would be of interest to
discover the world-wide pattern and its relations to auroral zone precipitation. Forbush
and Vestine (1955) have shown that there is a major and immediate atmospheric source
of field in S C and the initial phase of storms at low latitude stations, and suggested that
electric currents in or near the E layer near the magnetic equator are driven by electrojets
of polar regions.

The Size of Sudden Commencements at High Latitude Stations

Chree (1912) found that S C in the Antarctic average about 4.5 times the amplitudes
found at Greenwich. Combining all the S C for which the total perturbing vector could
be measured, the preliminary impulses were found to have equal amplitude (54 gammas)
at both stations, whereas the main impulse amplitude was nearly twice as large at Baker
Lake as at Resolute Bay (101 gammas compared with 54 gammas). Since the data is not
homogeneous, and no internal contribution corrections are applied, the figures are not too
reliable, but they confirm the trend discussed above for the few common S C. A com-
parison with the median size for Hucancayo determined by Forbush and Vestine (1955)
shows the average Baker Lake amplitude to be only slightly larger, but a direct compari-
son using homogeneous data would be preferable.

A seasonal effect is suggested in that the average perturbing vector found in the
summer at Baker Lake is larger than that in the equinoxes and about twice that found
in the winter. Furthermore there is the suggestion of a daylight hours enhancement
since the initial phases at Baker Lake are 80 per cent larger and the main phases 60 per
cent larger during daylight hours than during night hours. The Resolute Bay results,
with one main phase exception show a similar daylight enhancement. These results
support an atmospheric origin.

It is suggested that the relations between polar and equatorial 8 C require further
examination preferably with fast magnetographs and accurate timing.

Internal Corrections

The approximate calculation considered above suggested that perhaps about 10 per
cent of an average observed movement is produced by field sources internal to the earth.
It is the purpose of this paragraph to note that initial impulses followed by a main impulse
can often be approximated by a sine wave with a period of a few minutes, and it is not
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unreasonable that corrections of this order could occur. The neglect, for example, of the
influence of the oceans on the size of the 8 C observed at certain observatories may be
serious: it should be noted that the integrated conductivity of 10,000 ft. of sea water is
~ 10-* e.m.u. or one hundred to one thousand times that of the ionosphere. There might
well be systematic differences in the amplitude of the S C field determined from island
and coastal observatories and from those in the centres of land masses.

THE ANALYSIS OF SUDDEN COMMENCEMENT STORMS

The Selection of Storms

A total of 12 storms at Resolute Bay and 23 storms at Baker Lake were examined in
three components. The intervals searched and the storms selected correspond to the S C
described above.

The Storm-Time Variation, D,,

In order to obtain the character of the storm-time variation in these high magnetic
latitudes a number of procedures are possible. Derivations of storm-time variations have
been described for lower latitude stations by Chapman (1927) using 40 storms, and for a
wider range of latitude by Vestine (1947) using 11 storms of the Polar Year. The results
of Vestine (1947) showed incomplete removal of the local time disturbance field Sq4, or the
disturbance local time inequality D, as it appears at the time of moderate disturbance
(Chapman, 1952).

An attempt to derive D, for the first 48 hours of a storm was made, but the incom-
plete removal of D, and irregular disturbance, and the small number of storms made the
development in time of the storms at these high latitudes very difficult to follow. Local
time corrections based on monthly means, or on the idealized S, field, described in Part I
of this paper, all failed to remove the disturbance local time inequality satisfactorily.
Consequently the superposed epoch method was used to derive the storm-time effects
averaged over daily intervals. This method of course, tells nothing about initial phases
of storms. The daily means for the day of the storm (commencing at the time of the S C)
and for the three 24-h periods previous to and after the first day of the storm were derived
and averaged. Figure 3 shows the results at Resolute Bay and Figure 4 the results at
Baker Lake, collecting the storms into two classes at Resolute Bay and three classes, at
Baker Lake. The zero line for each plot is the average of days —3, —2, and —1. The
figures also indicate the seasonal distribution among the classes and the mean storm
changes. The latter in any component is arbitrarily defined by the mean change in the
first seventy-two hours of the storm from the value in the seventy-two hours previous to
the commencement of the storm. This definition seems a reasonable one since whenever
storm-time changes are clearly defined in any component, the time constant of recovery
seems to be about one day, so that the mean storm changes are effectively zero after about
four days. In any ecase it seems a more reliable measure of magnitude than the change in
amplitude on the first day of a storm, particularly for field components in which real
storm-time effects are small. It should be noted that all the storms are moderate to
small in intensity, and it is not certain if the time constant of recovery changes with
more intense storms. No weighting procedures were used in deriving Figures 3 and 4.
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Figure 3. Mean storm changes for sudden commencement storms at Resolute Bay, 1953-1955.

The two classes of storms at Resolute Bay, + A Z and — A Z storms, might well be
called winter-type and summer-type storms respectively. The horizontal components for
the summer-type storms are very small and southerly, and from Figure 3 obviously ill
defined. Those for the winter type storms appear well defined in X only and are negative.
The winter type storms therefore correspond to zonal current flow westwards south of the
station.

At Baker Lake, 16 out of 23 of the storms correspond to westerly current flow south
of the station. The azimuth of the mean perturbing vector is 190°, which agrees more
closely with geomagnetic south, 197°, than geographic south, and is in very good agree-
ment with the direction of the axis suggested in Part I of this paper, Figure 7, for the Sp
field variation. However, in 7 storms real positive changes in A H occur, correspond-
ing to a current reversal. Four were associated with large negative A Z values and 3
with large positive A Z values; i.e. concentrated current flow south and north of Baker
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Ficure 4. Mean storm changes for sudden commencement storms at Baker Lake, 1951-1955,

Lake, respectively. This type of storm occurs most frequently in the summer and equi-
noctial months. Neglecting the small and ill-defined horizontal components found at
Resolute Bay for the summer type storms, it appears that these correspond to the + A H
classes at Baker Lake. Two opposite systems of zonal current flow are required therefore
to explain the character of averaged storm-time.

Since the number of S C storms measured which are common to both stations is only
4 and these belong to the different classes, it does not seem worthwhile examining their

numerical implications.

account of the non-sudden commencement storms.

These are presumably the same as those discussed below in an
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THE ANALYSIS OF NON-SUDDEN COMMENCEMENT STORMS

A total of 40 such storms were selected at Resolute Bay and 47 at Baker Lake in the
intervals discussed. Many of these corresponded to stormy periods reported by the
observers in the Journal of Geophysical Research, but in any case the magnetograms were
searched individually. One only of the storms selected was reported elsewhere as a sudden
commencement storm. In each case the onset was indefinite to the extent of about one
hour as would be expected. It appears likely that the storms correspond to the polar
equatorial storms of Birkeland (1908).

The Storm~Time Variation D,,

Newton and Milsom (1954) have discussed the characteristics of small storms of the
non-S C type found in the Greenwich records, and compared them with S C type storms.
Characteristic differences were noted, and it was suggested that the origin of these small
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Figure 5. Mean storm changes for non-sudden commencement storms at Resolute Bay, 1953-1955.
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storms might be in the corona. Non-S C storms at Greenwich also show 27 day recurrence
characteristics, particularly near sunspot minimum, not shown by the S C storms, but do
not show a storm-time variation.

The storms selected above were tested for storm-time effects using the superposed
epoch method described above, and estimating the time of beginning of the storm day to
the nearest hour. Such effects are very clear, and again two classes of winter type (+ A Z
at Resolute Bay, — A H at Baker Lake) and summer type (— A Z at Resolute Bay,
+ A H at Baker Lake) storms are found. Figure 5 for Resolute Bay and Figure 6 for
Baker Lake show the results, with the seasonal distribution and the mean storm changes
defined as before, since no striking differences in the time constant of decay of the mean
storm changes is apparent.

The mean azimuths determined from Baker Lake results are again between geographic
and geomagnetic south for the — A H storms and north for the 4+ A H storms.
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27-Day Recurrence Characteristics

The superposed epoch method has given results which suggest that there are no
fundamental differences in storm-time between the S C and non-S C types of storm,
although there do appear to be systematic differences in the ratio of horizontal to vertical
field components and hence in the latitude of the effective atmospheric ring. The K-
indices available from the two stations were used therefore to examine the recurrence
characteristics of the two classes at both observatories. Since the K-indices are available
until the end of March 1955 only, the results in Figures 7 and 8 do not apply to all the
storms examined. The sum of K was subjected to a recurrence examination: it is con-
sidered that recurrence (a broad peak about 28 days after the onset of the storm) is shown
for both classes of storms at Resolute Bay whereas the Baker Lake results are rather
ambiguous. However irregular disturbance, bay-like events, pulsations, ete., which
largely influence the K measure, persist several days longer for the S C storms than for
the non-S C storms. It is concluded that residual disturbance does persist for a longer
time in the case of S C storms, and this effect is believed to be real although it is the oppo-
site to that previously accepted for moderate latitude stations (Newton and Milsom, 1954).
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Since atmospheric current flow in high latitudes seems to provide the only reasonable
explanation of highly differentiated storm-time patterns at high latitudes, and since such
a current flow is commonly associated with an equatorial ring current, the suggestion
follows that both 8 C and non-S C storms require the formation of an equatorial ring,
but that the instabilities associated with the ring, producing bay-like and irregular disturb-
ance, persist much longer than the zonal current flow, and possibly the ring itself in the
case of the S C storms.

Alternatively if a completely atmospheric source is assumed for storms, and ele-
mentary polar disturbances are generated by wind action in the atmosphere (Vestine,
1954), the length of time that residual disturbance persists apparently requires entry of
charged particles from the sun into the atmosphere at these latitudes for a longer period
of time for S C type storms.

Non-Sudden Commencement Storms Common to Resolute Bay and Baker Lake

Eighteen storms were examined common to both observatories; 13 of these were of
the winter type and the remaining 5, in the summer months, were of the opposite type.
Table I shows the mean storm changes defined as before. The azimuths at both stations
correspond closely to current flow along geomagnetic parallels of latitude. The changes
were examined with the following results for the winter-type storms:

(1) if corrections for internal induction at both stations are made of the form
Hope. = Hexe. (1 + @) and Zops. = Zexs. (1 — a) corresponding to a highly differ-
entiated storm-time field at these latitudes and n in a P, harmonic description
assumed large, then a westerly current flow near geomagnetic latitude 71° is
required at a height of 500 km. to obtain these results, and o = —0.5 approx-
imately. This sign would not be expected from the results at low latitude
stations (Chapman and Price, 1930);

(2) alternatively, if a current at 100 km. in latitude 67° is assumed, then different
corrections are required at the two stations: « = + 0.68 at Baker Lake and
a = + 0.87 at Resolute Bay. However, an observed horizontal amplitude of
more than twenty gammas would be expected at Resolute Bay and this is not
observed. This model is therefore not very convineing,.

Ne RESOLUTE BAY BAKER LAKE
STORM TYPE OF STORMS | X Y z D H z
¥ ¥ ¥ ¥ ¥ ¥
WINTER 13 -3 | -2 |+26 | -1 | -20 | +28
SUMMER 5 +20 | +I19 [ =10 | +5 | +4 | +26

TapLe I. Mean storm-time changes at Resolute Bay and Baker Lake for eighteen non-sudden
commencement storms.
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For the summer type storms the storm-time changes indicate an easterly current
flow near latitude 81°N geomagnetic at a height of about 900 kms. with « = ~ 0.3
approximately.

It should be emphasized that there were no cases when a storm did not clearly fit
into one of these two classes corresponding to westerly or reversed current flow, but
occasionally storms do occur where the westerly flow at Baker Lake can move north of
the station as the storm progresses.

Although it is obvious that the field of an equatorial ring current could not produce
the — A Z changes found at Resolute Bay in the summer unless the ring is reversed, which
is not reported at lower latitudes, it is instructive to compare the horizontal components
found with those to be expected in the field of such a current ring for the winter type
storms. The potential of a strictly linear circular current of radius R expressed in terms
of spherical polar coordinates with respect to the earth’s centre and axis is

n=a

; g ar vk iy =24 L
o e b e ( on ) (E) Penis (cos 0)
n=0
The principal term at low latitudes is that for n = 0, and the horizontal to vertical com-

1+ 8

ponents ratio is =% ﬁ-tan 6, where the fraction g has its origin in sources internal to

the earth and 6 is the colatitude. We can immediately deduce that at Resolute Bay it is
required that 8 = 0.04 and at Baker Lake 8 = 0.24, and the corrected perturbing vectors
at the two stations are 24 gammas at Resolute Bay and 29 gammas at Baker Lake instead
of being equal. Sinece Chapman and Price (1930) have shown that at low latitudes 8 =
0.42 effectively for n = 0 in the above expression, it is not very convincing evidence for
an explanation of storm-time changes produced entirely by extra-atmospherie current
flow, and more complex atmospheric zonal currents than those discussed above seem a
more likely explanation.

Relation to Theories of Magnetic Storms

The relation of these findings to theories of magnetic storms is obscure. It appears
at any rate that the incomplete corpuscular theory of Chapman and Ferraro (1931) and
Martyn (1951) does not anticipate the summer-type storms. The possibility of a dynamo
origin of magnetic disturbance generally, including the main phase and the D,, components
of storms has been discussed in great detail by Vestine (1954) and Fukushima (1953).
Vestine (1954) has discussed the difficulties regarding conductivity and the driving force
of the wind systems. It seems worthwhile pointing out that in the summer months over
the polar cap, appreciable changes in heat driven air circulation of the upper atmosphere
might reasonably be expected though whether they would correspond to a reversal of the
zonal and meridional flows deduced by Vestine (1954) for the main phase of what we
would call a winter-type storm is not clear. Data from southern polar cap stations might
provide an important check.

CHARACTERISTICS OF BAY DISTURBANCE

Bay occurrence is a very characteristic feature in the magnetograms from Resolute
Bay and Baker Lake, being particularly evident nearer the auroral zone at Baker Lake.
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It may be regarded as the elementary polar disturbances of Birkeland (1908) and shows a
variety of pattern and form. Meek (1954) has examined the relationship between bays,
visible aurora and ionospheric phenomena at Saskatoon and elsewhere, and other authors
(Fukushima, 1953) have examined the form of the bay field during certain well defined
bays using polar year data. A systematic study of the properties of bays north of the
auroral zone has apparently not yet been made.

Selection and Measurement of Bays

The magnetograms on each of the days whose selection is described in the first part
of this study were examined, and bay occurrence, duration and average amplitude noted.
Since the change in time of particular appearances of the bay field has been previously
studied (see for example, Fukushima 1953), this interesting aspeet was not considered
further. Instead the amplitude measured was an estimated mean for the entire duration
of the bay.

Because of the complexity of the magnetic disturbance on the selected disturbed
days and the high level of irregular disturbances at both observatories, it was found
necessary to arbitrarily measure only those events with a duration exceeding one half
hour and persisting less than two hours. Only those bay-like events were measured
where the beginning and end of the disturbance could be determined: at times of irregular
disturbance this condition becomes virtually the same as that of being definite in at least
two components. Many bays are obviously double, but this complexity was ignored in
the succeeding analysis. It is also possible to recognize certain differences in type of bays
(e.g. those with a sharp and often pulsational beginning are common at Baker Lake) and
seasonal differences in definition seem to be present, but a more complete classification
must be deferred until a later publication. Occasionally bay-like events were noted in
which rapid sign changes occur in the horizontal perturbing vector. These were particu-
larly noticeable in certain polar cap records, and should be studied synoptically.

Characteristics of the Bays at Baker Lake

Since bays are much more evident nearer the auroral zone, it seems reasonable to
discuss first the findings at Baker Lake. Figure 9 shows the diurnal distribution of bays
for three seasons on the selected disturbed days and the diurnal variation during the year
1954 for all selected disturbed and quiet days in the year. The quiet day data represents
the pattern expected from residual disturbance, and can therefore be neglected in this
treatment. A pronounced peak at about 23:00 hrs. L.T. or 22:00 hrs. local geomagnetic
time is apparent in all three seasons. This peak is not at all sharply defined, and has a
half-width of between 4-h and 5-h in all seasons. Figure 9 also indicates the average
number of bays per selected disturbed day, and a small equinoctial maximum is found.
This requires that the total number of bays also reaches a maximum in the equinoxes.
It is not clear if the minor peaks evident in Figure 9 are real.

Figure 10 shows the diurnal variation of the average bay amplitude in different
seasons and in 1954 at Baker Lake, obtained by finding the average amplitude in each
field component in three hourly intervals of the day. The curves are dashed where the
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points are based on a total of fewer than five bays. From these curves it is simple to

derive an equivalent line current which would produce such a D V in bay amplitude.
This is discussed later.
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nents of the average bay amplitude on the selected dis-

turbed days during three seasons at Baker Lake. The

dotted lines indicate the partially derived diurnal varia-

tion of the average bay amplitude on the selected quiet
days during 1954.

Figure 11 shows the D V in frequency of occurrence and Figure 12 the D V in the
average bay amplitude at Resolute Bay. The data refers to the selected days at Resolute
Bay described in Part I. The frequency of occurrence of well-defined bays on any day
at Resolute Bay is almost one half that found at Baker Lake: this is true for all seasons,
and on both the selected quiet and selected disturbed days. This suggests that half
the bays identifiable to the north of the auroral zone can be seen over the polar cap.
There are two peaks of ocecurrence, near 22:00 hrs. and 13:00 hrs. L.T. respectively; the
night peak is predominant in the winter months and the midday one in the summer
months, whilst they are about equal in the equinoxes. Both peaks are very broad
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On the very quiet days discussed in Part I of this paper, only one very small bay at
Baker Lake was found.
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Duration of the Bays

At Resolute Bay the average duration of all bays on the selected disturbed days was
1.3 hours with insignificant seasonal differences: on the selected quiet days the average
duration was 1.1 hours. It is not clear whether this difference is real and what its implica-
tion is in such a case, since the infrequent bays on quiet days have amplitudes comparable
to the average amplitudes found on disturbed days for bays appearing at the same period
of the day.

In deriving the bay field the approximation was made that all bays last equally long—
about one and a quarter hours: this seems reasonable since no systematic DV in duration
is apparent from the inspection of many magnetograms.
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Relation to Irregular Disturbance

It is clear that a number of bays are not considered because of practical limitations
and the background of low frequency magnetic noise on the magnetograms. At Baker
Lake the very large amplitude pulsational noise frequently found on the magnetograms
always appears in the interval local noon + 6 hours, i.e. around the bay occurrence mini-
mum. Because of the masking effect of this noise, it is possible that the evening peak in
bay occurrence has been unintentionally emphasized. This is not, however, very likely
since on days when no such masking noise is present, an evening peak in bay frequency is
still pronounced. It seems possible that the noise bursts and bay activity are closely
related, and can both be regarded as produced from peculiar instabilities in an equatorial
ring. The relationship between them should be studied further. Irregular oscillations and
noise bursts often begin abruptly and less frequently end abruptly. Relationship with
daylight aurora is a possibility.

At Resolute Bay, well inside the polar cap, irregular oscillations occur less frequently
and with smaller amplitudes: however they too appear in the interval local noon + 6
hours. It should be emphasized that this aspect of disturbance is not a daylight zone
phenomena. It occurs frequently in winter when both observatories are in darkness.

Large pulsations, usually very clear in vertical force, with amplitudes of a few tens
of gammas and periods from 5 to 10 minutes were noted on occasion at both observatories.
The regularity of these pulsations is pronounced in contrast to pulsational noise. It was
noted that the abrupt start to well-defined pulsations can often be seen to take the form
of a higher frequency pulsational burst, suggesting a possible local atmospheric resonant
phenomenon. At Resolute Bay, during a great part of the total period under investigation
the sensitivity of the Y variometer was several times larger than that of the X and Z
variometers. It was then apparent that irregular pulsations of low amplitude are very
commonly present. All periods from the shortest resolvable, 1 to 2 mins., up to a half
hour or so are recorded at different times.

The 24-h Recurrence of Bays

This property of bays is very easily seen at even a casual inspection of Baker Lake
magnetograms. At Resolute Bay it is less pronounced. Further detailed studies are
required but a number of preliminary conclusions are possible:

(1) the recurrence interval can commonly vary by up to 2 hrs. from 24 hrs.,

(2) the average recurrence time of the bays is apparently nearer 23 hrs. than 24 hrs.,

(3) there is the suggestion at Baker Lake that bays occurring before local midnight
have an average recurrence interval less than 24 hrs., whereas often, but not
always, bays developing after local midnight recur later than 24 hrs.

This should be investigated further but suggests that if bay particles are ejected from
equatorial ring instabilities, then an analysis of recurrence may throw some light on the
drift motions of the instabilities. It should be emphasized that because of changes in
form it is not always possible to measure the recurrence interval very exactly. At Resolute
Bay where bay forms usually have less clear commencements, it is only possible to say
that deviations from 24 hrs. occur and that the mean value is somewhat less than one day.



338 PUBLICATIONS OF THE DOMINION OBSERVATORY

The Amplitude of Bays on the Selected Quiet Days

Although bays occur on the selected disturbed days about seven times more frequently
than on the quiet days, it appears that the rather inaccurately determined D V in bay
amplitude at Baker Lake is much the same on both types of days, see the dotted lines in
Figure 10. At Resolute Bay (see Figure 12) the results are much more ambiguous, but so
are the bays. It is suggested therefore that at least near the auroral zone, the average
amplitude of a bay appearing at a given local time is much the same on local quiet and
disturbed days. This result would perhaps not be expected, since most theories require a
close relationship between bay amplitude and the disturbance daily variation. However,
it is hoped to investigate this further at some later date.

The Relationship between Bays and Auroral Activity

Davies (1950) has discussed the diurnal occurrence of aurora across the auroral zone
in Canada and concluded that auroral activity reaches a maximum about one hour before
local midnight at the centre of the auroral zone, and appears to become progressively
later with respect to local midnight south and north from the centre of the auroral zone.
Towards the northern limit of the effective auroral zone, a diurnal maximum appears
in both morning and evening hours: thus winter observations at Clyde (& = 81.5°N)
showed maxima about 19:00 and 06:00 L.T. This morning maximum at 06:00 L.T. was
observed at Chesterfield Inlet during the polar year 1932-33. The frequeney of occurrence
of radiation 3578 A of the second positive system of nitrogen corresponds to that of bright
and active auroral bands and rays and was found to have a maximum at about 23:00 L.T
at Chesterfield Inlet. No secondary morning maximum of occurrence of this line was
found by Currie and Edwards (1936). This maximum close to local midnight corresponds
closely to the peak in bay occurrence shown in Figure 9. Visual observations at Baker
Lake also confirm the presence of bright active aurora often covering a great part of the
sky during bay occurrence, and so it seems quite possible that magnetic disturbance
during bays is produced by the moving charged particles in the auroral forms.

The relationships of the changes observed in Figure 11 to auroral frequency at Resolute
Bay is unknown. Daytime measurements on aurora by radio means during the summer
months to discover the significance of the midday peak should be undertaken, if possible.

Positive and Negative Bay Occurrence at Baker Lake

The averaged data show that positive bays in A H are infrequent at Baker Lake.
The diurnal frequency of occurrence of negative bays is therefore much the same as that
shown in Figure 9, but positive bays occur throughout the day with a diffuse maximum
near 16:00 L.T. which may not be significant. It should be noted that these results are
different from those reported by Meek (1954) at Saskatoon. Figure 13 summarises the
findings for more than 300 positive and negative bays examined in this analysis.

Comparison with Martyn’s Theory of the Auroral Zone

Martyn’s (1951) theory of aurora predicts an auroral zone of ~5° latitude in width
with auroral effects produced by precipitation, along magnetie lines of force, of positively
and negatively charged particles from an equatorial ring about five earth’s radii away.
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Fieure 13. The diurnal frequency distribution of all positive and
negative bays measured at Baker Lake.

In the early stages of disturbance during the afternoon and early evening, precipitation
of positively charged particles occurs at the northern edge of the auroral zone and nega-
tively charged particles at the southern. After midnight this situation is reversed, and in
the final stages of disturbance the latter condition is thought to exist in both the morning
and evening. Drift currents in which the positive ions drift faster than the negative are
set up, and are thought to explain certain ionospheric and magnetic phenomena. The
current system of bay disturbances is regarded as similar to that for the diurnal disturbance

variation but advanced in phase 6 hours.
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Thus it would be expected that during the early phase of a storm at a station like
Baker Lake, negative bays (— A H, 4+ A Z) would occur in the period from 6 p.m. to 6
a.m. and the positive bays (4- A H, — A Z) in the period from 6 a.m. to 6 p.m. In the
later main stages of a storm, negative bays should occur over 24 hrs. Figure 13 shows that
during disturbed days no clear cross-over times are found, although positive bays are
found mainly in the hours around noon and negative bays in the hours around midnight.
The presence of negative bays at all hours, since they occur throughout the day in the
main phase of disturbance, might be expected. It should also be noted that the total
number of positive bays found at times not predicted above is small.

It is difficult to determine at a station like Baker Lake if positive bays develop during
the early phase of a disturbance since disturbance is more or less continuous. Thus
examination of the magnetograms at the times of positive bay occurrence suggests that
such is not the case, but an examination of the international character figures for the days
of positive bay occurrence show that most of them correspond to a local maximum in the
C; figure. Bay occurrence on quiet days, which it might be thought could be regarded as
definitely referring to the very early stage of disturbance, revealed 21 negative bays
(between 19:00 and 05:00 L.T.) and 1 positive bay (15:00 L.T.): these do not contradiect
the expectations of theory.

It was noted that the tendency of the small number of positive bays to appear in the
equinoxes is striking, during the 17 months data used around sunspot minimum.

At the northern edge of the zone, negative changes in A Z should oceur in the period
6 a.m. to 6 p.m. in the early phase of disturbance and should be associated with + A H
changes. 29 cases only out of more than 300 bays have — A Z movements at Baker Lake;
17 of these occur in the predicted time interval but only 12 are associated with + A H
changes. It is concluded that bay phenomena at Baker Lake are not very perfectly
explained in terms of Martyn’s theory. '

At Resolute Bay the situation is more complex and the summer midday peak is
associated with — A Z changes whilst before noon A X and A Y are positive and after
noon largely negative. This corresponds to current flowing easterly on the a.m. side and
westerly on the p.m. side which is the reverse of idealized concepts of currént flow produc-
ing the disturbance daily variation near the auroral zone. Furthermore the current system
of the bay disturbances is effectively south of the station before noon and north in the
afternoon hours. The data from the winter months which show a peak in frequency of
occurrence before midnight correspond largely to 4+ A Z changes and changes in the
geomagnetic horizontal component to the south. This is what would be expected in the
main phase of disturbance. The Resolute Bay bays occurring near noon in the summer
months appear different in character from, and more diffuse than, the evening bays in the
Baker Lake magnetograms, suggesting again that a different origin and explanation is
required.

The suggestion of occurrence of a bay current system of limited size appearing inside
the polar cap during the summer seasons is an important one. Its morphology appears in
certain respects to be the opposite of that associated with the auroral zone, which suggests
a relation with the reversed summer type of storm discussed above. The relation to the
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inner zone of high magnetic disturbance suggested by Russian Arectic research is not clear
(Anon., 1954), and it may be a reflection of an outer equatorial ring with reversed properties
from the Martyn (1951) ring. Alfvén (1955) in a recent discussion of his electric field
theory of magnetic storms and aurora has shown that if the inertia of the storm-producing
beam is considered, a second ring current is produced which flows anticlockwise at about
30 earth radii and he assumes this to be an extra-atmospheric source of the initial phase
(I P) of storms, associated with an inner auroral zone with a polar distance of 5°-10°.
The theoretical duration of this I P is a few minutes only. Whitham and Loomer (1956)
have shown that disturbance at Resolute Bay and Baker Lake is highly correlated in
general and the results in Part I of this paper make it clear that there are no cyclic field
changes at Resolute Bay analogous to those found at Baker Lake; these results suggest
little support for the existence of an inner auroral zone magnetically. However, the anti-
clockwise ring in Alfvén’s theory exists together with the usual clockwise ring in the main
phase of storms, and it is interesting to wonder if its properties are associated with the
probably atmospheric zonal currents discussed above for summer-type storms. If this is
the case, it should be possible to show that at lower latitudes the usual pattern is present
and there might be interesting time differences apparent in the development of the two,
and interesting relations between the magnitude of the two systems. It is hoped to pursue
this point in a later publication. The seasonal nature of the reversed ring is difficult to
understand on this hypothesis. Considering all the results in these papers it seems difficult
to support the contention that observational data require the existence of an inner auroral
zone, but obviously much more work is required.

Another possibility is that a real change occurs in the heat driven air circulation of
the upper atmosphere as discussed earlier. This is required if a dynamo origin for the
main phase of storms and bays is accepted. It is then reasonable that partial appearance
in the equinoxes is possible, but not at all clear why two apparently reversed modes of
zonal and meridional air circulation can exist with different frequency in different seasons.

The unusual features at Resolute Bay may be a consequence of the pronounced non-
dipole properties of the earth’s magnetic field in Canada. Thus the vertical force map of
Canada suggests the presence of a large regional pole over the barren lands, and Resolute
Bay is only about 100 miles from the dip pole of the earth’s field. It seems likely that
theories involving the interaction of the field with single incoming charged particles, or
leakage down lines of force to the lower atmosphere, would produce unique observational
aspects at the Canadian Arctic observatories. Against this viewpoint is the experimental
result of surprisingly good geomagnetic control in much of the data discussed. One
obvious need is a similar discussion for the Antarctic.

Relation of the Bay Field to the Disturbance Daily Variation

Figures 10 and 12 show the diurnal variation in bay amplitude, independent of the
probability of appearance of a bay in any interval. These curves show striking similarities
with the disturbance daily variation curves discussed in the previous paper: however,
agreement in form is not very good for the horizontal component at Baker Lake and the
vertical component at Resolute Bay. Fukushima (1953) in an examination of the equiva-
lent current systems of the field of elementary polar disturbances has arrived at two
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groups, one of which corresponds to the equivalent current system of the average disturb-
ance daily variation field, or of the average bay field, and one in which marked differences
occeur because of a predominant westward auroral zone flow. The simplest pattern is
thought to be similar to the electric current system on a conducting spherical surface
caused by an electric doublet situated on the auroral zone and directed westward. Bays
are thus considered to be a temporary appearance of a polar magnetic storm within a
short duration of time.

The analysis considered here supports the idea that the bay field represents a tempor-
ary appearance of a systematic disturbance field, similar to, but not identical with, that of
the disturbance daily variation. It would also suggest that the presence of a current ring
is a necessary condition for the appearance of bays. To search for the presence of D,, in
the field for a few hours before a bay occurs is very difficult at Baker Lake since the refer-
ence value for the month in any component is so uncertain. It is thought that at the
present time such a determination is not possible. However, at Resolute Bay where the
magnetic conditions are less disturbed, a test of this sort using the Z component was
attempted with inconclusive results. Once again the correct reference values to use are
difficult to determine.

Relation to Polar Blackouts

Wells (1947) has discussed the relation between individual bays and radio blackouts
at College, Alaska, and explained the latter by the development of intense ionization in
the ionosphere below the normal E layer, produced directly or indirectly by the incoming
charged particles. Cox and Davies (1954) have published statistical studies on blackouts
recorded at ionosphere stations in Canada, including Baker Lake and Resolute Bay, over
the period 1949-1952. The DV in frequency shows a well-defined maximum near 11:00
L.T. at Baker Lake and two maxima near 06:00 hrs. and 13:00 hrs. L.T. at Resolute Bay,
More blackouts are observed at Resolute Bay (500/year) than at Baker Lake (250/year).
Considering their evidence with the bay analysis presented above, it is by no means clear
that the direct relationship reported by Wells (1947) can be said to be evident, and a
direct examination of the radio data might be of help in considering the classification of
bays.

It should be noted that the times of maximum K index at the two stations are 09-12 hrs.
90°W meridian time at Baker Lake and 12-15 hrs. at Resolute Bay in agreement with the
times of maxima found by Cox and Davies (1954). However by the geomagnetic latitude
of Meanook (® = 61.8°) even this agreement disappears.

THE GEOMAGNETIC POST-PERTURBATION

The monthly mean values of the geomagnetic field undergo changes due to the varia-
tion of average disturbance with season and the effect of disturbance on the daily means,
One convenient measure of this effect is provided by the average D., field defined by the
mean daily values for disturbed days minus those for quiet days. Second order errors
produced by secular change and base-line errors are unimportant. The annual variation
can then be regarded as produced by this averaged field appearing in different months
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with different frequency and intensity. The seasonal variation in disturbance at Baker
Lake and Resolute Bay is discussed in Part I of this paper.

The annual variation in 1954 is shown in Figure 14 together with estimates of the
secular change rate in that year. Figure 14 also shows the monthly variation in the D,
field derived for each month using the selected quiet days and disturbed days discussed in
Part I. It is clear that partial appearance of this field in different months can explain
the main features observed in the annual variation. The Z component shows the largest
annual variation and also the greatest variation from month to month in the D, field.

RESOLUTE BAY 1954 BAKER LAKE 1954
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In view of the studies which have been made using the relatively easily computed
D., field values, it is of interest to consider the contributions of the different phenomena
described previously to the measured D, values. Table II shows the seasonal value of
the Dy, field to the nearest gamma, over 17 months in 1953-55, and the value for the year
1954; since the number of disturbed days/month varies in the selection made in Part I
the monthly values were weighted according to the number of selected days/month in
this determination of field components. This is thought to give the purest form of D,
variation but the results were not substantially different with each month assigned equal
weight. Also shown is an estimate of the influence of the bays measured and defined as
described earlier.

BAKER LAKE RESOLUTE BAY
SEASON D H y4 X Y y 4
Y Y Y Y ¥ ]

Dm= SELECTED DISTURBED — SELECTED QUIET DAY MEANS

WINTER -2 -28 + 18 -6 -2 +31
EQUINOX -5 -23 + 46 -3 +3 +31
SUMMER =% p Y -40 +2 +3 =
YEAR 1954 -3 - 18 +14 0 0 + 2l

ESTIMATED CONTRIBUTION OF SELECTED BAY DISTURBANCE

WINTER =g =20 + 11 -1 (o) + 5
EQUINOX -10 -21 +18 + 1 -1 +3
SUMMER =95 -1 +12 +2 0o -2
YEAR 1954 -7 -18 +14 +1 o +2

Tasre II. Seasonal values of Dy, field and estimated contributions from the bay field at Resolute Bay
and Baker Lake.

At both observatories it is clear from Table IT that this measure represents largely
the average effect of bays; the residual part of the D, components must correspond to
the averaged effect of storm-time and irregular variations. The only serious discrepancy
occurs in Z Baker Lake where the influence of bays is of opposite sign to the D,, field
recorded ; when zonal terms corresponding to the average pattern of summer-type storms
(see Figure 6) are added, the discrepancy is increased. This may mean that the residual
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effects of the summer-type storms on average disturbed days correspond to easterly flow
south of Baker Lake (whereas the concentration is usually to the north during the first
few days of a storm). This seems unlikely both numerically and in view of the time
constant of decay of the order of one day discussed earlier. Alternatively it appears that
the average effect of irregular disturbance during the summer months is largely to depress
the Z field component, a surprising result. At Resolute Bay, the influence of measurable
bays is much smaller and we conclude that the D,, field is effectively a deseription of the
averaged zonal terms described earlier.

In any case the magnitude of the difficulties in reducing field observations to a satis-
factory epochal value is clear, and the authors suggest that the only reliable secular varia-
tion data is that obtained from observatories operating continuously, and programs of
repeat observations at infrequent intervals over short durations are of doubtful use. The
magnitude of the seasonal changes is such that the determination of 11-year eycles in
secular variation near the auroral zone should be quite feasible. There are certain sugges-
tions of this (Barta, 1956).

NON-CYCLIC CHANGES

In the harmonic analysis of the selected groups of days deseribed in Part I, the non-
cyclic changes were removed mathematically, assuming a linear variation with time to be
a good physical approximation. Because of irregular disturbance, not completely removed
in the use of hourly mean values, it is not certain how regular such changes are. For the
three classes of selected days at Baker Lake, Table III shows the results of an analysis of
non-cyelic changes in the Z component for three seasons. The storm-time analysis showed
that the main phase of storms usually results in a Z enhancement at Baker Lake: therefore
on disturbed days on the average one might expect a positive or zero non-cyclic variation
and on quiet days a negative variation on the average. Such simple results are not found
in the selection made, except in so far as the non-cyclic change on disturbed days is always
smaller than on quiet days, and the equinoctial results do show the predicted pattern.

SEASON D'SJA%ZBED QUIET DAYS VE%’;%‘ET
WINTER ~02 ¥ +68 ¥ +56 %
EQUINOX +27 % -56 ¥ ~80 7
SUMMER ~19 ¥ +56 ¥ (NO DAYS )

Tasue I Non-Cyelic changes in Z, Baker Lake 1054, for three selected classes of days.
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There is a suggestion therefore that because of the influence of bays and irregular
variation, the corrections introduced in Part I are not always physically plausible. How-
ever, it is apparent from Table III that the corrections introduced to the sine components
do not exceed 2 to 3 gammas on the average in even the first harmonie, and the final
statistical uncertainties exceed this. This investigation suggests that the practice of
publishing calculated non-cyclic changes may be worthless for high latitude stations.
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