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PART VII.

INVESTIGATION
OP THE

ELEYEN (OR TEN) YEAR PERIOD, AND OF THE DISTURBANCES OF THE
VERTICAL FORCE.
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INVESTIGATION

ELEVEN (OE TEN) YEAR PERIOD, AND OF THE DISTURBANCES OF THE
VERTICAL FORCE.

THE observations of the vertical component of the magnetic force were com-

menced in June, 1840, and continued, with an exception in January, 1841, without

interruption to the last of June, 1845. To keep up the continuity of the series, a

daily reading was taken at 2h 17m P.M. during the months of January, February,
and March, 1843. Up to October, 1843, the observations were bi-hourly, after-

wards hourly.

Instruments. From June, 1840, to the end of the year, the observations were

made with a balance vertical force magnetometer of Lloyd's pattern. It was at

first mounted in the eastern building of the College, but was removed to the obser-

vatory in the latter part of July. While in the College an increase of the readings

corresponds to a decrease of vertical force ;
at the observatory increasing readings

denote increasing force. The instrument was made by Robinson, of London ; the

magnet, the axis of which was mounted as nearly as possible transversely to the

magnetic meridian, was 12 inches in length, having at its ends cross wires set in

copper rings. For a full description see Dr. Lloyd's account of the Magnetical

Observatory of Dublin, and the preface in volume I, of the record of the Phila-

delphia observations.

In January, 1841, the Lloyd instrument was replaced by a reflecting vertical

force magnetometer, made at my suggestion by Mr. J. Saxton. The bar of this

instrument was two feet and one inch in length, two inches wide in the middle,

one and a half near the ends, tapering to nothing at the ends, and a quarter of an

inch thick. The magnet was of steel and hardened as perfectly as the maker could

effect. By means of a ball moving on a fine screw, its equilibrium could be changed.
The mirror projected outside the box, and the motion of the bar was observed by
means of a telescope. At the top of the box was a piece of plate glass through
which a thermometer (of Francis' make) could be read. For further particulars

see p. vii, of the preface to volume I of the record. For some time (between
three and four months) after being put up, the bar lost considerably of its magnetic

force, and after being in use four months, a movement of the adjusting ball upon
the screw was required for placing the readings again near the middle of the scale.

By this adjustment, the sensibility of the apparatus was not interfered with.

The value of a scale division of. the Lloyd instrument, expressed in parts of the

vertical force, was carefully determined and found to be =0.0000165, both in the

( 3 )



DISCUSSION OF THE VERTICAL FORCE.

College building and at the observatory. This value being known, I considered

that the value of the scale of the new reflecting magnetometer could best be ascer-

tained by comparison with the former. The result of this, continued at intervals,

was, that two divisions of the new scale were equivalent to one of the old, or that

a change of one division of the reflecting instrument corresponded to a change of

vertical force of 0.000033 parts. This was after the instrument had been finally

adjusted.

The only disadvantage in the new instrument was the large effect of changes of

temperature upon it; by direct observations it was found that a change of 1 (F.)

of temperature produced a corresponding change of 13.5 + 0.25 scale readings,

whereas in the Lloyd instrument the corresponding change was but 3.12 scale

divisions. We have accordingly for the Lloyd instrument 5=0.0000515, and for

the reflecting instrument 5 0.000446. The values actually used in the reduction

of the observed reading to a standard temperature will be seen further on.

The importance of ascertaining the most correct and suitable coefficients of tem-

perature for the two series of observations, demands a more detailed statement and

elaborate discussion of the observations themselves independently of the special

trials. Experience has shown that the value for q deduced from the differential

intensity observations themselves, with the magnet subject generally to gradual
and small changes of temperature, is smaller by a considerable fraction than the

value found by direct and special observation during which the temperature changes
are necessarily more violent. There is no doubt that in the reduction to a standard

temperature that value of q should be used which was obtained while the magnet
was under its ordinary influences and condition. The same view is taken by Gene-

ral Sabine, and was also carried out in the discussion of the horizontal component
of the magnetic force; for which see the preceding paper (Part IV).

Determination of the Effect of a Change of Temperature on the Readings of the

Vertical Force.

(A.) Results of special observations made for determining the temperature coeffi-

cient. The correction for temperature of the Lloyd vertical force magnetometer was
ascertained by the usual method of vibrating the bar when suspended horizontally,
and when alternately heated and cooled artificially. The thermometer was placed
with its ball near the axis of the magnet. The changes of the horizontal force

magnetometer, while these experiments were going on, were noted and allowed for.

Date.

Feb'y, 1841.
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Before putting the reflecting vertical force magnetometer in its place in January,

1841, observations were made for its correction for temperature by means of deflec-

tions ; the result, however, was not satisfactory, owing to the small difference in

the deflections at high and low temperatures, and the necessity of keeping the bar

at a proper distance from the declinometer to prevent the possibility of a permanent

change of magnetism. The weight of the mirror and other fixtures of the bar ren-

dered the method of horizontal oscillations impracticable without their removal, and

it was finally decided to determine the value of q by means of a subsidiary instru-

ment kept at a imiform temperature in a separate building, while the vertical force

instrument at the observatory was subject to considerable fluctuations of tempera-
ture. The subsidiary instrument consisted of a small dipping needle mounted on a

knife edge, and rendered horizontal by weighting it. The indications, however,
did not prove very satisfactory; 14 scale divisions were indicated as the correction

for 1 change in temperature. Subsequently an inclinometer, according to Prof.

Lloyd's plan, was mounted as a subsidiary instrument, and observed twice a day
with the vertical force instrument at the observatory. The mean values, expressed
in scale divisions, thus found between February, 1843, and January, 1844, are as

follows:

13.3 14.3 14.4 12.3 12.2 13.1 and 15.4.

Average value 13.56 + 0.25. In the first reduction the value 13.5 was used.

(B.) Investigation of the temperature coefficient from the regular series of

observations. We will first examine the principal series observed between 1841

(February), and 1845 (June), with the reflecting magnetometer. In February,

March, April, and May, 1841, the readings gradually increased and approached the

end of the scale, requiring a readjustment of the instrument after May 22. It was

supposed that 529 scale divisions would be an approximate correction for refer-

ring the observations to the indications of the scale subsequent to May 22, the

uninterrupted series of observations commencing with June 1, 1841. The following
table contains the uncorrected monthly means of the vertical force magnetometer

together with the observed mean monthly temperature taken directly from the

record. The tabular means for January, February, and March, 1843, when the

instrument was read only once a day (at 2h 17m P. M.), were obtained as follows:

The difference between the daily mean and the mean at 2h 17m P. M. was ascer-

tained for each month, from the records of the preceding year (1842) and the fol-

lowing year (1844). The mean correction to the average reading at 2h 17 ra P.M.
to refer the same to the mean of the day and month is +18.6, +14.4, and +11.2
scale divisions for the months of January, February, and March, respectively.

These corrections have been applied.
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TABLE I. UNCORRECTED MONTHLY MEANS OF VERTICAL FORCE MAGNETOMETER AND CORRESPOND-

ING MEAN MONTHLY TEMPERATURES.
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The last column contains the mean readings. They may be represented by the

equation :

where x= monthly amount of loss of magnetism and effect of secular change.

?/= change in magnetometer reading for a change of temperature of 1 F.

Ae= epoch middle epoch. The middle epoch is January 1st.

A/= temperature mean temperature.

Vm= mean reading of the vertical force magnetometer.
V= any of the monthly means to be represented.

From the 12 conditional equations, we form the normal equations
- 828.90= + 143.000 x 85.335 y

+ 4685.73= 85.335 a? + 443.120 y
whence x= + 0.577, the monthly change, equal to nearly 7 scale divisions for

each year.

And y= + 10.68 scale divisions, the correction for temperature for 1 F. This

is not quite three-fourths of the value found by direct measure.

Second determination of the temperature coefficient by means of alternate com-

binations by seasons.

The mean values for each season have been directly formed from table No. 1.

The value in June, 1845, is necessarily omitted.
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standard temperatare to which all the vertical force readings, taken with the reflect-

ing magnetometer, have been referred.

A close examination of the record of the Lloyd balance magnetometer, which

was used in June and July, 1840, in the College, and afterwards at the observatory

during five months, proved that in point of accuracy it would not compete with the

reflecting magnetometer mounted in January, 1841, and continued in use for four

years and a half. Owing to some imperfection in the first named instrument, its

indications were very unsteady, and at times fitfully changeable ; thus in September,

October, and December, there arc differences in the daily means (deduced from

twelve readings and referred to 32 Fahrenheit) of adjacent days of more than 200

scale divisions, and in one instance (October 19-20) amounting even to 256

divisions. In August there is a change of 389 scale divisions in three consecutive

days, and in October (17th to the 20th) one of 477 divisions in the means during
the same interval. There is besides a large progressive change, showing that the

instrument was in a very unstable equilibrium ; this change amounted in the first

month to over 300 scale divisions. An attempt was also made to deduce a tem-

perature coefficient by comparing mean daily readings of short and specially selected

periods of a few days each, with average high and low temperatures, but it failed

for want of sufficient uniformity in the indications of the instrument. In such a

series the disturbed indications could not be recognized and separated from the

regular readings. It was finally concluded to make no use of the observations

prior to January, 1841.

Reduction of the Observations, bettceen February, 1841, and June, 1845, to a

uniform Temperature. A table has been constructed, with the observed tempera-
ture as the argument, giving the reduction for difference of temperature from

the normal temperature (66 Fahr.) ; by means of this table each observation has

been referred to its corresponding value as the standard temperature. Table No.

2 contains the monthly mean readings for each observing hour
;
the time is local

time, and reckoned from midnight to midnight to 24 hours. The tenths in the

record have been omitted, as of no special value, since an error in the recorded

temperature of only 0.l affects the magnetometer reading by more than a scale

division. An increase of scale readings corresponds to a decrease of vertical force,

and one division equals 0.000033 parts of the force. Accidental irregularities in

the record are especially referred to in foot notes.

The tabular values are directly taken from the manuscript tables containing the

single reduced readings and their monthly means.

In the present state of our knowledge regarding the occTirrcnce of the dis-

turbances it is not safe to make any interpolations in the magnetometer record in

case of an accidental omission
;
a rule which has been strictly adhered to.
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TABLE II. RECORD OF THE MONTHLY MEANS OF THE VERTICAL FORCE MAGNETOMETER READINGS
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TABLE II. Continued. VERTICAL FORCE READINGS AT (ill FAIL



DISCUSSION OF THE VERTICAL FORCE 11

Notes to preceding table: January 2d, 10h 23 m
, temperature observation 30m late. January 8th,

10h
23^"', instrument disturbed. January 15th, 3h 23|

m
, temperature 56. 3 interpolated. February

6th, 4h 23f
m

,
and 13th, 9h 23i

m
, temperature observation 15m and 20m late, respectively, April

llth, Oh 23|-
m and l

h 23 m
, readings supplied by observer. July 13th, 12U 23i

m
,
observation 36m

late. August 26th and 27th, thirteen readings supplied by observers. October 1st, 22h
23^

m
,

observation 8m late.

TABLE II. Continued. VERTICAL FORCE READINGS AT 66 FAH
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Corrections for progressive and irregular changes. The difficulty of fully elimi-

nating all effects of changes of temperature, and adjustment, particularly during

the first year (1841), demanded the application of a secondary process analogous to

that used in the reduction of the horizontal force for progressive change. The

progressive change in the readings of the vertical force is less decided and more

fluctuating than in the horizontal force. Half monthly means, and in special cases,

means of even less periods of time, have been taken and were compared with the

monthly mean, the differences were applied either progressively (increasing or

diminishing) or as constants, as the case seemed to demand.

Seventeen months required no such correction, and in many months it was

applied very sparingly.

The process leaves the diurnal variation, relatively, undisturbed, and prepares

the series for the application of Peirce's Criterion for the recognition of the disturb-

ances. The individual figures thus corrected were inserted in blue ink in the

manuscript tables.

Recognition and separation of the larger disturbances. Peirce's Criterion for the

recognition of the disturbances was applied to the observations extending over four

years, and commencing with July, 1841, in the following order: July Oh
, August 2'',

September 4h
,
October 6h

,
November 8 h

,
December 10h

, January (1842) 12h
, etc.

The odd hours were selected from July, 1844, to the close of the series, thus July

l
h

, August 3h
, September 5 h

, etc. The following limits of separation, in scale

divisions, have been found for each year :

July, 1841 June, 1842, limit, 52

1842 "
1843,

" 46
" 1843- "

1844,
" 40

" 1844 "
1845,

" 33

Average limit, 43

As this limit would only separate 1 in every 34 observations, and would not

furnish a sufficient number of disturbances to investigate their laws to advantage,
it was necessary to contract the above limit, and 30 scale divisions were finaDy

selected. There can be no doubt that the limiting number as found by the use of

the criterion is too high, owing to the unavoidable presence of irregularities ascrib-

able to imperfection in the corrections for temperature in some cases, and in others

due to apparently fitful changes in the instrument. 30 scale divisions =0.00099

parts of the vertical force =0.0127' in absolute measure, adopted as limit of devia-

tion of any observation from its corresponding mean monthly value for the same

hour, will furnish an average value for the ratio of the number of disturbances to

the whole number of observations. The ratio of a disturbance to the whole force

is also nearly the same for the horizontal and vertical component.
All deviations over 30 divisions from the mean were marked, and a new mean

was taken, the hourly observations were again compared with this new mean, and

1 The vertical force, in absolute measure, is on the average, between 1841 and 1845, equal to 12.84

(English units), as stated in a subsequent number of this discussion.
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the process was repeated, if necessary, until all deviations above 30 had been sepa-

rated; the final hourly means for each month, thus, found and known as the
"
normals," are given in the following tables.

TABLE IV. BI-HOURLY NORMALS OF THE VERTICAL COMPONENT OP THE MAGNETIC FORCE
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In January at Oh the final mean is 637 which differs so much from the standard

value at this hour that it was preferred to substitute the mean of the month (658)

as a close approximation.

TABLE IV. Continued. BI-HOURLY NORMAL* OP THE VERTICAL COMPONENT IN 1843.
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TABLE IV. Continued. HOURLY NORMALS OF THE VERTICAL COMPONENT IN 1845.
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The following formulae of the mean diurnal variation of the vertical force were

deduced from the above tabular values. The angle 6 counts from midnight at the

rate of 15 an hour.

1841-42 V= 641d+ 101".4 sin (8 + lOtiO 40') + 3\l sin (28 +198 25') + I 4
.7 sin (38 -f- 250)

1842-43 V=697 + 7.6 (9+ 69 17 ) + 2.9 sin (29+196 48)+ 1.3 sin (38 + 195 )

1843_44 V= 730 + 11.0 sin (9+ 79 54) + 3.4 sin (28+226 29)+ 0.6 sin (39+ 45 )

1844-45 V = 756 + 9.2 tin (8+ 83 40) + 4.3 in (28+233 41) + 1.1 sin (38+ 1 )

In the construction of the equation for 1843-44 weighted normals were used,

those of the even hours have the weight 4, of the odd hours the weight 3.

To show the degree of accordance in the expressions when deduced from the

even and odd hours separately, the resulting equations for the last year are added:

Even hours: V= 756 + 9.32 sin (8+ 84O45') + 4.07 sin (28+ 235O17') + 1.2 sin (39 + 353O)

Odd " V= 756+ 8.99 sin (8 + 82 36, ) + 4.52 tin (28+ 232 05) + 1.0 sin (38 + 10 )

The observed and computed values compare as follows. The differences, observed

less computed, are expressed in scale divisions :

Hour. 1841-42. 1842-43.
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INEQUALITY IN THE DIURNAL VARIATION OF THE VERTICAL FORCE.

87

89

91

93

95

697 14
99 16
01 18

03 20

05 22

07 24

26

28

40 730

42 32

44 34

46 36

48 38

SO 40

52 42

64

756

68

60

62

64

66

29

31

33

35

37

39

641

43

45

47

49

51

53

55

1841-42.

1842-43.

1843-44.

1844-45.

-a

Oh 2 4 6 8 10 12 14 16 18 20 22 24"

(A.M.) (P.M.)

Philadelphia time.

EPOCH AND AMOUNT OF THE PRINCIPAL MAXIMUM AND MINIMUM AND AMPLITUDE OF THE

DIURNAL INEQUALITY.
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principal minimum at Toronto 10 A. M., at Philadelphia 9| A. M. ; the epochs of

the early morning inflection are also about 3| hours later at Toronto. The curves

exhibit also a difference in the amplitude, at Toronto, Vol. Ill, the diurnal range
is 0.00019 parts, whereas at Philadelphia we found it much larger.

The special study of the solar diurnal variation of the vertical force is reserved

for Part VIII.

The minimum diurnal range occurred in 1842-43, on the average, therefore, we

may" assume May, 1843, as the epoch of the minimum range in the eleven (or ten)

year period, resulting from the discussion of the declination, horizontal and vertical

force observations.

To facilitate the comparison with similar expressions at other stations, the pre-

ceding equations of the diurnal variation are also presented, expressed in parts of

the vertical force. The angles have been changed 180 to reverse the order of

progression of the scale numbers.

1841-42 V=+ 0.00034 sin (9+ 286040')+ 0.00010 sin (28 4- ISO 25') + 0.00006 sin (39+70)
1842-43 V=+ 0.00025 sin (8+ 249 17 ) + 0.00010 sin (28+ 16 48 ) + 0.00004 tin (38+ 15 )

1843-44 V=+0.00036sm (8+259 54) + 0.00011 sin (28+46 29 ) + 0.00002 sin (38+225)
1844-45 V=+ 0.00030 sin (8+ 263 40 ) -f 0.00014 sin (28+ 53 41 ) -i- 0.00004 stn (38+ 181)

The constant terms and numerical coefficients when expressed in absolute measure

(English units) are as follows :
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If we take the monthly aggregate amount of the disturbances, all referred to a

uniform series of bi-hourly observations, and form a table of these values for each

year (Table VIII), the mean aggregate amount for each year is as follows :

In 1841-42
" 1842-43
" 1843-44
" 1844-45

Mean amount of disturbances.

. 2306 div.

. 1521

959

636

This again points to the end of the year 1844 for the epoch of the minimum

amount of disturbances, and considering the three elements, declination, horizontal

and vertical force, the spring of 1844 might be assumed as the time of the minimum

magnitude of the magnetic disturbances.

Altogether, the inequalities in the diurnal amplitude and in the number and

magnitude of the disturbances of the magnetic elements, as observed at Philadelphia,

fix the end of the year 1843, or the beginning of 1844, as the epoch of the minimum
of the eleven (or ten) year inequality.

We now proceed with the analysis of the disturbances, their diurnal and annual

inequality in number and amount, and for increasing and decreasing values.

Annual Inequality in the number of Disturbances. The numbers for each month

have been referred to a uniform series of bi-hourly observations as explained above.

The ratios of the monthly means to the annual means is given, and also, for com-

parison, similar ratios found for the horizontal force and declination.

TABLE VII. ANNUAL INEQUALITY IN THE NUMBER or DISTURBANCES.
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ratios, it is probably due to the small number of observations, and the difficulty in

keeping the instrument in adjustment and allowing for its irregularities. I have,

therefore, given the mean ratio of the Philadelphia disturbances in the last column

of Table VII, and compared the result, graphically, with those deduced by General

Sabine for Toronto. 1

ANNUAL INEQUALITY OP DISTURBANCES.

Tnrontn. 5 '
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TABLE IX. AGGREGATE AND MEAN AMOUNT OF DISTURBANCES IN EACH MONTH OF THE YEAR.
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1841, to June, 1845, omitting only the single daily observation in January, Febru-

ary, and March, 1843. Strictly speaking the time is 21 minutes later than indicated

in the table.

TABLE XI. DIURNAL INEQUALITY IN THE NUMBER OF DISTURBANCES.
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TABLE XII. CONTAINS THE NUMBER OF DISTURBANCES DISTRIBUTED OVER THE
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Average magnitude 43 scale divisions, the disturbances appear to be nearly of

the same size at all hours, there is a slight preponderance in magnitude between

10 A. M. and 10 P. M. over the other half of the day.

TABLE XIV. AGGREGATE AMOUNT AND MEAN AMOUNT OP DISTURBANCES,
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between 1 A. M. and noon, with an amplitude of about 1.6 scale division (0.00005

parts of the force, 0.00067 in absolute measure). The maximum value takes place

at. 8 P.M., the same hour at which the horizontal force disturbance is greatest

(decreasing that force).

The disturbance law at Toronto is nearly the same as at Philadelphia, the dis-

turbances increase the force between noon and 9 P. M., and decrease it in the

remaining hours of the day ; the range at Toronto appears to be larger.

If we classify the disturbances according to their magnitude in eight groups,

each differing 25 scale divisions from the preceding, we find the following scale

numbers :

Disturbances.
In scale divisions.



APPENDIX TO PART VII.

EFFECT OF THE AURORA BOREALIS ON THE MAGNETIC DECLINATION, AND THE HORIZONTAL AND
VERTICAL FORCE AS OBSERVED AT THE GIRARD COLLEGE OBSERVATORY.

THERE were in all 22 auroras recorded
; these, however, comprise only the brighter displays. Of

those observed, 7 occurred between May 30, 1840, and July 1, 1841
;

1 occurred between July, 1841,

and July, 1842
;

6 occurred between July, 1842, and July, 1843
;
and 7 between July, 1843, and

July, 1844. One is recorded in the last year, ending June 30, 1845. They are distributed over the

several months as follows :

January . . . . .2
February . . . . .0
March...... 1

April 2

May 3

June . 2

July 6

August . . . . .3
September . . . . .2
October

November 1

December . . . . .0

In the summer months there were 18, in the winter months 4. In reference to the hours of the

night, the phenomenon was visible on the average between 9| P. M. and 11 P. M.

Individual examination of the magnetic record during auroral displays. The time is local time,

counted for convenience' sake from midnight to midnight to 24 hours.

I. 1840, May 29th 30th. As the twilight faded an aurora became visible. In the course of the

display there were moving pillars, flashes from a low segment of light in the north, and a beautiful

arch nearly or quite at right angles to the magnetic meridian. Pillars of aurora from 21 h 18m to 22h

2, varying in brightness and position ;
low segment of light to the north, continued throughout the

appearances ;
at 22h 5m an arch forms from east to west

;
streams of light, varying in brightness,

fading and reappearing from 22h 20m to about 23h 10m
;
the brightest flash at 23b 6m . From 18h 54m

the declination magnet commenced to move eastward (declination decreasing), reaching an extreme

position at 20h 34m
,
difference from average position about 56 divisions or 19'

;
the movement then

became westerly with smaller fluctuations till 22h 39m
,
when it reached its westerly extreme of about

71 divisions or 24' from the normal place ;
the magnet reached a second easterly extreme at 23h 44m

of about 48 divisions or 17', at l
h 24ra

(30th) again a westerly extreme of about 7', and at 2h 49m an

easterly deflection of about 14'
;

after this the needle returned gradually to its ordinary position.

About the time of the brightest flash the change (easterly motion) was very rapid, no extreme value,

however, was reached. When the arch formed, the position was nearly normal. The horizontal force

decreased steadily until 22h 42 ra

,
when the readings fell beyond the scale

;
a minimum was reached

between that time and 22" 52m of at least 0.016 (parts of the force) below the normal force. At the

time ot the brightest flash the retrograde movement was in progress. The disturbance of the vertical

force commenced before 17
h 52m

,
at which time the force was a maximum; it then decreased very

rapidly, and finally moved off the scale after 22h 2. (The value of a division of the scale was not

ascertained.)

II. 1840, July 4th. At 20h auroral light in the N. N. W. about 10 aoove the horizon, at 22h

very faint aurora still visible in N W. The declination was not at all affected. The horizontal force

( 27 )
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at these hours was 85 divisions (0.003 parts of the force) less than the normal amount. The vertical

force is apparently undisturbed
;

it is slightly above the normal value.

III. 1840, July 6th. An aurora was noticed at Oh 25 and 2h 25m . The declination was disturbed

at Oh
19|

m and 2h
19^

m
;

it indicated 50 divisions and 34 divisions, or 17' and 12' of easterly deflection.

Jt is likely that there were disturbances two hours preceding and two hours following the above times,

as the scale could not be read. The horizontal force was disturbed from midnight till 2 P. M.
;
the

force was less during this time, and reached its minimum value at 2h 22 of 130 divisions or 0.005

parts of the force
;
between 2 and 8 A. M. the diminution was about 0.004 parts. The vertical force

was also less from midnight till after 2'
1 17m

,
the greatest diminution probably took place later as the

observations failed at 4h 11. Minimum value at 2h 17'", 0.004 parts of the force.

IV. 1840, July 29th. At 22h 25m a faint aurora. The declination was not disturbed. The hori-

zontal force was very slightly affected. At 20h 22m it was 0.001 parts less than the normal, at 22h

22m it was nearly normal, and at, Oh 22m (30th) it was greater by 0.002. There may have been

ordinary disturbances not immediately connected with the aurora. At 22h
17
m the vertical force was

slightly affected, the force decreased 0.002 parts below the normal.

V. 1840, August 19th. At 20h 25m auroral light in N.
;
22h 25m aurora continues in X. and N. "W.

The declination disturbance commenced at 22h 20m and continued to 2h 20m (20th), west deflection 48

divisions (22'), 10 divisions, and 10 divisions. The horizontal force was disturbed from 16h 22m to

22h
22", force less 43 divisions, 49, 102, and 85 divisions Cm minimo 0.004 parts of the force). The

vertical force seems lower than usual, but hardly reached the limit of a recognized disturbance.

VI. 1840, August 28th and 29th. An aurora appeared at 20h
39^

m in N. N. E., disappeared at

21 h
19J

m
, reviving at 21 h 59 m

;
at 22h

9j
m streamers moving from E. to W.

; light continued in N.;

streamers again in N. E. at 22h 59^
m and l

h 14im ,
after which time the aurora was not observed. An

easterly movement of the needle commenced about 20h 19m with a maximum eastern deflection of 125

divisions (or 57') at 21 h Om
,
the westerly motion continued till 21 h 55m when the needle was yet 5'

east of its normal position; smaller fluctuations were observed till midnight, the deflection was then

19' east; half an hour later it was 20' east; the morning extreme was reached at l
h 35m

,
when the

deflection was 25' east
;

after this the disturbance gradually subsided. There was a disturbance of

the horizontal force about 18h 20m
;
from about 21 h 52m till 10 the next morning the horizontal force

remained below its normal value. At 23h 32m it was 0.009 (parts) below, at 0" 22m it was 0.007, and

at lh 22m its minimum value of 0.010 (parts of the force) was reached. The disturbance in the

vertical force appears to have commenced about 21 h
7
m

,
when the force gradually decreased till 21 h

57m when it reached a minimum of about 0.003 (parts) ;
after this it gradually increased.

VII. l'840, September 21st. At 20h 25m faint aurora, 22h 25m aurora disappeared. Disturbance

of the declination commenced at 20h 20m and continued to 4h 20m (22d), deflections 40 divisions (18')

W., 10 divisions E., 14 divisions W., and 23 divisions E. The horizontal force disturbance com-

menced at 16h 22m and ceased at 4h 22m next day ;
force less 69 divisions, 47 divisions, 71 divisions,

42 divisions, 94 divisions, 124 divisions (0.005 parts of the force), and 93 divisions. The vertical

orce between 16h and 23h was slightly above the average, but suddenly became much smaller than the

normal between midnight and 3 A. M. Minimum about 0.002 parts of the force.

VIII. 1842, April 14th. At 22h 40 appearance of aurora, a bright light in the X.
;
at Oh 20ra

(15th) an arc of light was visible extending to about 15 above the north horizon. Declination dis-

turbed from 22" 20m to 8h 20m (15th), deflections at the regular observing hours 23 divisions W., 39

E., 11, 37, 10, and 14 divisions W. Maximum west deflection at 22h 56m
,
58 divisions (2C/), maxi-

mum east deflection 39 divisions (18'), derived from the series of extra observations. The horizontal

force disturbances commenced at 22h 22m and ceased at 4h 22m
,
force less 39 divisions, 149 divisions,

37 divisions, and 50 divisions, minimum 279 divisions (0.010 parts of the force) at l
h 16m (15th).

But one of the 69 extra readings during this aurora shows an increase of force. The vertical force
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disturbances commenced at Oh 17^' (loth) and continued to 6
h
17^

m
;

force less 68 divisions, 69

divisions, 59 divisions, and 38 divisions. Minimum value 111 divisions or 0.0037 parts of the force

at 1" 24m (15th).

IX. 1842, September 2d. At 2h 22m a bright light extending on each side of N. point about 15,
and to about 6 above the horizon

;
at 2h 49m light spreading and becoming more faint

;
at 3h 12m

light faint and gradually subsiding. The declination was very slightly affected, maximum west

deflection a,, 3h 26, 19 divisions (9'). The horizontal force was not disturbed. The vertical force

was likewise undisturbed

X. 1842, November 21st and 22d. A well developed aurora and the best observed of the series.

At 22h 23m a very luminous arc extending to about 15 above the horizon, and about 90 along it in

the north
;
22h 38m light slightly increasing; 22h 53m a slight decrease of light; 23h 18m light alter-

nately appearing and disappearing ;
23h 33m four streamers of unusual brightness reaching 30 above

horizon
;
23h 36m light particularly bright in N. W., whence a large streamer of 20 is shooting, also

one due north of 15; 23h 40m light subsided, no streamers; 23h 43m small streamers appearing;

23h 46ra

large streamers attended with great light in N. W.
;
23h 48m the arc still remains about 15

above hoizon, but has shortened its chord to 30, no streamers
;
23h 51m arc scarcely visible

;
Oh 23m

(22d) two arcs visible
;
Oh 28m a large streamer of 20 in length ;

Ob 36m considerable light without

the arc
;

l
h 08m light very faint

;
I

1' 23m slight appearances of arc
;

l
h 33m faint streamer of 10

;

l
h 58m faint streamer of 20

;
2h 48m a large but faint streamer due N. about 20 in length ; light

has nearly disappeared ;
3h 3m light scarcely visible

;
3h 33 no light visible, and readings of instru-

ment ordinary. The declination disturbances commenced at 22h 20m
,
and ceased at 10h 20m (22d) ;

deflections 49 divisions W., 20 divisions W., 25, 20, 8, 25, and 16 divisions E. The maximum W.
deflection (22') occurred at the commencement, with the appearance of the luminous arc, the needle

remained deflected to the westward until towards the end, when there was a smaller easterly deflection.

No special effect of the streamers is noticed. The horizontal force disturbances commenced at 16"

22m
,
and continued to 2h 22m (22d) ;

horizontal force less 33 divisions, 68, 82, 183 divisions (0.007

parts of the force) ;
this diminution was about the time of the appearance of the arc, 125 divisions and 73

divisions at the last two regular observing times. The streamers did not appear to have any special

effect The horizontal force always remained smaller than the normal value at the respective hours.

The vertical component was not affected.

XI. 1843, May 6th and 7th. At 19" 48m a bright light ;
at 2h 18m (7th) light to N. about 23

high, but faint. The declination disturbances commenced at 16h 20m
,
and continued to about 3b (7th).

The deflections at the regular hours were 28, 30, 16 divisions E., 15 divisions W. (20
m after midnight),

maximum east deflection 18', succeeding maximum west deflection 9', next following maximum east

deflection 33', following maximum west deflection 15'. The horizontal force disturbances commenced at

the same hour with the declination disturbances, and continued to the end of the series of observations.

The change commenced with a violent increase of 113 divisions above the normal value, and increased

to 330 divisions (0.012 parts of the force) at 18h 04m
, corresponding in time to the first maximum east

deflection. The force then decreased, reaching 132 divisions below the normal value, and attaining

shortly (16
m
) after midnight the extraordinary low value 348 divisions (0.013 parts of the force) ; up

to the end of the disturbance the force remained below the standard amount. The vertical force was

suddenly disturbed, at 18h 23 m
it was 161 divisions greater than the mean, and at 22h 23 m bat 41

divisions above the normal. Maximum value 164 divisions (equal to 0.0054 parts of the force)

at 18" 12ra
.

XII. 1843, May 8th. At Oh an aurora visible to north. The declination was but slightly affected
;

at 19h 32m there was an easterly deflection of 15 divisions or 7'
;
at 20h 26m it was west 4'

;
after

this there was an easterly motion, changing again to west, which reached an extreme value at 23h 44m

of 17 divisions or 8' W. From the commencement of the horizontal force observations (17
h 38m ) the

force was less than the normal
;
at 20h 4m the greatest depression was 0.003 (parts of the force). The

disturbance continued till 6 A. M., the force being less than the standard value. From 17 h 38m
,
when



30 APPENDIX.

tlie vertical force was observed, it was found less than the normal, at 20h 36m depression 20 divisions,

at Oh 23m it was 31 divisions or 0.001 parts of the force below the standard value.

XIII. 1843, June 21th. At 22b a bright -diffused light to north, particularly bright to N. W.,
whence streamers are shooting up; general light weakens as it rises at 20b 45m

;
at 21 h 15m a brilliant

light, dark cumulus spots in the bright light, and long streaks of dark clouds to N. Fades at 22h
1 3m

,

light to N. faint
; dark, fuzzy, low cumuli form and disappear to N. Neither the declination nor the

horizontal force was disturbed by this aurora. The vertical force was slightly affected, force less 38

divisions or 0.0012 parts of the force.

XIV. 1843, June 30th. At 23h aurora visible to the N. N. E., flaming to about 10. The

declination disturbances commenced at 22h 20m (9 divisions W.), they reach a maximum at Oh 02m

(July 1st) of 20 divisions (9'), and gradually disappear, the deflections having been west throughout.

The horizontal force is smaller than the normal value, a first minimum is reached about 20 h 44m

(about 45 divisions), and the principal minimum about Oh 10m (July 1st) of nearly 50 divisions (0.0018

parts of the force). The vertical force remained undisturbed.

XV. 1843, July 7th. At 20" 52m very light in the N. N. E. and N. W. The declinatio'n at 18h

20m is deflected 15 divisions E., the motion then became westerly and reached 29 divisions (13') W.
at 23" 33m

;
at 2h 20m (8th) the deflection is again 16 divisions W. The horizontal force is less than

usual, with a minimum value about 20h 52m of 55 divisions (0.002 parts). The force then increases,

and about midnight reaches slightly above the normal. The vertical force was not disturbed.

XVI. 1843, July 24th and 25th. According to a letter (dated July 25th) from one of the obser-

vers, auroral disturbances commenced about 16h
(July 24th) and quieted down about 21 h

. At 16h

20m the declinometer was deflected 15 divisions E., about 4h (25th) the disturbances reappeared

deflecting 10 divisions W., and changed to east deflection at 6
h 20m

, reaching a maximum east of 34

divisions (15') at 13h 20m. At 16h 22m the horizontal force was about 46 divisions less, with dis-

turbances reappearing about 8h 22m
, reaching at 8h 46m 96 divisions (0.0015 parts of the force) below

the normal, and quieting down about one hour after noon. The vertical force was not sensibly

disturbed

XVII. 1843, July 25th. At 21 h 30m (25th) streamers to N., flaming to about 30
;
at 22" streamers

very bright, reaching about 40; At 22h 15m light very faint and gradually disappearing. The
declination was disturbed (deflections west) between 20h 20m and 22h 20m reaching a maximum at

21 h 58m of 36 divisions (16'). The horizontal force decreased between 18h 22m and 22h 22m,reach-

ing at 21 h 34m 91 divisions (0.0033 parts) below the normal value. The vertical force apparently
undisturbed.

XVIII. 1843, August 22d. At 20h 22m there were streamers of 35 in length, bright light in N.

Between 14h 20m and 18h 20m there was a small east deflection of the magnet reaching 28 divisions

at the latter hour; at 19k 56m it changed to a west deflection of the same amount (13'). At the time

of the appearance of the streamers the declination was normal. During the aurora the horizontal

force diminished, reaching at 20U 28m 91 divisions (0.0033 parts) brlmv the normal. The low value

continued for about two hours after this time. The vertical force was not sensibly affected.

XIX. 1844, January 24th and 25th. Aurora visible to N. and N. N. E. at Oh 22m (25th), streamers

running up 30; Oh 33m streamers running up 15 and 20. During this aurora the horizontal needle

was deflected to the westward about 10 divisions, reaching a maximum at 6 h 58m of 15 divisions (7') ;

at the time of the appearance of the shorter streamers the deflection was near 7', the horizontal force

was below the normal value, viz: decrease 36 divisions, 41 and 35 divisions at 22h 22m
,
23h 22m

,
and

Oh 22m (25th), minimum 47 divisions (0.0017 parts). At the time of the longer streamers there was
an average decrease, and during the continuance of the shorter streamers the horizontal force was
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normal. At Ob 23i
m and 2h 23 m the vertical force was 36 and 32 divisions smaller than the normal.

Difference 0.0011 parts of the force.

XX. 1844, March 29th. At 16h 51m cloudy, aurora visible. The declination magnet is deflected

to the east and west several times in succession; between 16h 20m and 18h 20m about 14 divisions E.
(

and 16 divisions E.
;
the following greatest west deflection of 61 divisions (27') occurred at 20h 10m

;

the next east deflection reached a maximum at O h 22m (30th) of 41 divisions; a maximum west

deflection was again reached at l
h 14 of 50 divisions (23'). The horizontal force is throughout

smaller than the normal value, with differences varying on the average from 50 to 70 divisions. The

greatest difference was reached at 20h 2m of nearly 100 divisions (0.0036 parts of the force); at 23k

47m another small value of 90 divisions was observed. The vertical force was disturbed from 21 h

23 m to 4h 23i
m

(30th). Force less 49 divisions, 55, 44, 73, 49, 52, 55, and 31 divisions. Minimum
value 0.0024 parts of the force.

XXI. 1844, April 17th. At 2h 20m
, although cloudy, it was very bright at the north; same remark

at 22 h 20m. The declination disturbances extend nearly over the whole day. The deflection was at

first west (between Oh 20m and 4h 20m) with a maximum value of 48 divisions (22') at 3h 10m
;

it then

changed to the east, at 6b 04m it reached 52 divisions (23') ; up to 20h 20m the deflection was slightly

to the east. The horizontal force was diminished early in the morning, attaining a first minimum at

2h 40m of 47 divisions; it increased for a short time, reaching at 4h 14m 52 divisions above the normal,

the force again decreased and reached at 5k 47m the lowest value of 151 divisions (0.0055 parts); it

remained below the normal value for several hours. At 19h 53m the diminution was 41 divisions.

Vertical force disturbed from 3b to 8h (+23^
m
),

force less 52 divisions, 58, 61, 66, 53, and 35 divisions.

Minimum value 0.0022 parts of the force.

XXII. 1845, January 9th. At 17k 20m an aurora visible. The declination magnet is deflected

east and west alternately; first maximum east deflection at 16h 32m of 20 divisions
; following maxi-

mum west at 17
h 02 of 11 divisions; following east deflection about 20 divisions 12m later; next

west deflection at 17 h 22m 21 divisions; at 19h 56m the deflection again east 32 divisions; at 21 h 38

it is west 40 divisions (18'), at 22h 20m it is east 33 divisions. The horizontal force between 15k 52m

and midnight is considerably smaller than the normal value, a minimum is reached at 17
k 16m of 155

divisions (0.0056 parts of the force). The disturbances ceased between 2k and 3k on the morning of

the 10th. The vertical force was disturbed at 17
h

, 20, 22, and 23k (+ 23^), force greater 44 divisions,

31, 35, and 33 divisions. Average increase 0.0012 parts of the force.

From the preceding detailed account of the condition of the declination and of the horizontal and

vertical components of the magnetic force during auroral displays, we obtain the following general
results : Each of the 22 auroras recorded was accompanied by a corresponding disturbance of the

earth's magnetism, at least in one of the three elements; in one case the declination alone was

affected, in another case only the horizontal force, and in a third only the vertical force. The latter

force was less subject to disturbances than the other two elements.

In the following table, showing the condition of the magnetic components during auroras, the first

column contains the number of the aurora, the second the amount of declination deflection, the third

its direction or the successive large excursions of the north end eastward or westward, the fourth the

amount of the horizontal force disturbance expressed in parts of that force (a minus sign indicates less

force than the normal belonging to that time, a plus sign indicates the reverse), the last column con-

tains the amount of disturbance in the vertical force expressed in parts of that force
;
the signs have

the same signification as for the horizontal force.

5
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Number.
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These figures seem to indicate the existence of a period of frequency, probably of eleven years as

conjectured by Prof. Wolf, the least number probably occurred in 1843, if we make an allowance for

invisibility of the phenomenon cither by daylight or by cloudy weather.

Between June, 1840, and July, 1845 (incl.), there were seen, according to the Toronto record, 109

auroras. The disturbances at Philadelphia on the dates of their appearance have been classified as

follows : The numbers give the relative proportion to the total number, which latter is expressed by
1 00

;
the average numbers are given resulting from the examination of the disturbances of the decli-

nation, the horizontal and the vertical force.

Number of cases.

No record at Philadelphia 19

None of the elements disturbed 30

But very few disturbances 20

An ordinary number of disturbances 14

An unusual number of disturbances 17

The number of unusual disturbances is therefore less than one-fifth of the total amount, and in

fully one-half of the cases the magnetic elements were either not at all or but very slightly affected.
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DISCUSSION

SOLAR DIURNAL VARIATION, AND OP THE ANNUAL INEQUALITY OP THE VERTICAL
COMPONENT OF THE MAGNETIC FORCE AT PHILADELPHIA.

THE necessary data for this investigation are given in the preceding Part (VII),

which contains the normals resulting from the reduction of the observations to the

same temperature (66 Fah.), from the allowance for irregularity in the progressive

change and the exclusion of all recognized disturbances.

Owing to the greater irregularity in the indications of the vertical force instru-

ment, and the comparatively small number of observations at odd hours, the normals

are given for the even hours only ;
the observations at odd hours, however, are used

to improve those taken at the intermediate even hours by means of a suitable pro-

cess of interpolation.

The tabular numbers are expressed in scale divisions, one division being equal

to 0.000033 parts of the vertical force, or equal to 0.000423 in absolute measure.

Increasing numbers denote decrease of force. The hours count from midnight to

midnight to 24 hours ; the number of minutes the observations are made later than

the full hour are given in the last column for each month.

NORMALS OF THE VERTICAL FORCE FOR JULY.



38 DISCUSSION OF THE VERTICAL COMPONENT

NORMALS OF THE VERTICAL FORCE FOR AUGUST.
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NORMALS OF THE VERTICAL FORCE FOR OCTOBER.
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NORMALS OF THE VERTICAL FORCE FOR DECEMBER.
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NORMALS OF THE VERTICAL FORCE FOR FEBRUARY.
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NORMALS OF THE VERTICAL FORCE FOR APRIL.
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NORMALS OF THE VERTICAL FORCE FOR JUNE.



DISCUSSION OF THE VERTICAL COMPONENT

Subtracting each value of Table I from its respective monthly mean as given in

Table II, and converting the remainder into parts of the force, we find the regular
solar-diurnal variation presented in the following table :

TABLE III. REGULAR SOLAR-DIURNAL VARIATION OF THE VERTICAL FORCE EXPRESSED IN
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and winter season, the diagram exhibits the diurnal variation in summer to be a

curve of but one maximum and one minimum occurring about noon and midnight

respectively, whereas in winter the double feature of the curve becomes very con-

(A.) DIURNAL VARIATION OF THE VERTICAL FORCE IN SUMMER, WINTER, AND FOR THE

WHOLE YEAR.
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At 5| A. M. and 7 P. M. there is no change in the diurnal variation throughout
the year ;

at the hours 2 A. M. and 4 P. M. the change is a maximum, viz : range

equal 0.000403 parts and 0.000333 parts of the force, or equal 0.00517 and 0.00427

when expressed in absolute measure.

The turning epochs of the annual inequality as found from the hours 2 A. M.
and 4 P. M. are derived from the following table, in which the numbers are

expressed in parts of the force
;
the numbers in the last column were obtained by

changing the sign of the afternoon difference before taking the mean.
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For July, A, = 704". 7 + 17.4 sin (9 + 86 30') -f 2.6 sin (29 + 174 16')

+ O.T sin (39 + 300)
For August, A, = 703d

.3 + 17.1 sin (9 + 81 10') + 3.7 sin (20 + 215 50')

+ 0.5 sin (39 + 75)
For September, A, = 708d

.8 + 14.3 sin (0 + 73 57') + 2.9 sin (20 + 210 24')

+ 0.3 sin (39 + 165)
For October, A, = 691 d

.O + 6.1 sin (9 + 119 48') + 3.1 sin (20 + 236 28')

+ 1.1 sin (30 + 210)
For November, A, = 689d

.7 + 4.4 sin ( + 83 33') + 3.0 sin (20 + 254 00')

+ 0.0

For December, A, = 701d
.2 + 4.5 sin ( + 133 49') + 4.3 sin (20 + 231 57')

+ LO sin (30 + 63)

We have also for summer half year (April to September inclusive), for winter

half year (October to March inclusive), and for the whole year the following

expressions for the diurnal variation :

For summer, A, = 700d
.l + 14.6 sin (0 + 83 40') + 2.5 sin (20 + 191 01')

+ 0.5 sin (30 + 255)
For winter, A, = 702d

.O + 5.1 sin ( + 108 54') + 4.0 sin (20 + 229 58')

+ 0.0

For year, A, = 701
d
.O + 9.7 sin (0 + 90 17') + 3.0 sin (2 + 216 22')

+ 0.2 sin (30 + 255)

The following comparison may serve to show the general representation of the

observations by the analytical expressions :

COMPARISON FOR AUGUST.
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(C). SoLAR-DltTKNAL VARIATION OF THE VERTICAL FORCE, APRIL TO SEPTEMBER, 1841 TO 1845.

(Expressed in scale divisions.)

11= 0.000033 parts of the force.

April.

May.

June.

July.

August.
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(D). SOLAR-DlURNAL VARIATION OP THE VERTICAL FORCE, OCTOBER TO MARCH, 1841 TO 1845.

(Expressed in scale divisions.)

1"= 0.000033 parts of the force.

-3
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The numerical values of the coefficients B
l
Bz B3 in the general equation

A.= A 4- Bl
sin

(
+ CJ + B2 sin (20 + (72 ) + B3 sin (30 + (73 )

expressed in parts of the horizontal force, are given in Table V. The first three

decimals (0.000) have been placed in front of the table.

TABLE V.
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in the winter season ;
in the annual curve there is barely a trace of it left. We

also recognize again the earlier occurrence of the maximum and minimum values

in winter and their later appearance in summer. If we examine the resulting curves

at Toronto1 we find there the secondary morning fluctuation equally well marked

(E). REGULAR SOLAR-DIURNAL VARIATION OF THE VERTICAL FORCE FOR WINTER, SUMMER, AND

THE WHOLE YEAR. '

(In parts of the force.)

0" 6 8 10 14 16 18 20 22 24"

Philadelphia mean time.

in summer and winter
;
and if we inquire into this feature for each year separately,

we find great irregularities between the hours 14 (Toronto astro'l time) and 22; in

1843 the secondary maximum and minimum is plainly developed, in 1844, and espe-

cially in 1845, it cannot be traced. Diagram (F) exhibits the curves for Philadel-

phia for each year. In 1841 and 1842 the curves are smooth, in 1843 the wave

appears well marked, in 1844 it is just perceptible. These apparent irregularities

are probably due to imperfections in our instruments
;
on the other hand, if we take

the Philadelphia series, there may be a cyclic appearance and disappearance of

this wave.

* VoL III of the Toronto Observations, Table LXVIII.
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DIAGRAM (F).

647

49

51

53

55

57
j

69

61

63

65

67

69

71

73

75

77

79

81



OF THE MAGNETIC FORCE. 53

delphia ; from Table LXVIII, Vol. Ill of the Toronto Observations, we find the

maximum at 5h
,
a secondary minimum at 14h

,
a secondary maximum at 18 b

,
and the

minimum at 22 h
; the maximum is therefore apparently delayed at Toronto 4h

,
the

minimum 4^
h

, the secondary wave is likewise retarded by about 4 hours. This

epochal difference I take, most likely, to be a distinctive feature due to the localities
;

there is also a remarkable difference in the amount of the diurnal range as will

presently appear. The degree of sensibility in the adjustment of the centre of

gravity of the instrument affects most the latter difference, whereas the epochal
difference may be supposed to depend, in a measure, upon the sensibility of the

magnet in regard to changes of temperature and consequent changes of magnetism.
The change in the adopted value of the correction for 1 of change in the tem-

perature (expressed in scale divisions) as used in present reduction (10.8), and as

used in four volumes of record and reduction (13.5) gives us the means of a partial

test of the effect on the epochs, we find from the plates in Vol. IV the time of the

maximum 1| P. M. and of the minimum 11| P. M., which though somewhat nearer

to the Toronto epochs, still leave a large discrepancy.

TABLE VIII. AMPLITUDE OF THE DIURNAL VARIATION OF THE VERTICAL FORCE.
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(Q). DIURNAL RANGE OF THE VERTICAL FOKCK

(In parts of the force.)

0.001200

1100

1000

0900
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0.000300
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TABLE X. COMPUTED SOLAR-DIURNAL VARIATION OF THE VERTICAL FORCE, EXPRESSED IN
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(H). DIFFERENCES FROM ITS NORMAL TALUE OF THE VERTICAL FORCE, FOR EACH HOUR AND MONTH.

(Expressed in absolute measure.)

0.00.

January

November

December

January

14 16 18 20 22 24"

Philadelphia mean time.

Annual Inequality of the Vertical Force. The minor and irregular disturbances in

the adjustment of the magnetometer, as well as the effect of the progressive and

secular changes, tend to make the determination of the annual inequality in the

vertical force a task of some delicacy, and the results deduced from our series of

observations should be considered as approximate.

Taking the monthly normals of the years 1842, 1843, and 1844, the only years
which could be made complete, and correcting the monthly means for 42 scale

divisions of annual increase, the following table was formed :
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MONTHLY NORMALS.
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AND TOTAL FORCE.
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INVESTIGATION
OP THE

INFLUENCE OP THE MOON ON THE MAGNETIC VERTICAL FORCE.

THE method of discussion of the lunar effect on the vertical component of the

magnetic force in no way differs from that employed for the horizontal component,
which latter has been explained in Part VI.

The series of observations available for the lunar discussion extends from Febru-

ary, 1841, to June, 1845, inclusive. From February, 1841, to October, 1843, the

observations are bi-hourly ;
from October, 1843, to the end of the series they are

hourly. The record of May, 1841, is not quite complete, and in January, February,
ami March, 1843, but one observation a day is recorded. As increasing numbers

demote a decrease of force, a positive sign of the tabulated differences between

monthly normals and each individual undisturbed reading (at the normal tempera-

ture) indicates a greater force than the normal value, a negative sign indicates the

reverse. 30 scale divisions being the limit beyond which difference an observation

has been considered as belonging to the class of disturbances, all differences here

recorded are below this limit. One scale division is 0.000033 parts of the force.

The tabular numbers are expressed in scale divisions.

In tracing out the lunar effect upon the vertical force we have to contend with

greater irregularities than was experienced in the case of the horizontal force. The
vertical force magnetometer is more subject to changes, and the correction for tem-

perature far exceeds that of the horizontal force.

The total number of observations and differences formed in the inquiry of the

dependence of the force upon the moon's hour angle is 19513, which distribute

themselves over the months and years as follows :

TABLE I. XUMBER OF OBSERVATIONS FOR LUNAR DISCUSSION.
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TABLE II. DISTRIBUTION OF NUMBERS ACCORDING TO WEST-

ERN AND EASTERN HOUR ANGLES OF THE MOON.
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TABLE IV. DIFFERENCES FROM THE MONTHLY NORMALS, 1842.
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TABLE V. DIFFERENCES FKOM THE MONTHLY NORMALS, 1843.

Western hour angles of the moon.
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TABLE YI. DIFFERENCES FROM THE MONTHLY NORMALS, 1844.
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TABLE VII. DIFFERENCES FROM THE MONTHLY NORMALS, 1845.

Western hour angles of the moon.
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of the annual means give equal weight to the results from the six months of hourly

observations in 1845, and to the results from the twelve months of bi-hourly obser-

vations in 1842; compared with these results, those of 1844 have the weight two.

TABLE IX. RECAPITULATION OP THE ANNUAL MEANS EXHIBITING THE LUNAR-DIURNAL VARIA-

TION FROM OVER 19,500 OBSERVATIONS BETWEEN FEBRUARY, 1841, AND JUNE, 1845, INCLUSIVE.

Western hour angles.
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happens about 9h
,
western hour angle, and its least value about three hours before,

giving a range of nearly one-tenth part of the principal range. The observed values

for the hours 8, 9, 10 (west) however, seem to indicate that the secondary wave is

really larger, but in the present case apparently reduced by the accidentally low

values at the hours 11 and 12.

The following expression has been deduced to express the lunar-diurnal variation

of the vertical force :

Fc = 0.04 + 0.27 sin (0 + 72) + 0.20 sin (20+ 134)
6 counts from the upper culmination, westward ; F< is expressed in scale divisions.

The smooth, full curve in the diagram is computed by the formula
;
the differences

between the observed and computed values are sufficiently well exhibited in the

diagram. The probable error of any single hourly value is +0.20 scale divisions.

In the following expression M signifies millionth parts of the force :

M M M
Fc =_ 1.3 + 8.9 sin (6 + 72) + 6.6 sin (20 + 134).

Maximum value of F<, 28m before the upper culmination, = + .38 scale divisions;

minimum value at 15 h 30m
,

0.43 scale divisions, hence lunar-diurnal range 0.81

scale divisions = 0.000027 parts of the force 0.00034 in absolute measure. This

range is so small that the correction for temperature due to a change of but 0.08
would surpass it.

We have already seen that we cannot bring a sufficient number of observations

to bear upon any part of the entire series, and are therefore not in a condition to

pursue this subject of the lunar effect to any greater length.

At Toronto the curve is also double-crested with maxima three and a half hours

after the moon's transits, but compared with Philadelphia the principal and second-

ary waves appear exchanged. The range at Toronto is 0.000012 parts of the force,

nearly one-half of the Philadelphia range ;
we have already noticed a similar differ-

ence of range in the solar-diurnal variation, the Toronto range of which was also

about one-half of that at Philadelphia. In connection with this it may be well to

state that the dip at Toronto is 75 15', and at Philadelphia 71 59.'

Lunar Effect upon Inclination and Total Force. The combination of the hori-

zontal and vertical components to inclination and total force, is effected by the

formulae:

<> X. Y
in which expressions X horizontal force, F= vertical force, <>= total force, and
= inclination. The discussion of the observations for dip, in Part XII, gives the

value = 71 59', answering to the year 1843. Column 2 of the following table

is derived from the preceding Table IX, after changing the scale divisions into their

equivalents of parts of the force, one division being equal to 0.000033
;
column 3

is formed similarly from Table VIII, of Part VI, one division being equal to

0.0000365. Columns 4 and 5 contain the corresponding values of the lunar-diurnal
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variation of the inclination and total force, the former expressed in seconds, the

latter in parts of the total force. The letter M, heading columns 2, 3, and 5, sig-

nifies units of the sixth place of decimals or millionth parts of the force.

TABLE X. LUNAR-DIURNAL VARIATION OF THE INCLINATION AND TOTAL FORCE.
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(B.) LUNAR-DIURNAL VARIATION OF THE INCLINATION.
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ANALYSIS

DISTURBANCES OF THE DIP AND TOTAL FORCE.

IN the preceding discussion of the disturbances of the horizontal and vertical

components of the magnetic force at the Girard College Observatory, the laws of

their variations, as far as they have been recognizable from the series, were brought
out and discussed, and this suffices, perhaps, in most cases, for any future applica-
tion of theory, or for the purpose of testing hypotheses ; but as it is also desirable

for other comparisons to deduce the corresponding results for dip and total force

from previous researches, it is proposed here to present the results of this combina-

tion numerically and in tabular form.

This combination is effected by the formulae:

/AY AJTx A* AY AX
Av = sin cos 6 ( -^ v~ )

and = sin 2
6 -^ + cos 2dv~

\ i .A I <p JL

which expressions have already been used in the preceding part.

A strict treatment of the disturbances of either the dip or total force would

require the formation of the difference of each observation of the vertical and hori-

zontal force from its normal value (corresponding to the hour, month, and year), the

conversion of these differences from units of scale value into parts of the respective

force, and finally the numerical combination of the contemporaneous values of the

two instruments by means of the above formulae. To treat over 44,000 observa-

tions in this manner is impracticably laborious, and makes it desirable to substitute

in its place another process less cumbrous, but, as regards results, equally effective.

The method adopted avoids also the labor of forming normals, and especially that

of separating the disturbances anew for each element. The method pursued in the

discussion of the Toronto observations answers all purposes, and has also been

adopted for the Philadelphia series; a more distinct idea, however, is here given for

the limiting value beyond which disturbances are recognized. The method is as

follows : Returning to the manuscript tables which contain the observations reduced

to a uniform temperature and corrected for progressive change, as far as this was

practicable, each observation marked there as a disturbance, that is, which differed

as much or more than + 30 scale divisions from the normal of the vertical force,

and as much or more than + 33 from the normal of the horizontal force, was tran-

scribed and at once converted into its equivalent in parts of the force to which it

respectively belonged. One scale division of the vortical force magnetometer equals
0.000033 parts, and of the horizontal force magnetometer 0.0000365 parts of the

( 3 )
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respective force. These disturbances of the two components were tabulated in

chronological order, and when, for any entry, but one of the constituent parts

appeared disturbed, the corresponding difference from the normal of the contempo-

raneous second part, whatever amount that might be, was likewise entered in an

Ad>

adjoining column. The corresponding values of A0 and were then easily com-

puted for each disturbance, whether it occurred in both components or in one only.

Trustworthy contemporaneous readings of the two magnetometers commence with

February, 1841, and continue to the close of the series in June, 1845 ; there is,

however, an interval of time between the readings of the instruments which we are

obliged to disregard ; it amounts to but 5 minutes, the bifilar magnetometer having
been read so much later.

As there is not generally a contemporaneous disturbance in the vertical and hori-

zontal force, the total number of disturbed values obtained by the process explained

above and employed, is necessarily much greater than it was for either of the com-

ponents; it becomes therefore necessary to fix upon some limit of recognition for a

disturbed value of the dip, and also of the total force. This is best done by the

adoption of that value which will separate an equal proportion of disturbed values

from the total number, as was done in the components ; for the vertical component
one in every 10.5 observations, for the horizontal component one in every 19.3

observations was separated as a disturbed value between February 1, 1841, and

June 30, 1845; on the average, therefore, one in every 15 observations should be

separated in the dip and total force series. During the time mentioned the number

of observations of vertical force was 22,092, and of horizontal force 22,150, from

which we should accordingly derive nearly 1470 disturbances. Now the number

of computed values of A0 and of is 2362, hence, marking in each set the 1470

highest values, the limit of + 1/1 is reached in the dip, and +0.00094 in the total

force, which constitute the limiting values at and beyond which disturbances are

recognized in each element. To render the series of disturbance results homo-

geneous, the disturbances at the odd hours after October, 1843, have been omitted.

At Toronto the limit for the recognition of disturbances in the dip
(1) was I/O, and

in the total force 0.0004 parts of the force.

ANALYSIS OF THE DISTURBANCES OF THE INCLINATION.

The number of values of inclination differing +1/1 or more from their normal

amount, and which constitute the disturbance values is 1446, those arc variously

combined in the following tables, and, when necessary, arc separated into two

classes, those which increase and those which decrease the inclination ; to the former

the sign + is prefixed, to the latter the sign . The aggregate and mean amount

of disturbances are expressed in minutes of arc. The columns containing the num-

ber of disturbances are headed with the letter n. When ratios are given, they

1 Vol. Ill, p. xliii.



DISTURBANCES OF THE INCLINATION.

exhibit the proportion of the amount of disturbances during any given sub-period

to the average amount of disturbances during the whole period. In the first and

three subsequent tables the values for the first five months of 1841 are omitted, as

there are no adequate means of extending the series beyond four full years.

TABLE I. AGGREGATE AMOUNT AND NUMBER OP DISTURBANCES OF THE INCLINATION IN EACH
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TABLE III. AGGREGATE AMOUNT AND NUMBER OF DISTURBANCES OF THE

INCLINATION IN THE DIFFERENT YEARS OF OBSERVATION.

The ratios exhibit the variation due to the eleven year inequality.



DISTURBANCES OF THE INCLINATION.

The hourly disturbances of the inclination exhibit a regular progression ; between

1 A. M. and 1 1 A. M. the numbers fall short of the mean hourly value, and during
the remaining afternoon and night hours they exceed this average value. The
minimum occurs near 8 A. M. and the maximum near 8 P. M. There is, however,

an indication of a superimposed smaller progression which, owing to the short series

of observations, is not distinctly brought out. At Toronto we have a double pro-

gression, and the above ratios approximate to it. At Philadelphia a secondary
maximum probably occurs about noon and a secondary minimum about 4 P. M.

Table VI shows the ratios at the different hours for disturbances increasing and

disturbances decreasing the inclination.

TABLE VI. AGGREGATE AMOUNT AND NUMBER OF HOURLY DISTURBANCES OF THE INCLINATION
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The ratios of the increasing disturbances of the force have a double progression,

as have also those of the decreasing disturbances, though not so well marked. In-

creasing disturbances show a principal maximum in January, a principal minimum
in June, and a secondary maximum and minimum in August and November,

respectively ; decreasing disturbances show a principal maximum in January, a

principal minimum in October, and a secondary maximum and minimum in Septem-
ber and May, respectively. It appears, therefore, that upon the whole we observe

the same laws as at Toronto, viz : the disturbances increasing the force and those

decreasing the force follow the same progressive monthly change, and exhibit

maximum values about the equinoxes, and minimum values about the solstices.

This last remark also applies to the results of the following table in which the

annual inequality of the disturbances is given irrespective of sign.

TABLE VIII. AGGREGATE AMOUNT AND NUMBER OF DISTURBANCES OF THE

TOTAL FORCE IN EACH MONTH AND RATIO OF SUMS.
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TABLE X. AGGREGATE AMOUNT AND NUMBER OF DISTURBANCES IN EACH

YEAH (JULY TO JULY) ARRANGED FOR DISTURBANCES INCREASING AND

DISTURBANCES DECREASING THE FORCE, WITH RATIOS OF SUMS.
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TABLE XII. AGGREGATE AMOUNT AND NUMBER OP HOURLY DISTURBANCES OP THE TOTAL FORCE

FOR INCREASING AND DECREASING VALUES, RATIOS, AND MEAN EFFECT OF DISTURBANCES.





PART XI.

SOLAR DIURNAL VARIATION AND ANNUAL INEQUALITY OP THE
INCLINATION AND TOTAL FORCE.

( 13)





SOLAR-DIURNAL VARIATION OF THE DIP AND TOTAL FORCE.

To make the combination of the horizontal and vertical force components com-

plete, there remains the discussion of the regular solar-diurnal variation and its

annual inequality, of the resulting dip and total force.

Table III, of Part V, contains the solar-diurnal variation, expressed in parts of the

force, of the horizontal component, freed from the larger disturbances
; Table III,

of Part VIII, contains similar information with regard to the vertical component.
The numbers of these tables, however, cannot be combined directly, owing to the

eleven year inequality which requires that the two sets of components should cover

precisely the same interval of time. In the present case the table of the horizontal

force extends from July, 1840, to July, 1845, a five year series; whereas the table

of the vertical force extends over four years only ; a new table of monthly normals

of the horizontal component was therefore prepared, in which the first year's obser-

vations were omitted. This was done by the same method as had been followed in

the preparation of the former annual values of Part V. The following table differs

from that of Table I, of Part V, only in the number of observations employed, and

extends from July, 1841, to July, 1845.

TABLE I. RECAPITULATION OF THE HOURLY NORMALS OF THE HORIZONTAL FORCE (EXPRESSED IN
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The summer months comprise April to September, inclusive

The winter October to May,
One scale division equals 0.0000365 parts of the force.

Increasing numbers denote decrease of force.

1841-1845
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TABLE IV. REGULAR SOLAU-DIUKNAL VARIATION OF TIIK DIP BETWEEN JULY, 1841, AND JULY,
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The diagram shows the hours of no semi-annual change as follows: 5| A.M.;
1 P. M.; 3 P. M., and 7 P. M.; greatest change at 10 A. M., secondary at 6 P. M.,
with a range of 0/51 and 0/18, respectively.

The turning epochs are found by the variation at the hour 10 A. M., when the

monthly differences from the annual mean are as follows :

January ....
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COMPARISON FOR AUGUST.



OF THE DIP.

Diagram (B) exhibits the observed and computed diurnal variation for

mer months, and diagram (C) for the winter months.

21

the sum-

(B). SOLAR-DIURNAL VARIATION OF THE MAGNETIC DlP APRIL TO SEPTEMBER, 1841 1845.
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(C). SOLAR-DIURNAL VARIATION OF THE MAGNETIC DlP OCTOBER TO MARCH, 1841 1845.

(Expressed in minutes.)
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Diagram (D) exhibits the diurnal variation of the dip for summer, winter, and

the whole year.
,

(D). SOLAR-DlURNAL VARIATION OF THE MAGNETIC DlP BETWEEN 1841 AND 1845.
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The general character of the above three curves is the same ;
the annual curve

has its greatest value about 11 A.M., and its least value about 5 A.M., with a

range of about 1/2; in summer the epochs occur a little earlier, with a range of

about 1/5; in winter the epochs are a little later, and the range is contracted to

about 1/0. There is also a secondary maximum between 1 and 2 A.M., with a

less regular secondary minimum occurring at some hour in the afternoon or early

in the night ;
in summer, however, these minima appear interchanged.

The Toronto curves are similar to those above, the shifting of the epochs is the

same as at Philadelphia ;
the morning minimum is less prominent, and the afternoon

minimum constitutes the principal minimum during summer, and also, on the average,

during the year. The total annual range is almost exactly the same at the two

places, and the times of the principal maxima also nearly coincide.

The following table contains the computed times of the principal maximum and

of the morning minimum, also the elapsed time, together with the amount and range
for each month and season ; also the times and amount and range of the afternoon

or early night minimum, taken from the preceding diagrams.
13
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TABLE VIII. REGULAR SOLAR-DIURNAL VARIATION OP THE TOTAL FORCE BETWEEN JULY, 1841,
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The hours of no semi-annual change are 6 A. M. and 7 P. M. ; the greatest changes
take place about 2 A. M. and 4 P. M., with a range of .000370 and .000328 parts

of the force respectively.

The turning epochs are found from the variations at the hours 6 A. M. and 7

P. M. The following numbers are the differences from the respective annual means.

For 20h the sign has been changed.
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The following comparison of the observed and computed values for September
shows about average differences

;
in general the summer values are better repre-

sented or less irregular than the winter values.
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Diagram (F) exhibits the observed and computed diurnal variation for the sum-

mer months, and diagram (G) for the winter mouths.

(F). SOLAR-DlURNAL VARIATION OP THE MAGNETIC TOTAL FORCE APRIL TO SEPTEMBER, 1841 1845.

(Expressed in parts of the force.)
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(G). SoLAR-DlUENAL VARIATION OF THE MAGNETIC TOTAL FORCE OCTOBER TO MARCH, 1841 1845.

(Expressed in parts of the force.)

l{
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Diagram (H) exhibits the diurnal variation of the total force for summer, winter,

and the whole year.

(H). SOLAE-DIURNAL VARIATION OP THE TOTAL FORCE BETWEEN 1841 AND 1845.
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The amount and range are expressed in parts of the force. The time of the

principal maximum and minimum is computed to the nearest one or two minutes.

The diurnal range is greatest during summer, and least during winter. The small

secondary inflexion obtains only during the winter months ;
its range is only about

the seventieth part of the larger annual range.
Table XI contains the principal morning and afternoon epoch of the normal

value of the total force.

The morning epoch is taken from the diagrams ; the afternoon epoch is computed.

TABLE XI. EPOCHS OF NORMAL TOTAL FORCE.
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From what has been said of the annual inequality of the horizontal and vertical

force, it could not be expected that this inequality should appeal in any decided

manner in the dip and total force. With reference to the dip, all that can be

concluded is, that the inequality probably does not exceed half a minute. At

Toronto, where the dip is greater, it is between 0/8 and 0/9 ; lower in June and

July than in January and December; range 1/7. With respect to the total force,

the inequality seems to be about 0.0003 parts of the force, which gives nearly the

same range as that found at Toronto, with this difference, however, that at Phila-

delphia the force is greater in the summer months and less m the winter months,
the reverse of what has been found at the other station.

The next and last part of the discussion of the Girard College Magnetic Observa-

tions will contain the absolute values of the magnetic declination, dip and intensity.



PART XII.

DISCUSSION

MAGNETIC INCLINATION, AND TABLE OF ABSOLUTE VALUES OF THE
DECLINATION, INCLINATION, AND INTENSITY

BETWEEN 1841 AND 1845.

( 33 )
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RESULTS AND DISCUSSION

OBSERVATIONS FOR MAGNETIC INCLINATION, TAKEN AT GIRARD COLLEGE,
PHILADELPHIA, IN 1842, 1843, AND 1844.

THE dip circle was made by Robinson, of London, in 1836, and is six inches in

diameter. 1 The needles used are No. 1 and No. 2, and the poles were reversed in

each set of observations. The ends of the needles are marked A and B. The in-

strument was mounted upon a marble pier, about twenty feet to the southeast of

the Observatory.
The observations for dip were made once each week, and were commenced in

January, 1842; they terminate in July, 1844. There are some interruptions, how-

ever, in the series of observation, as will be noticed in looking over the results of Table

No. 1. This table contains an abstract of the results taken directly from the record ;

it has also been compared with the synopsis of the resulting dips in Volume III of

the Record. The time is observatory mean time counted for convenience from Oh
to

24h
. Each mean result consists of 24 separate measures, with face of instrument

west and east ; marked side of the needle west and east, and with polarity north

and south. Three readings have been taken in each position of face of the needle.

With but a few exceptions, needle No. 1 was employed throughout the series
; in

the exceptional cases, where needle No. 2, or one of the Lloyd needles No. 1 or

No. 3 were used, special corrections to refer their indications to the result by needle

No. 1 have been deduced and applied.

TABLE I. ABSTRACT OF RESULTS OF MAGNETIC DIP OBSERVED AT GIRARD COLLEGE
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OBSERVATIONS FOR MAGNETIC INCLINATION.
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The index error to needle No. 2 we find by direct comparison with needle No. I

on the following dates :

.... correction -)-6.'0
"

+3.8
. . .

" +1.0
" 4.6

. . . .
"

+2.3 .

17, 1842

11, 1842

18, 1843

24, 1843

Mean +1.'7

May
October

July

August

September 12, 1843

The correction to the Lloyd needles No. 1 and No. 3, A end north, we obtain also

by direct comparison, viz :

August 29, 1843, correction to Lloyd No. 1, +4.'0 to Lloyd No. 3, +10.'0

September 5, 1843,
" " "

+0.7
" +10.3

September 12, 1853,
" " "

+1.1
" " +9.8

Mean correction, +1.9
"

+10.00

The corrections for polarity to needles 1 and 2 in 1843, are determined as follows:

For needle No. 1. Mean dip in 1843 from 34 results, A north, 71 62/4
" " " " " B north, 71 53.8

Mean dip 71 58.1

Hence correction to needle 1, A north, 4/3, and B north + 4/3

For needle No. 2 we have the following differences :

May 17, 1842, A north B north . . . 8/4 1

October 11, 1842,
" " ... 11.9

July 18, 1843,
" "

. + 3.3

August 24, 1843,
" "

. + 1.4

September 12, 1843,
" " ... 2.2

Hence correction to needle 2, A north +1/8, B north, 1/8

Mean 3/6

The above corrections have been applied.

RECAPITULATION OF MONTHLY MEANS OP THE INCLINATION.
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If we divide the monthly means (inclusive of the interpolated dips for January,

February, and March, 1843) into two parts, we find the values:

From January, 1842, to April, 1843 (inclusive) . . .71 59. '4

"
April 1843, to July, 1844 " ... 71 57.9

The corresponding epochs are September 1, 1842, and December 1, 1843, which

again give an annual decrease of 1.'2.

It is desirable, however, to extend the investigation of the annual effect of the

secular change of the dip beyond the years above stated. In the Coast Survey

Report for 1856,
1 Assistant Schott discussed the secular change of the dip at various

places, and finds that the middle of the year 1842 (1842.7 +0.7 years) was an epoch
of minimum dip for places between Cambridge, Mass., Toronto, Canada, and Wash-

ington, D. C. The expression for the secular change for Philadelphia (page 241

of the 1856 report) is derived from 19 observations, contracted to 8 normals, between

1834 and 1855.

The dips extracted from a manuscript paper on my magnetic surveys in various

parts of the Northeastern States during the years 1834-5, 1840 1841, and 1843,

are as follows :

Observed dip at Philadelphia, July
" " October
" "

April
" "

July
" " October
" " Novembi

A collection and combination of all the observed values for dip at Philadelphia

(as far as they have come to my notice) are given in the following table :

21, 1840 .



40 RESULTS AND DISCUSSION OF THE

The annual inequality in the dip need not here be considered, as the index error

of the various needles and the observing error are much greater than the maximum
amount of that inequality which, according to the Toronto observations, hardly
exceeds +1'.

Collecting the mean dips and mean epoch, and adopting the expression

6 = 6, + a> + y (tQ + z (tt,Y
where

= resulting dip at any time between 1830 and 1860

1= assumed dip at epoch, x its correction, O l
= 72.00

* = epoch or 1840.0

t = any other time between the above limits.

We obtain from the following combination of the observations by the method of

least squares, the- values of
, y, and z.
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We may now collect in one table the numerical values of the magnetic elements

as found in the preceding discussion. The units for the force are feet and grains.

-\- indicates west declination and north dip.

Epoch.
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