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IX. On the Lunar Diwrnal Variation of the Earth's Magnetism at Pavlovsk
and Pola (1897-1903).

By S. CaAPMAN, B.A., D.Sc., Fellow of Trinity College, Cambridge, and
Chuef Assistant at the Royal Observatory, Gireenwich.

Commumnicated by the Astronomer Royal, F.R.S.

Received June 19,—Read June 25, 1914,

§1. Ter present paper contains an account of the methods and results of an
investigation into the lunar diurnal magnetic variations at the observatories of
Pavlovsk and Pola (1897-1903). This work is part of a larger undertaking, now in
progress, by which I hope to obtain the data necessary for the discussion of the lunar
diurnal magnetic variations over the whole earth, using the method of the Gaussian
potential in a manner similar to that in which ScHUSTER applied it to the solar
diurnal magnetic variations. For this purpose data will be computed from at least
three or four other observatories. The labour of computation involved is very large,
and in the present instance has been executed partly by the aid of a grant from the
Government Grant Committee of the Royal Society, and partly by assistance put at
my disposal by the Astronomer Royal and Dr. Scmuster. While the data thus.
obtained will, T trust, throw much new light on the theory both of the lunar and
solar diurnal magnetic variations, the investigation has been undertaken not with
any thought of finality in itself, but rather as an incentive to the provision of data
for a more accurate and detailed discussion by subsequent workers. The reduction of”
the observations to the required form is, in fact, almost too great a labour for a
single person to undertake if it is to be done on an adequate scale and in a reasonable
time. It is in the hope, therefore, that a number of directors of magnetic observa-
tories may be induced to carry out the reductions for their own stations that I have,
in this paper, indicated what seems to me to be the simplest and most suitable method
of computation for the purpose, and also some of the lines along which the discussion
of the results from a single observatory should proceed. In a later paper some
further points will be dealt with, in addition to the final discussion of the collected
results from several observatories ; for a general review of the subject, reference may
be made to my recent discussion of the previously existing data for Batavia, Bombay,
VOL. COXIV.—A 517, Published separately, Septernber 26, 1914.
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296 DR. S. CHAPMAN ON THE LUNAR DIURNAL VARIATION OF THE

and Trevandrum.* A few of its main points are summarized below for the better
understanding of the object of the present paper.

§ 2. The magnetic elements undergo regular variations with the period of a lunar
day, just as they do in the course of a solar day ; the latter variations are much the
larger of the two. The lunar diurnal changes are the simpler in character, however,
taking the form, when averaged over a whole lunation, of a purely semi-diurnal wave.
But if' the variation is computed from a number of days all at the same lunar phase
(7.e., when there is a definite angular distance between the sun and moon), the solar
diurnal variation having first been eliminated from the observations, harmonic
components of other frequencies in the lunar day are also found to be present. The
epoch of the component of frequency 2 (the semi-diurnal term) remains constant
throughout the lunation, but the epochs of the terms of frequency 1, (2), 3,4, ..., n
change regularly during the lunation by amounts —2=, (0), 2=, 4w, ..., 2(n—2)=
respectively. Moreover, the epochs of the various components generally seem to be
nearly or quite the same at the time of new moon, when the sun and moon are on the
same meridian. This law of phase change was discovered and verified by a study of
the first four harmonic components ; it explains the disappearance of all components of
frequency other than 2 from the variation computed from a whole lunation. The
phenomenon clearly suggests a solar action modifying a regular semi-diurnal lunar
variation. In the paper referred to, I have shown that the law according to which
the epochs of the several harmonic components change during a lunation is in accord-
ance with the theoretical consequences of such a solar action. While the proof of
this theorem might easily be stated in terms which imply no special hypothesis as to
the manner in which the action takes place, 1t was actually given in terms of a parti-
cular theory, viz., that the effect is due to a variation, periodic in a solar day, of the
electrical conductivity of the medium in which flow the currents to whose magnetic
potential 1is attributed the variable field put in evidence by the observations. The
dependence of the electrical conductivity upon solar time is accounted for if we
suppose that all or part of this conductivity is due to some ionizing influence from the
sun. So far as regards the facts thus mentioned, this assumption fits in naturally
with a view that the lunar magnetic variations arise from the lunar tide in the earth’s
atmospheret in the same way as, according to ScHUSTER'S well-known theory, the solar
diurnal magnetic changes arise from the ordinary daily atmospheric motions] which
are indicated by the barometer.

In two important memoirs ScHUSTER has proved that the solar-diurnal magnetic

* ¢Phil. Trans.,” A, vol. 213, pp. 279-321. This paper contains fairly full references to the previous
work on the subject.

t This has been detected and measured in the barometric records of some Tropical observatories, s.e.,
St. Helena and Batavia. It is, as was to be expected, purely semi-diurnal. SABINE, ¢Phil. Trans., 1847 ;
¢ Batavian Observations,” 28, 1905.

i Mainly of solar-thermal rigin.
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variations originate in currents flowing mainly above the earth’s surface,® and has
shown that these may very probably be ascribed to the effect of electromotive forces
produced by the periodic motions of the atmosphere across the earth’s permanent
magnetic field, the electrical conductivity necessary for the passage of the currents
being found in the rarified upper atmosphere, which is assumed to be ionized by some
solar action such as ultraviolet radiation.t This theory is so valuable and successful in
many ways that it is desirable to examine carefully the points not yet elucidated by
it, among which the chief are the ratios of the amplitudes of the several harmonic
components in the magnetic variation (as compared with the ratios of the
corresponding terms in the barometric variation), and the seasonal changes in these
components. If the natural assumption that the mechanism of the lunar and solar
diurnal magnetic variations is similar is correct, an investigation of the former should
throw much light on the latter; since the lunar diurnal variation arises from an
atmospheric oscillation of a single frequency there is good reason to suppose that the
relative amplitudes of the various components of the lunar magnetic variation
(computed for the separate lunar phases and reduced to the time of new moon, say)
will enable the daily variation of the atmospheric electrical conductivity to be
determined.

The chief point of novelty and importance in the investigation for which the data
here presented will be employed lies in the use of the harmonic components of the
lunar magnetic variation of frequencies other than 2, as well as the main semi-diurnal
component. In particular, as is explained in the memoir already referred to,] the
fourth harmonic term has a special significance for our purpose.

The Method of Computation.

§ 3. The following is the method of computing the lunar diurnal magnetic
variation from the published hourly values of the magnetic elements which, after
much consideration, has appeared to me to be the simplest and best. It resembles
that used by J. A. Brou~ in his reduction of the Trevandrum observations of
declination,§ more than any other method hitherto used.

The monthly mean solar diurnal variation, as ordinarily calculated from a calendar
month’s hourly observations, may be considered free from any lunar term, since in this
period|| the lunar disturbance characteristic of any lunar hour affects in turn each

* SCHUSTER, ‘ Phil. Trans.,” A, vol. 180, p. 467.

+ SCHUSTER, ¢ Phil. Trans.,” A, vol. 208, p. 163.

1 ¢Phil. Trans.,” A, vol. 213, p. 306.

§ ¢Trevandrum Magnetical Observations,” vol. I, p. 113, 1874.

|| More strictly, in an exact lunation, but the two are so nearly equal that in view of the relative
smallness of the lunar variation the difference may be neglected.

VOL. COXIV.—A. 2 Q
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298 DR. S. CHAPMAN ON THE LUNAR DIURNAL VARIATION OF THE

group of 28 to 31 equal solar hours in like degree. If, then, we subtract from each
hourly value the monthly mean value for that hour, the remainders will be due to
causes not regularly solar, ¢.e., to irregular disturbances from whatever cause, and to
any lunar action which may be at work. These remainders, when re-grouped, in
sufficient quantity, according to their lunar time, enable the magnetic variations
depending on lunar time to be determined either for whole lunations, or for any
particular lunar phase, since the regular solar variations are already eliminated, and
the accidental irregularities, independent of lunar time, average out.*

In eliminating the solar variation it is too troublesome to subtract from the hourly
values on each day the monthly mean values for the twenty-nine days exactly centred
at that day, yet, on the other hand, it is perhaps hardly accurate enough to assume
that the monthly mean values for the ordinary calendar month properly represent the
solar variation for all the days in that month—especially during seasons of rapid
change in the solar variation. The simple plan which I have adopted is to take the days
of a calendar month in six groups each containing five days (except that the last
group contains the days from the 26th to the end of the month), and to take the same
monthly mean hourly values for all the days in each group; these hourly values are
interpolated according to simple rules (embodied in a table for the computer’s
convenience) from the monthly mean hourly values of the given calendar month and
of those preceding and following it, each set being assumed to apply to the centre of
its respective month. The differences ““ actual—mean ” are written down on the sheets
containing the printed hourly values, alongside the latter; it is convenient, where
possible, to place positive differences to the left, and negative differences to the right
of the printed values. These differences need not be written down more accurately
than to one-tenth of a minute of arc in the case of declination, or to 1y (0°00001 C.G.S.
unit) in the case of force.

The re-grouping of these differences according to their lunar time is effected by
copying them on to “lunar” sheets ruled into 27 columns and 40 or 45 rows, on
which have been written out, in the second column, the local civil times of upper
transit of the moon (lunar hour 0) for the successive days in the calendar month to
which each sheet is devoted. The times of lunar hour 0 will not generally fall at an
exact solar hour, and the nearest solar hour to the correct time must be used instead ;
the resulting error will generally be small, and is assumed to disappear in the mean
from a large number of days. These times, for the meridian of Greenwich, can be
taken from the Nautical Almanac or, perhaps, more conveniently, from the “ Companion
to The Observatory” (12" must be added to obtain civil instead of astronomical time).
They may be corrected for difference of longitude for an observatory on another
meridian, but I have found it convenient not to do so, using the same civil times of

* It may be noted here that in the computation of the lunar magnetic variation many small errors of
solar diurnal periodicity which occasionally occur in magnetic observations, such as those arising from a
faulty temperature correction, are eliminated from the observations with the regular solar variation.
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lunar hour 0 for all observatories; the necessary correction for this is indicated
later.*

The length of a lunar day is not quite constant, but its mean value is approximately
24" 50™ in solar time; for the present purpose it will be assumed to equal 25" of
solar time (which seems much preferable to the adoption of 24", as has often been
donet). As the hourly differences to be copied out are given at intervals of one solar
hour, the lunar day will, for the first stage of the work, be regarded as subdivided into
25 equal periods of duration of one solar hour, and the last 25 columns of the “lunar”
sheets should be headed 0" to 24", In copying out the hourly differences, therefore,
the first value written down on any row (each of which relates to a single lunar day)
is that one which corresponds to the local civil time written in the second column of
the row ; after this the next 24 consecutive hourly differences are written in order.
The times of lunar hour 0 in the second column generally differ by successive amounts
of 25% and where this is so the hourly differences run on consecutively from one row
to the next; occasionally the difference is only 24", however, and in this case one
hourly value has to be set down twice, once under column 24" of the former row, and
again under 0" of the following row. To ensure that the right set of hourly differences
is being copied out, the time of the last entry in each row of the lunar sheets should
be checked. In this re-arrangement it is important, for convenience and accuracy,
that the columns of the lunar sheets should be wide enough to allow of the preserva-
tion of the separation of the positive and negative values of the hourly differences,
the former on the left and the latter on the right hand of the columns ; this facilitates
the formation of monthly and group sums, and obviates the use of signs. Each lunar
sheet should contain the lunar days of a single calendar month, occupying about 80
rows; a few hours at the beginning or end of the month may be taken from the
preceding or following calendar month in order to make each lunar day complete.

§ 4. When all the hourly differences for the period under investigation have been
copied out on to the lunar sheets these should be carefully scanned for the purpose of
picking out any very disturbed days for rejection. This assists also in the detection
of any mistakes which have been made in the previous part of the work, as serious
mistakes in forming the hourly differences in copying is generally apparent from the
“run” of the numbers. As regards the rejection of disturbed days, I have adopted a
very conservative policy ; the proceeding must, in any case, be of an arbitrary nature,
and a criterion which will mark off a given proportion of days must vary in different
years, at different observatories, and with different elements (even at the same time
and place). The period covered by this investigation (1897-1903) was intentionally
chosen during a sunspot minimum, when quiet magnetic conditions prevailed, so that
in a more disturbed period it would be necessary to reject a rather larger proportion

* P. 302. Tt is assumed that the hourly values are tabulated, as is usual, according to the local civil
time of the observatory.
1 As, for instance, at Batavia, Bombay, and in all SABINE’S work on the lunar magn@bic variation,

2Q2
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of days. The average total number of days rejected for each element at each
observatory, out of nearly 2500 lunar days (7 years) was 50 or 60%, or about 2 per
cent. of the whole. The rejected days were not always the same for different elements
and observatories. At first a still smaller number, hardly more than a dozen days
were deleted ; the further rejection of another 40 days improved the accordance of the
results from the several lunar phases, and was therefore considered to be worth while,
although it hardly altered the final means from all the phases.

The number of days thus rejected is very much smaller than was customary
amongst those previous investigators who adopted SapiNi’s method of ““separating
values”; CHAMBERS,T for example, in treating 25 years’ Bombay observations, rejected
about 20 per cent. of all the days, instead of 2 per cent. as here. FiGrE,] at Batavia,
has stated that this procedure may seriously affect the values derived for the lunar
magnetic variation, and it seems desirable, therefore, for definiteness and uniformity,
to restrict the number of rejected days within very close limits.

The disturbed days, chosen according to the principles thus laid down, were ruled
out on the lunar sheets, as also any lunar days with incomplete record. The monthly
sums were then formed at the foot of the several columns of hourly differences—the
corresponding number of days used being written in the second column of the same
row. Further, by reference to the Nautical Almanac, each month was divided up into
eight groups of days (there being from three to five days in each group), these being
distributed as evenly as possible around the times§ of new moon, one-eighth phase, first
quarter, and so on, as centres. In eight rows, below the monthly sums, should be written
down the sums of the hourly differences for each of these groups of days in order (new
moon being phase 1, first-eighth phase 2, and so on), the number of days in each group
being set down in the second column. The sum of the eight group sums in any
column should equal the monthly sum in that column, and the additions should be
checked by verifying that this is the case.

§5. At this stage the utmost freedom is possible in the choice of further grouping
of the results for discussion. In general, several months must be grouped together in
order to obtain an accurate determination of the variation under any given conditions,
as its total amount is always very small. The groups of days taken together should
therefore be as large as is consistent with the exhibition of those features of the
variation which it is desired to bring out. For the present purpose the eight lunar

* As an indication of the sort of criterion which serves to separate about 60 days for rejection, in the
three elements declination, horizontal force, and vertical force at Pola, the separating values were
respectively 10"-0 of arc, 100y, and 50y in the total range of the hourly differences on any day. These
limits might be different at other places and times.

T CHAMBERS, ¢ Phil. Trans.,” A, vol. 178, pp. 1-48 (1887).

1 FieEg, ¢ Batavian Observations,” vol. 26 (1903).

§ If the Greenwich civil times of lunar hour 0 are written in the second column of the lunar sheets,
instead of the local civil times, the Greenwich civil times of the lunar phases should also be used in
dividing up the months. This plan is recommended,
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phases must, of course, be kept separate, and to illustrate the seasonal changes I have
divided the twelve months of the year into three groups, summer (May to August),
the equinoxes (March, April, September, October) and winter (November to
February)—a plan which seemed better, on the whole, than the adoptidn of four
groups of three months each.

During the seven years there were 28 group sums for each lunar phase during each
season, and these were added together, the final sum representing about 100 days in
each case (approximately 7 (years) x 4 (months) x 4 (days)). The monthly sums
were also added together for the seven years, so as to show the monthly change in
the semi-diurnal component of the variation; by grouping these monthly sums in
seasons a check on the sum of the eight seasonal sums for the separate phases was
obtained for verification of the computing.

The twenty-four sets of inequality sums for the eight lunar phases during three
seasons were then plotted, and 24 ordinates at equal intervals were read off from each
of these curves (without smoothing), in order to replace the 25 values at intervals of
one solar hour by 24 values, starting at lunar hour 0, at intervals of a lunar hour,
or 3% solar hours; this was done because the Fourier analysis of 24 values of a
periodic function is arithmetically much simpler than that of 25. This analysis, as
far as the first four harmonic components, was then effected. Only at this stage
were means, and not sums, used, the resulting values of a,, b,, &c., being divided
by the number of days corresponding to the sums whose succession of values was
harmonically analysed. This plan, besides being very economical of time, permits
of more convenient checks being applied to the routine computations (as already
mentioned) than would be possible if means were used in an earlier stage of the work.

The eight values of @, b in the formula

él(o&,, cos 1t +b, sin nt)
deduced from the magnetic variation for each lunar phase were then all reduced to
the corresponding values at new moon, by allowing for the progressive change of
epoch of amount 2 (n—2) = which the »*™ harmonic undergoes during each lunation.*
The change of epoch in the interval (one-eighth of a lunation) between one phase and
the next is 4 (n—2), or —45°, 0, +45°, +90° for the first four harmonics in order.
We will denote by o, &’ the new values of @, b after this change of epoch has been
allowed for by reducing @, b, to their equivalent values at new moon. Writing £ for

%, for convenience, the table on p. 802 is useful for the conversion of @, b to o, ¥

Except for accidental error, and a small effect due to the varying distance and
declination of the moon, the values of &’ or 0’ in any one column should be the same.
Their mean gives the resultant determination of the various components of the lunar

* ¢Phil. Trans.,” A, vol, 213, p. 287.
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Lunar phase. a'y. by, a's. b'o. o's. s, o4 Vg
1 ay b1 [42] bz a3 b3 (12} b4
2 k (0/1 + 61) k ( -y + b1> 123 by, k ((13 - b3) k ((13 + bg) - b4 hy
3 bl — 12 bz - 63 a3 — Oy - 7)4
4 k ( -+ bl) k ( - a1 — bl) (42 b2 k ( — Q03— bg) k (a3 - bg) b4 — by
5 -y -0y g by — a3 — b3 n by
6 k(-‘a1—-b1) k(al—bl) 42 b2 ]ﬂ(——ag"l"bg) ]C(—ag—‘bg) -—b4 Qy
7 - bl ay (12 bz b5 — a3 —~ Q4 - b4
8 k (dl - Z71> k (al + bl) 12 b k <a3 + bg) k ( — a3+ b;}) by ~ Oy

variation for the particular season, over the period for which data have been used,
except for small corrections to be applied (i) to the amplitudes of the components, on
account of the fact that the epochs are changing continuously, while we have treated
the group of days corresponding to each lunar phase as though each of the days of the
group was centred precisely at that phase (this makes the computed amplitude
smaller than it should be) ; and (ii) to the epochs also, in case the civil times adopted
for lunar hour 0 and the phases of new moon, &ec., have been the times appropriate to
the meridian of Greenwich instead of to the meridian of the observatory dealt with.

The former correction, to the amplitudes, is effected by multiplying the computed
amplitudes C,, C;, C,, or the corresponding «, b coefficients, by 102, 1°02, and 111
respectively.®

§6. The correction to the epochs is found as follows: we consider a place in West
longitude 1.°, for which the civil times of lunar hour 0 and of new moon first-eighth
phases, &e., appropriate to Greenwich have been used instead of the local times.
The error in the local civil time of lunar hour 0 is equal to the gain in longitude of
the moon upon the sun during the time taken for the moon to traverse the angle L;
this time is, with accuracy sufficient for our purpose, equal to L°/29 in lunar time.
On this account an angle nL°/29 must be subtracted from the deduced epoch 6,.
Next as regards the hour of new moon, &ec., since these phenomena have no relation
to any special meridian, the adopted times are in error by the full amount L’ in solar
time. This results in an error of amount (n—2) L°/29 in the reduction of the phases
to the true epoch of new moon. Combining the two corrections it appears that the
epochs of all the components must be corrected by the same amount, viz.,, —21.°/29.
This correction is so simple to apply, and the adoption of one set of times for all
observatories 1s so convenient, that the plan can be recommended, certainly for all
observatories for which no direct ephemeris is published. v

Having applied these corrections, it is desirable that the results from all
observatories should be given in the following form: the elements should be
transformed into the geographical components of force, to North, West, and the nadir,
the unit being conveniently taken as 10~7 C.G.S. ; the time zero should be the local

* Cf, < Phil, Trans.,” A, vol, 213, p- 309, for the deduction of these factors,
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time of upper culmination of the moon at the epoch of new moon, and the a, b and
C, 6 coefficients should both be given. v

The Lunar Dwirnal Magnetic Variations at Pavlovsk and Pola.

§ 7. In undertaking the present investigation it was necessary to limit, as far as
possible, the quantity of observations dealt with, and this made it desirable to choose
a period of years which were magnetically “ quiet,” in order to minimise the irregular
deviations of the magnetic needle which have to be averaged out in determining the.

lunar diurnal variations. The period adopted was that from 1897 to 1908 inclusive,
comprising seven years during the sunspot minimum immediately preceding the
present one. :

The choice of observatories to be first dealt with fell on Pavlovsk and Pola ; both
of these publish the hourly values of the magmetic elements, and their latitudes
rendered them suitable for the main purpose of this work. The prior examination of
these rather than of other observations was due to the greater novelty of results
relating to the lunar magnetic variation in fairly high latitudes ; the phenomenon has
been studied in detail only at tropical observatories hitherto.

The following particulars concerning Pavlovsk and Pola are important for our
purposes :—

Pavlovsk. Pola.
Latitude . . . . . . 59° 41/ 13” N. 44° 51’ 49” N.
Longitude . . . . . 30 29 15 L. 18 50 46 E.
Declination (1900) . . . 0° 87" E. 9° 25 W.
Horizontal Force (1900) . 16550y. 22210y.

The correction to the epochs of the harmonic components of the variations,
described in § 6, is therefore +2°1 in the case of Pavlovsk, and +1°°0 in the case of
Pola. '

§8. The results from these two observatories are exhibited in Tables I. to VI
Tables Ia. and IB. give a summary of the semi-diurnal components of the lunar diurnal
magnetic variation for the three elements and three seasons (as well as for the mean
of the whole year), in the form of hourly inequalities. These are obtained from the
mean of a number of whole lunations, so that any component of period other than
half a lunar day is to be regarded as merely accidental. As may be readily seen, the
results exhibit very clearly in most cases the true semi-diurnal character of the
constant term in the lunar variation.

The inequalities are given for twenty-five times, separated by intervals of one solar
hour, there being twenty-five solar hours in a lunar day. The small correction to the
epoch, mentioned in §6, has not been applied, as this table is given only to illustrate
the main feature of the lunar diurnal variation, z.e., its semi-diurnal character. It will
be noticed that the lunar variation is inverted during the winter months in the case
of declination, and partially so in the case of horizontal force.
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§9. The next six tables, II. to IV. (A and B) are more important, being derived by
the separation of the lunar phases, enabling us, as already explained, to determine
the other harmonic components, of changing epoch, in the lunar variation. The
values of the coefficients @, and b, in the formula ¥ (a, cos nt+b, sin nt), for the first
four components, are given after reduction to the same lunar phase (new moon). No
corrections to amplitude or epoch (§§ 5, 6) have been made at this stage, nor are the
results transformed into the geographical components of force, as the purpose of these
tables is to show how far the results from the different lunar phases are in agreement.
Apart from accidental error any eight corresponding values of @ or b should be equal
(except for the small effect of the varying distance and declination of the sun and
moon). Judged by ordinary standards the agreement of the numbers in any one
column is in general not at all good, even in the case of the larger amplitudes; but
for work of this kind, where the effect sought after is so small in comparison with
the superposed regular and irregular variations which have to be eliminated in its
determination, the results may be regarded as satisfactory considering (i) the extreme
smallness of the unit, and (ii) the short period (on the average equal to 100 days) from
which each of the values in Tables II. to V. is determined. Occasionally there are
largely outstanding values, and it would seem necessary to use a much larger series
of observations if close accordance of the values for the separate lunar phases were
desired. I hope, however, that the mean coefficients deduced from the combination of
the eight phases are reasonably free from accidental error—the parallelism of the
results from the two observatories, which will be pointed out later, confirms this to
some extent. '

§ 10. In order, however, to examine this point more closely, I have derived the
values of the probable errors of the mean values of @, and b, in each case from the
discordances from the means in Tables II. to IV.* The results are given in Table V.,
those for declination (Tables I1IA. and IIIB.) having for convenience of comparison
been converted into force units. The essential features of the table may be summar-
ized thus : the sum of all the probable errors for all the elements in summer, equinox,
and winter are 293,276 and 383 respectively, so that the season has no great
effect upon the magnitude of the probable error ; but as the variations are generally
greatest in summer, the values of @, b for this season are in general proportionately
the most accurate. Summing the errors for all seasons and components, but keeping
the results for each element and observatory separately, we find the following :—

Horizontal Transverse Vertical
force. force. - force.
Pola . . . . . . . . . . 171 150 108
Pavlovsk . . . . . . . . 163 191 119

* The probable error of the mean of m observations is taken to equal 0-845/+/n—1 times the mean
discordance from the mean.
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Hence the probable errors of the results for vertical force are distinctly less than
those for the other two elements, but here again, an account of the much smaller
magnitude of the variations in vertical force, these are proportionately the least
accurately determined.® These differences between the probable errors are, however,
small compared with those between the errors relating to the different harmonic
components. The means of the successive columns of Table V. (after the application

of the small amplitude corrections of § 5) are

ay. bl; Q9. ba. as. Z)g (178 2)4.

1177 99 67 6°6 44 4'3 42 34

Hence the probable errors of either resultant of the harmonic components of |
frequency 1, 2, 3, 4, are respectively 10'8, 66, 4'3 and 38, in units of 10~7 C.G.S.
These results apply directly to Table VIs.

§ 11. In Tables VIA. and VIs. are given the results of this paper in their complete
form, the necessary corrections to amplitude and epoch having been applied to the
mean values of a, and b, in Tables II. to IV., after which these were converted into
the geographical components of force, with a common unit 10~" C.G.S. The C, § and
@, b results are given separately in Tables VIA. and VIB. The latter is the more
useful for the ultimate purpose of this work, viz., for the investigation of the potential
of the lunar diurnal variations; the C, 6 table, however, gives a better idea of the
relations between the various components at a single observatory, and between
corresponding components at the two observatories.

* The following comparison with the values deduced for the as by coefficients of the lunar diurnal
variations at Pavlovsk and Pola by vAN BEMMELEN (‘ Meteorologische Zeitschrift,” May, 1912) may also
be of interest. VAN BEMMELEN divided his data into the summer and winter half-years, and therefore
the only comparison that can be made is between the mean variations throughout the whole year.
Moreover, as he did not separate the different lunar phases, but took the mean of a number of whole
lunations, the values of @y, §; which he gives represent accidental error and are no true lunar effect (as he
fully recognized); the real diurnal lunar component simply disappears from the result when whole
lunations are dealt with. Further, the method of computation used by him was different, as also the
period of observations dealt with (1894-1903 in the case of Pavlovsk, and 1899-1906 in the case of Pola).
While exact agreement is not to be looked for, therefore, the following comparison has some interest in
the present connection :— ‘

THE ROYAL
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OF

Pavlovsk. Pola.
Element. a2 by %2 by
VAN VAN N VAN VAN ;
BEMMELEN. CrAPMAN. BEMMELEN. CrarMAN. BEMMELEN. CHAPMAN. BEMMELEN. Cuarmax.
North force 11 0 15 48 52 42 59 56
‘West force . 53 61 - 2 7 74 61 9 30
Vertical force . . 10 0 12 0 —20 -27 37 27
|
VOL. COXIV.—A. 2 R



http://rsta.royalsocietypublishing.org/

N

a
A
1~
A ) ©

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

N
yA \
o \

AL A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

306 DR. S. CHAPMAN ON THE LUNAR DIURNAL VARIATION OF THE

First considering the phase angles, a general tendency to equality is evident
between the values of 6 for the four components of a single element and season ; this
result is obscured to some extent by irregularities, which are probably mainly
accidental ; it is what would be expected on the grounds of general theory (cf. § 28 of
my former paper already cited). A comparison of corresponding phase angles at the
two observatories reveals considerable similarity, though by no means exact agreement
between the twosets of values. Both exhibit the more or less partial inversion, during
the winter, of the variations in the horizontal force components, which does not appear
in the case of vertical force (the vertical force variations for Pavlovsk are so small in
amplitude that but little reliance can be placed upon the phase angles).

As regards the amplitudes, the second harmonic is generally the greatest, though
the first harmonic (which is usually the next greatest) sometimes equals or even
exceeds it. The fourth harmonic is generally the smallest of all, often being quite
inappreciable. The first three harmonics are as a rule much greater in summer than
in the other seasons, the winter values usually being the smallest. A remarkable
feature, however, brought out by Table VIa. is that the fourth harmonic is always
greatest at the equinoxes, both absolutely and (¢ fortiori) in proportion to the other
components ; this is shown even in the case of Pavlovsk vertical force. The equinoctial
amplitude is frequently one-third that of the second harmonic, and sometimes
greater. As I have previously shown (§ 25, p. 806, loc. cit.), the fact that the
fourth harmonic is appreciable at all indicates that the diurnal variation in the
atmospheric electrical conductivity cannot be represented by a simple diurnal wave
a+b cos t, but that terms of higher frequency in the solar day must be present.
The occurrence of these large values of C, at the equinoxes should therefore have an
interesting physical bearing ; as yet, however, I have not entered into these theoretical
questions, pending the acquisition of data from further observatories, and also the
completion of an extension, by improved methods, of the mathematical theory of my
former paper, both of which are now in hand.

In conclusion it isa pleasure to acknowledge the assistance which has been placed at
my disposal in carrying out the computations of this paper by the Government Grant
Committee of the Royal Society, by the Astronomer Royal, and by Dr. SCHUSTER.
The calculations have been performed mainly by Miss A. M. PALMER, and by Messrs.
D. J. R. Epxey and H. FUrNER; their careful and accurate work has materially
lightened my task of supervision.
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TaBLE ITA.—Fourier Coefficients of the Lunar Diurnal Magnetic Variations,
Reduced to the Epoch of New Moon.

Pola. Horizontal Force.

The unit of force is 1077 C.G.S.; the small corrections mentioned in §§ 5, 6 have not
been applied at this stage, ¢f. § 9; + denotes increasing horizontal force.

Season. gﬁgls aél: a’l. bll- a3, bg. 0/3. 5'3. CL’4. b’.;.

( 1 14 91 85 132 78 69 22 11

2 - 3 150 62 103 86 67 29 36

3 119 31 44 119 35 64 19 13

S ) 4 - 3 109 59 139 83 71 3 4
ummer. . . 5 56 74 167 95 87 41 54 12
6 8 178 107 193 95 80 11 20

7 109 10 108 118 65 61 4 -9

| 8 17 110 43 83 24 43 - 24 8

Mean. . 40 94 84 123 69 62 12 12

( 1 ~ 59 26 84 114 50 49 19 - 16

9 13 992 16 85 53 45 25 38

3 26 80 59 72 36 25 28 -13

Eouinox 4 50 16 21 66 49 72 14 -4
QUIROX . . . 4 5 28 26 60 50 43 69 14 -4
6 81 | - 5 16 60 39 48 33 29

7 3 102 71 65 95 51 9 28

| 8 - 36 94 51 76 38 66 7 23

Mean. . 13 54 47 73 50 52 19 10

( 1 50 | — 40 | — 21 | - 14 -16 - 32 ~14 -10

2 ~ 97 51 | - 34 7 14 16 10 6

3 - 42 | - b4 7 | - 10 5 - 6 6 22

. 4 - 15 | - 57 33 | - 17 13 -10 21 - 17

Winter . 5 64 | — 86 40 6 12 23 | -4 | —19
6 2 | - 41 23 | - 23 -18 16 38 11

7 82 | - 83 52 | — 69 -2 - 26 3 12

| 8 139 | - 53 52 3 9 43 -9 - 16

Mean . . 23 — 45 19 -12 p) -8 1 -1
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Tasre IIB.—Fourier Coeflicients of the Lunar Diurnal Magnetic Variations,
Reduced to the Epoch of New Moon.

Pavlovsk. Horizontal Force.

The unit of force is 107 C.G.S. ; the small corrections mentioned in §§ 5, 6 have not
been applied at this stage, ¢f. § 9; + denotes increasing horizontal force.

Season. ;;E;l:g: a'y. ! o'y . bo. «'s. Vs, @'y Vs

[ 1 - 3 90 - 2 103 - 8 61 - 22 9

2 19 107 12 104 - 14 82 - 22 - 2

3 - 30 6 —-2b 80 -39 23 -19 1

Summer ) 4 62 55 23 7 -13 79 - 22 7
o 5 43 | 26 36 141 10 75 - 35 - 2

6 29 | 106 - 6 167 27 69 - 69 0

7 53 2 30 71 21 46 5 7

L 8 4 51 22 88 -10 50 0 23

Mean. . 22 55. 11 104 - 3 61 - 23 5]

( 1 —-102 - 2 40 76 ) 60 23 13

2 - bb 66 —41 11 18 61 - 34 15

3 90 84 11 66 13 5 6 9

Fquinox J 4 42 - 1 -1 73 - 33 79 - 22 26
T b) - 49 46 —-17 - 8 - 10 7T -10 34

6 15 43 - 48 5 1 46 ) b6

7 10 38 36 78 50 99 -29 27

L 8 - a7 48 26 86 - b 68 1 7

Mean. .| — 10 40 1 48 4 62 -9 23

[ 1 45 - 39 - 29 - 32 -1 - 28 13 -1

2 - 7 43 - 49 4 - 16 10 -1 -11

3 — b7 0 - b4 8 - 30 I 12 - 3

Winter 4 - 18 — bb - 23 0 | -34 - 6 12 2
SRR 5 9 |~ 30 8 | — 20 | 40 -9 - 34 7

6 - 35 - 23 3 - 17 —42 1 -18 13

7 49 - 7 - 16 - 31 10 —-12 —-11 20

8 90 1 11 28 6 - 17 29 -9

Mean 1 - 16 -19 - 8 | - 18 - 8 0 2
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Tasre 11Ta.—Fourier Coefficients of the Lunar Diurnal Magnetic Variations,
Reduced to the Epoch of New Moon.

Pola. Declination West.

The unit is 0001 ; the small corrections mentioned in §§ 5, 6 have not been applied
at this stage, ¢f. § 9; + denotes increasing transverse force.

L ’ ’ ’ ! !’ ’ i
Season p}l:aflsz: 'y, V. . ba. a’s U's. @'y Vs
( 1 206 | - 35 235 27 124 | - 25 42 —21
2 153 | —134 249 44 85 40 - 16 14
3 199 | — 50 201 74 103 30 ~16 ~17
Summer ) 4 62 | —174 147 17 123 | - 68 —17 -20
- 5 46 | — 89 M0 | — 67 114 | — 39 14 -6
6 192 | —206 185 4 99 8 ~12 26
7 69 | —135 259 16 109 | — 20 27 17
| 8 131 | —158 263 20 91 | — 4 -10 -2
Mean. .| 132 | —123 296 17 105 | — 10 -9 -4
1 108 | — 42 58 | — 18 37 | — 55 49 —46
2 46 | —109 40 | — 6 69 25 44 ~12
3 74 | - 79 21 15 7 | - BT - 926 ~59
Eauinox 4 64 | — 47 11 82 47 5 22 13
AUInOX .9 5 161 | — 47 52 112 72 | - 16 12 0
6 114 | — 40 89 56 | 131 5 60 5
7 25 | — 98 180 | — 16 38 | —121 88 -19
| 8 91 | —164 119 6 80 | - 13 -6 10
Mean. . 85 - 71 27 60 - 28 30 —-14
1 — 48 | — 43 | -108 77 | - 1 54 -61 51
) ~136 | — 52 | — 14 o7 | - 25 36 -9 -5
3 — 46 T4 | — 42 169 7 11 39 11
. 4 - 32 | —112 | - 13 31 | — 22 2 |- 18 7
Winter . . 5 | - 64 | —52 | - 58 | 29 | - 1 10 | -16 | —20
6 - 75 | - 63 | — 52 88 | — 29 17 17 21
7 - 98 | - 38 | - 9 25 | — 56 66 —14 - 31
| 8 89 | — 60 | — 94 20 5 | - 38 19 -3
Mean. .| - 51 ~ 43 — 49 58 - 15 20 -1 4
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Tasre ITIB.—Fourier Coefficients of the Lunar Diurnal Magnetic Variations,
Reduced to the Epoch of New Moon.

Pavlovsk. Declination West.

The unit is 0”001 ; the small corrections mentioned in §§ 5, 6 have not been applied
at this stage, ¢f. § 9; + denotes increasing transverse force.

Season. ;E:Saér a'y. by . bg. a's V. - @'y Vs

[ 1 339 20 249 - 16 95 84 - 18 24

2 308 - 221 209 -103 47 19 26 11

3 333 - 96 180 86 - 20 b4 - 11 - 14

Summer ) 4 157 - 106 95 116 73 - 26 70 5
T 5 117 — 53 446 - 9 52 ~13 -9 21

6 309 - 237 291 — 61 150 .Y - 11 - 3

7 174 -209 | 268 16 - 10 -53 16 — b4

L 8 180 - 23 1 39 - 52 75 24 -~ 36 15

Mean. . 240 - 116 267 - 3 58 5 3 1

1 1 183 - 150 84 - 3 18 | - 23 82 - 13

2 201 42 4 - 166 76 31- 31 24

3 127 -163 = - 78 2 2 4 22 - 98

Fquinox ) 4 206 7 - 91 117 60 — 43 -9 9
e 5 193 - 39 126 1156 - 37 65 100 - 13

6 370 66 b4 34 88 - 13 44 - 20

7 -203 - 137 283 - 66 - 2 - 89 - 78 - 25

L 8 49 - 268 175 11 6 33 4 31

Mean. . 141 - 80 70 5 26 - 4 25 - 13

1 - b - 21 - 60 121 - 35 44 2 -107

2 - 85 14 - 22 - 17 - 91 32 29 — B8

3 8 32 - 134 144 39 - 14 17 - 24

Winter ) 4 - 61 -113 13 70 - 34 69 C 37 10
T 5 - 17 18 - 82 35 22 49 - 10 - 35

6 - 33 - 93 - 17 33 - 91 7 1 40

7 - 43 -139 - 5 - - 107 26 69 - 38

L 8 *(183) | — 76 — 143 13 24 - 16 12 62

Mean. .| — 34 — 47 - b5 49 - 34 25 20 - 19

* This value has been rejected in taking the mean.
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TABLE IVA.—Fourier Coefficients of the Lunar Diurnal Magnetic Variations,
Reduced to the Epoch of New Moon.

Pola. Vertical Force.

The unit of force is 10~7 C.G.S. ; the small corrections mentioned in §§ 5, 6 have not
been applied at this stage, ¢f. § 9; + means increasing downward force.

L ’ ’ 7’ 7 ’ /
Season. p]'lllaf‘lsaél“ aiq. b 1. 9. bg. @ 3. b En a4 b 4o
1 —49 49 | —44 3 | -18 31 | - 2 9
9 12 | -17 | -48 36 | -2 10 9 | - 4
3 11 o | -4 36 | 43 16 | -10 | -10
4 54 16 | -5l 41 | —o4 33 | -0 6
Summer. . .4\ 5 4 11 | —42 8 | -8 22 | - 6 0
6 ~18 28 | —47 1| -14 22 | -9 0
7 23 | -91 | _50 33 | -26 31 | -0 10
|8 ~26 | -9 | _48 1| -21 | -9 | -17 11
Mean. . -12 9 — 47 40 -22 20 - 4 3
(1 52 50 17 9% 13 9 5 7
2 _98 | -91 | -39 7 | -99 10 5 6
3 _71 56 | -2l 14 6 5 7 15
. 4 52 | -2 | -13 54 | - 3 91 | -10 19
Equinox. . .41 5 -1 | -57 | -15 5 | -95 10 | -15 14
6 — 69 31 7 56 | -8 | -9 | -or 26
7 38 | -20 32 20 97 45 22 11
| 8 15 | -19 | -9 5 | -8 | -1 13
Mean ~-14 2 - 6 23 - 3 13 - 2 14
o1 30 | -98 | -7 | -10] -10] -8 | -13 | -10
2 53 48 | —34 40 3 7 15 10
3 68 9 | —55 19 | -99 1 2 | -2l
. 1 ~10 51 | —46 97 | -1 | -13 | -15 | - 2
Winter .. .41 5 18 | -b4 | —o4 31 1 3 6 | - 2
6 _ 4 31 | 18 7| —6 | -5 8 1
7 -0 19 | -2 9% | -5 0 3 5
| s 91 | —13 | —91 | -7 | -5 12 | -1 19
Mean. .| -12 8 | -30 17 | -7 0 1 0

VOL. COXIV,—A. 28
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314 DR. S. CHAPMAN ON THE LUNAR DIURNAL VARIATION OF THE

Tasre IVB.—Fourier Coeflicients of the Lunar Diurnal Magnetic Variations,
Reduced to the Epoch of New Moon.

Pavlovsk. 'Vertical Force.

The unit of force is 10~7 C.G.S.; the small corrections mentioned in §§ 5, 6 have not
been applied at this stage, ¢f. § 9; + means increasing downward force.

Season. }I)'E;Sag a'y. V. s, bs. @'s. Vs, o'y V4.
[ 1 39 38 - 15 31 11 4 3 - 10
2 ~-76 28 4 29 16 - 2 -19 8
‘ 3 - 34 - 20 6 - 2 4 b - 4 -9
Summer { % 4 -70 24 10 30 10 - 4 9 7
co 5} 55 88 -1 19 37 -9 3 -9
6 7 - 14 34 - 4 13 -1 -1 9
l 7 ~10 17 13 | -5 5 | -8 | -5 | -15
L 8 - 63 78 - 6 - 3 - 15 - 6 9 10
Mean. .| -19 30 6 12 10 - 3 -1 -1
1 10 34 -9 - 30 8 -10 10 8
2 58 —-20 31 -19 1 1 -9 4
3 -b53 — 47 - 28 - 17 ~13 17 4 7
Equinox ) 4 - 26 55 - 8 13 9 3 -12 5
o 5 -9 -13 ~16 - 30 15 0 7 -11
6 82 - 67 3 ) - 2 - 28 15 3
7 - b4 — 46 - 10 - 34 — 22 - 6 13 8
L 8 -84 35 - 3 - 8 -1 12 1 -1
Mean. .| -10 -9 - 5 -16 -1 -1 4 3
( 1 33 34 - 4 11 - 6 - 8 -14 0
2 19 29 30 39 4 17 3 -1
3 12 - 60 - 26 -1 17 12 -7 6
Winter 4 - 57 14 - 8 41 -12 10 3 -1
5 85 30 4 0 -1 0 - 6 3
6 38 ~40 - 6 - 18 4 3 - 6 - 3
7 29 — 38 - 10 -1 21 - 25 -1 -14
L 8 49 —-28 3 - 28 -10 -11 6 -9
Mean. . 26 -7 - 2 b 2 0 - 3 - 2
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EARTH’S MAGNETISM AT PAVLOVSK AND POLA (1897-1903). 315

TaBLE V.—Probable Errors of the Mean Values of a, and b, in Tables IT.-IV.*

The results are in every case reduced to force, the unit being 10-" C.G.S.
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Obs:ﬁzﬁgz. and Season. 1. by. s. bo. as. bs. hae by.
Pola %ummer A R & 14 1('; 8 7 3 6 3

. ; quinox . . . . .| 10 12 4 4 4 2 6
Horizontal force | | whreer © 0 0 0 1l 19 | 8 | 8 | 6 | 3| 6 | 4 | 4
Summer . . . . . 8 11 5 8 B 5 5} 2

Hor};;)‘gt?a?lf{(;rce Equinox . . . . .| 16 7 9 11 6 6 5 4
Winter . . . . .| 15 7 6 6 6 3 b 2

Pola Summer . . . . .| 11 10 7 b 2 6 3 4
Transverse force Equinox . . . . . 7 7 9 8 6 8 6 4
Winter . . . . . 9 6 6 8 4 5 5 4

Summer . . . . .| 13 12 13 9 6 6 4 3

Tmf:‘j;lf;%me{ Fquinox . . . . .| 15 | 15 | 15 | 10 | 5 | 6 | 6 | 4
Winter . . . . . 8 9 5 7 7 4 3 6

Pola %ummer e 8 12 1 4 2 3 2 2

< lquinox . . . . .| 13 6 5 4 3 4 1
Vertical force ) | yyvor © 0 0 0 ] 7w | 10| 4| 5| 2| 2| 2| 3
Summer . . . . .| 13 9 3 5 3 1 2 3

yonlovsk. © Equinox . . . . .| 14 | 13 | 4 | 4 3| 3| 2| 1
Winter . . . . . 8 11 3 6 3 3 2 1

* (F. § 10.
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316 DR. S. CHAPMAN ON THE LUNAR DIURNAL VARIATION OF THE

TasLe VIA.—Fourier Coefficients of the Lunar Diurnal Variations of the Geographical
Components of Magnetic Force at Pavlovsk and Pola,* in the Formula

=C, sin (nt+8,). -

The time ¢ = 0 is the local time of upper culmination of the moon at the phase of
new moon. The unit of force i1s 1077 C.(3.S.; + denotes an increase of force to
the North, West, or to the Nadir.

! ~ North foree. West force. Vertical force.

| |
n. 1 Pavlovsk. ! Pola. Pavlovsk. Pola. Pavlovsk. Pola.

i ,_,,,_‘,__;_ S

1 Ch. On. 1 C,. O Cpe On. Ch. 0, Chn. O C,. On.

! | I B

, Summer

i k ° 1 3 ° 'i ° ! ! ° “ : ° | ' o
1 61 23-8 | 111 | 14-5 | 131 | 117-9 | 113 | 125-8 ' 36 1 3295 15 ' 308°1
2 | 105 8:31 183 27-2 . 128 | 92-7 o161 79'9 13 | 27-1 | 62 @ 311-4
3 62 |- 09 86 ! 43-3| 28| 87-3] 80| 88-2 11 1 106-6 | 30 | 313-3
4| 26 ' 295-2 200 475 2 — - 4h ) | 1| — ' 55 | (308)

» l l ! 1 ‘ ? | \

Equinox

T - SRR T S : :
11 42 i— 11-2 ‘ 63 46, 79 } 1207 ! 71 126-2 | 13 2305 14 2787
2 . 48 ’ 3-1 ) 8 31-0{ 82 88-0 | 60 62-1 | 17 199-0 24 3465
3 63 54 71 393 13 10003 48 | 1023 | 2 | — 14 | 3481
4 21 ’— 18:2 | 21 549 15 119°6 26 | 109-2 |~ 5t | (233) 14 | 352-8
% ; ‘v |

Winter.

i ‘ o [ o | | o o .
11 17 | 176-6 | 50 | 1458 28 | 218-0 | 46 ; 2205 28 107-9 15 304-8
21 20 | 2502 | 30 | 1278 36 | 313-8| 45| 322-2 6 341-0 35 3004
3. 20 9496 | 11 | 1612 | 21 3084 | 15| 321°7 2 — 7 | 270-8
4] 2| — 2| — - 15t 315-6 | 3 | (351) 4| (231) 1| —

i | |
* Of. § 11.

T The coefficients C,, of these components are reversed in sign in order to exhibit the accordance
between the values of 6, for different values of 7.
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EARTH’S MAGNETISM AT PAVLOVSK AND POLA (1897-1903). 317

TaBLE VIB.—Fourier Coefficients of the Lunar Diurnal Variations of the Geographical
Components of Magnetic Force at Pavlovsk and Pola,* in the Formula

= (a, cos nt+b, sin nt).

The time t = 0 is the local time of upper culmination of the moon at the phase of

new moon ; the unit of force 1s 10-7 C.G.S.; + denotes an increase of force to
the North, West, or to the Nadir.

North force. ‘West force. Vertical fcree.
n. Pavlovsk. Pola. Pavlovsk. Pola. Pavlovsk. Pola.
. g O o I T B I S I I S P %
l
Summer.
1 25 56 28 107 116 -61 91 - 66 - 18 31 -12 9
2 15 104 61 119 128 - 6 158 28 6 12 - 46 41
3 -1 62 59 62 28 1 78 2 10 - 3 - 22 21
4 - 25 7 14 13 2 1 |- 4 0 -1 -1 - 4 3
' |
Equinox.
1 - 8 41 5 63 68 - 40 ‘ b7 —42 -10 - 8 | —14 2
2 3 48 41 68 82 3 53 28 - by | =16 - 6 23
3 6 63 45 55 13 - 2 47 -10 -1 -1 - 3 13
4 -9 26 17 12 13 -7 24 | - 8 4 3 - 2 14
|
Winter.
k .
1 0’ [— 17 28 |- 41 l— 17 -22 |- 30 | -3b 26 - 8 | -12 8
2 -19 %— 7 24 |- 18 |- 26 25 |- 28 35 - 2 5 | =30 | 18
3 -19 - 7 4 |- 10 |- 16 13 |- 9 12 2 0 -7 0
4 0 2 1 |- 2| 11 |-11 0| 3 |-3 2% 1] 0
| |
* Of.§ 11,
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