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ABSTRACT
In 1961 a magnetic observatory was established at

Freetown, Sierra Leone (13° 13'w, 8°

28'N) just morth of
the dip equator. Records for H, D and Z fer the period
July 1961 to June 1965, covering the recent minimum in
sunspot activity, have been analysed by the method due to
Chapman and Miller to give the first four solar and luni-
solar harmonics of the daily variation. The data was
divided into three seasonal sets and two groups, firstly
the Iinternational Quiet Days and secondly all days having
magnetic activity index 014;142. Probable errors for all
harmonics have been determined and plotted on the harmonic
dials.

The seasonal changes of the solar terms show a movement
of the equatorial current system in eppesition to the sun
with a larger shift during the northern summer months than
during the northern winter months. The seasonal variations
of the lunar terms show similar changes indicating that the
lunar ionospheric current system behaves in a similar way
to the solar cur}ent system,

The occurrence of pulsations in the horizontal inten-
sity of period approximately two minutes has been analysed
for the year from March 1962 to February 1963. Two maxima

were found, one at dawn and the second at noon. The dawn

maxima was absent during northern winter months.
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A short field survgy was undertakén to enable the
plotting of mqgnetic charts for Sierra Leone.l Measurements
were also made of the daily variations at three field
stations in Sierra Leone which confirmed the day-to-day
variability of the daily variatioﬁs of the equatoridl

ionospheric current system.
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2. INTRODUCTION

The Earth's magnetic figld has f&r many centuries
been the subject of scientific investigation. Once the
directional property of a piece of suspéended lodestone
had been established, it was merely a question of time
and accuracy of 6bserva;1on before the phenomenon of
deClihation was discoveied. The exact date is uncertain,
but dﬁring the'hiddle of the fifteenth century portable
sun-dials incorporating a device which allbwed for the
declination were being used in ships; It was a further
hundréd years before the concept of inclination was dis-
covered, that is, the angle at which a suspendéd magnet
t11ts from the horizontal towards the earth. In 1576
NORMAN constructed the first dip-circle and described it
in a work first published in 1581,

Shortly after this GILBERT (1600) published 'De
Magnete' one of the most important treatisés on the subject
" of magnetism fﬁ’geﬁerai. Apari from a description of
ordinary magnetic effects, he dealt with the Earth's mag-
netic field in éréat detail, always iaying emphasis on the
experimental approach to the sﬁbjec@. However, one state-
ment in Gilbert's work was proved to be incorrect when
GELLIBRAND (1635) discoveréd the secular variation in the

declination. The secular variation is the very slow change
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in magnitude and direction of the Eerth's total field at
any one point on the surface of the Earth., Gilbert had
stated that "the variation (i.e. declination) at any one
place is constant", Improvements in instrument design
and construction must have been relatively slow as a
further ninety years were to elapse before the non-
secular Vartationé were noticed. GRAHAM (1724) found
that the compass needle was continually varying in posi-
tion. The seasonal nature of these variations was dis-
covered by CANTON (1759), who found that the mean range
of the daily variation in the declination at London on
undisturbed days was in June nearly twice that observed
in December,

In 1741 CELCIUS and HIORTFR at Upsala and GMMM in
London studied the daily variations in the declination on
the same days and discovered that large irregular varia-
tions occurred at both places simultaneously. At the seme
time, at Upsala, the occurrence of theseilaége variations
was observed to be directly correlated with the incidenee
of the aurora polaris, |

At the beginning of the nineteenth century magnetic
Observatories were being set up in various parts of the
world, including a few in tropical latitudes; and in 1834

the Gottingen Magnetic Union was formed, whereby a number



of observatories correlagted their work and agreed upon a
series of simultaneous, intensive periods of observation.
VON HUMBOLDT had previously organized this type of simul-
taneous observation programme on a world-wide basis. The
observations were limited to the declination, chiefly
because at that time the only instruments capable of any
reqsonable degree of accuracy were those for the measurement
of this quantit§. During the six year period of the
Magnetic Union, this situation was rectified in part by
LLOYD, who introduced his magnetic balance for the measure-
ment of variations in the vertical intensity. All of the
aéeurate ipstruments were, by now, using a lamp mirror

and scale arrangement for the measurements, the observa-
tions being made visually. Altogether some 50 stations

participated to a greater or lesser extent in the pro-

gramne drawn up by the Gottingen Magnetic Union with a

world—wlde coverage which extended to New Zealand and
Tésh&nialalthough.by far tﬁe ﬁajdrity of stations were in
the European sector,

The next major advance in the development of magnetic
observations was in 1847, when automatic photographic
registration was introduced at the Royai Observatory at
Greenwich., The instruments and recording arrangements were
designed by BROOKE (1847), who was spurred to this work

following a meeting of the British Association at Cambridge.
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He was also awarded a prize of £500 offered by the
Adnmiralty for thé invention of satisfactory magnetic
self-recording instruments. Brooke further introduced
automatic tempe}uture compensation of the intensity
magnetometers four years later. The magnetic observatory
by this time had taken on an appearance similar to that
of a present day observatory, the main differences being
in the accuracy 6f the recording instruments. Meanwhile
the results obtained from magnetic observatories gained
in importance as they were found to be related to other
pheéomenu. For example, SCHWABE discovered the existence
of the sunspot cycle from a series of observations of
sunspots over a period of 24 years and SABINE (1851) soon
showed the effect of the 11—year-sunspot cycle in an
extended series of declination measurements at Toronto.
The full significance of the study of magnetic varia-
tions was foreshadowed by STEWART (1882) in his theory of
the origin of the daily variations of the Earth's field.
Stewart reviewed explanations of the phenomena made by
FARADAY and others, and came to the conclusion that the
daily magnetic variations were due to electric currents
flowing in conducting layers in the upper atmosphere,
Stewart also suggcsted.that convection currents set up in
the atmosphere by the heating effect of the sun should be
regarded as 'conductors moving across lines of magnetic

force, and are thus the ¥ehicle of electric currents which



act upon the magnet', Stewart's postulate is usually
called the 'dynamo theory'. SCHUSTER (1889) supported
the theory and went further by proving that the greater
part of the daily magnetic variation had its origins
outside the Earth, and that the remainder could be
reasonably attributed to earth currents induced by the
varying external field. CHADPMAN (1919) improved the
theory and carried out an extensive analysis of lunar
daily magnetic variations. The existence of a lunar
effect in the daily magnetic variation had heen discovered
by KREIL (1850) from a series of nine years' observations
of deplination at Prague.

Experiméntal evidence for the existence of the con-
ducting layers in the upper atmosphere, or ionosphere as
it is now termed, was forthcoming in 1925. Earlier in
1901, MARCONI had sﬁégeeded in receiving wireless signals
transmitted across the Atlantic, and this caused con-
siaefahi;wintefesﬁ as to.the-méaﬁé of ér;pagation of the
electromagnetic waves round the curved surface of the
Earth., Once the possibility of diffraction had been
eliminated, the existence of some form of conducting layer
in the upper atmosphere was given serious consideration
by both HEAVISIDE (1902) in England and KENNELLY (1902)

in America. Direct evidence for the existence of

- reflecting layers in the upper atmosphere was found when

APPLETON. and BARNETT (1925) reflected radio signals back



from the upper atmosphere, At about the same time,
BREIT and TUVE (1926) investigated the upper atmosphere
using short duration 'pulses', receiving the reflected
signals at a point a few kilometres from the transmitter.
In 1922 a magnetic observatory was established at
Huancuyo in Peru near the magnetic equator by the Carnegie
Ingstitute of Washington. From the results obtained at
Huancuyo and other stations having small dip angles it
soon became apparent that the magnituge of the daily
variations in the horizontal intensity was considerably
enhanced in a narrow zone near the magnetic equator.
Farther discussion of these results (EGEDAL 1947, CHAPMAN
1951, MARTYN 1948) led to the conclusion that the abnormal
values at Huancuyo wére due>£o a narr&& band of current
flowing in the ionosphere'close to the dip equator. This
current hand was called the equatorial electrojet by
Chapman. Measurements in recent years have shown that the
€lectrojet exists in all longitudes near the dip gdgéior.
The discovery of this anomalous equatorial region
stimulated theoretical studies of the dynamo problem which
had not at that time been confirmed quantitatively. - The
earlier discovery of the ionosphere had made it likely
that the dynamo theory would be confirmed quantitatively
but PEDERSON (1927) had poinfed out that the conductivity
values which might be expected in the ionosphere were

deficient for the purposes of the dynamo theory due to
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the influence of the Earth's magnetic field. The spiral
motions of the ions and electrons in these regions woulad
slow up their motion parallel to an electric field.
However, PEKERIS (1937) showed that the amplitude of at-
mospheric oscillations should increase with height thus
increasing the magnitude of tidal velocities to be expected
in the ionosphere. This increase in tidal amplitude with
height still did not produce conductivity values suitable
for the purposes of the dynamo theory. This was confirmed
by work on current induction by ASHOUR and PRICE (1948),

MARTYN (1948) then suggested that if COWLING's (1933)
work on the solgr atmosph@re could be applied to the ionow
sphere then the apparent deficiency in conductivity values
might be made good. waltng had considered the effects of
the inhibition of the transverse current (Hall cufrent) by
polarization of the ioniged medium; he found that the
electron conductivity increased from the 'Pedersen' value
t6 that which would be present in the complete absence of
& magnetic fiéld. It was soon apparent that this situation
would ounly be really effective in equatorial regions where
the magnetic field lines are nearly horizontal. At other
latitudes,'the polarization which was necessary to inhibit
the Hall current would leak away horizontally.

BAKER and MARTYN (1953) and BAKER (1953) attempted a
complete quantitative solution of the dyname theory for a

spherical sheet ionosphere of finite thickness,
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They found that for the semi-diurnal tide in the
equatorial ionosphere the enhancement of tﬁe-current was
by a factor of just less than two., They further stated
that the factor was more likely to be between two and
fjve. Thus the anomalous magnetic variations in equa-
torial regions were included in a theory of ionospheric
conductivity based on the dynamo theory. HIRONO (1950,
1952) and MA;gi)A.}(lssl) attacked the same 'problem from a
gsimilar viewpoint and produced results in agreemént with
Baker and Martyn's work.

Experimentul observations in-regions close to the
magn?tic equator were few and far between at that stage.
The establishment of néw observatories for the investiga-
tion of the magnetic.field in these regions is described
in the next section. It became apparent that the estab-
lishment of an observatory at Freetown in Sierra Leone
would be of value in the world-wide study of equatorial
phenoﬁeﬁa'qhd‘in 1961 the work which is described in this

thesis was started.



3. THE GEOMAGNETIC OBSERVATORY AT FREETOWN

3.1 nensonk for establishment and giye

The study of the variations in the Earth's magnetie
field in equatorial zones was shown to be of importancé
by the results obtained at Huancuyo in Peru in the period
1922-30. However, it was not until compar?tively recently —
with the establishment of new universities and conse-
quently an increase in research facilities that the number
of observatories in equatorial regions was increased.
More permanent’ stations and a large number of tempgrary
stations have since been established to provide data for
the world-wide projects of the I.G.Y., I.G.C. and I.Q.S.Y.

In the Afriean equatorial zone, permanent observa-
tories were started at Ibadan (Nigeria) in 1955, Addis
Ababa (Ethiopia) in 1958, Zaria (Nigeria) in 1958 and at
M'Bour (Senegal), Fernando Po, Bangui (Congo) and Nairobi
(Kenya). 0f these, Addis Ababa and Zaria are closest to
the.mggnetic equator. Freetown with a dip angle of 1°
North is ideally situated for this work being the farthest
point west on the African continent near to the magnetic
equator. Freetown 1s nearly 1000 miles west of Ibadan.

The choice of a site for the observatory was unfortunately

governed by economic factors and also the fact that the
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Départment of Physics possessed no equipment with which

to carry out a preliminary magnetic survey, On the
arrival of the instruments it was discovefed that there
were large field gradients in the vtc?ntty of fhe observa-
tory. However by this time the observatory bui}ding was
complete and the site had to be accepted. The observatory
building was completed in October 1960 and the first
photographic recoirds obtained in June 1961,

The geégraphic coordinates of the observatory were
obtained by triangulation from the three most distant
visible survey points usiing an accurate theodolite. The
position of the observatory was determined as 08° 28 24"N,
13° 12' 57"W and 1150 feet (350 metres) above mean sea

1 evel *

3.2 ggggrvatqpxidesign

The structural-Qesign-of the observatory is shown in
Diégram 1 which follows, non-ferrous being used throughout.
The walls of the hut were constructed iroﬁ:ééhdéi&te blocks
shown in section in Diagram 1, the air holes in the block
assisted in reducing the effect of the external temperature
variations on the instruments in the observatory. The
ceiling of the hut was one inch thick fibreboard with a
gsecond fibreboard layer above a six inch air space, The

air in the roof space above this second layer was able to
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circulate freely, there being a ventilator at each a:ii of
the roof space. The roof was of laréé-qsbeQQOS tiles
fitted to the wobden framework b} alﬁﬁinium hook bolts.
Copper nails and brass screws were used throughout the con-
struction of the hut, the door locks also being made
entirély of hrass.

The control hut, 110 metres frﬁm the observatory, con-
sisted of five rooms one of which was allocated to the geo~
magnetic work. The magnetic research reoom cohfained dark
room facilities for processing the;phétogfaphic records, a
pendulum clock for the time marks and the power supplies
for the lamps, The clock producéd 30 second electrical
pulses which powered a control unit. The tiﬁe mark circuit
was closed every hour for eight seconds which_was sufficient
tﬁme for a clear line to be produced on the record. The
time of closure could be adjusted from five to twelve
seconis, the complete circuit being capable of closure
every five minutes. To enable the-tfﬁé:mﬁrks to bé fden-
tified apart from log book entries, two additional closures
were arranged in addition to the'reguiﬁr hourly closure,
one five minutes before noon and the other five minutes
after midnight,

The use of simple rectified matnéjunits for the lamp

supplies was not possible due to the large variations in
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the mains supply voltage'nhich usually rediched a maximum
value of 240 volts in tnéﬁegrly hnurs'or the morning,
falling to a minimum in the region of 190 volts during the
dafinnd in the early evening. 1In addition there were fre-
quent supply'railures.' To overcome these problems car
batteries continuously triqkle-cnaig§dffrom the mains were
used. Electrical connecy;ong'betnegn'the two huts were by
a single eight—way'cablé,'xWO wines-forutne trace lamp
supply, two for the time mark c1rcuit and the remaining
four for the callbration circuits.

3.3 Observatory instruments and preliminary ad justments

The variometers u-ed for the continuous measurement of
the horizontal and vertical intensities and the declination
of the Earth's magnetic field have been described in detail
before (LA COUR and LAURSEN_)-, theréfore only a brief des-
cription is given here...Bqth_theﬁhorizontnl intensity and
declination variometern»conniét-o:-magnet systems incor-
porating a-mirror'suspendéd*by_finé'qnditz-ffbres. The
magnet system in the horizontal 1ntgnsity variometer is
ad justed so that the magnet is perpendicular to ihe direction
of the meridian through the-variometen;'the magnet system
in the declinometer is suspended so that the magnet lies
in the meridian with the suspending fibre torsionless. The

magnet system in the vertical intensity variometer is of
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integral construction with two knife edges for balancing
on agate planes and a smooth ground upper surface which
acts as the reflecting mirror. The magnet is oriented so
that its axis of rotation is near to the meridian through
the variometer.

The magnetic méridian within the observatory was
obtained in the following way. A hole had been left in
the northérn wall of the observatory which allowed direct
vision of one of the trigonometrical survey points already
used. With a Q.H.M. (Quartz Horizontal Intensity
M&gnetométer) the angle between magnetic north and the
survey point was obtained, the Q.H.M. was then replaced by
the theodolite and the theodolite adjusted to be magnetic
nOrth-south. This line was then transferred to'readihgs
on metre rules permanently fixed to the insides of the
north and south walls of the observatory. The hole in the
observatdry wall was then cloéed.

Knowledge of the magnetic morth-south line within the
observatory was necessary for the correct setting of the
variometers. For the horizontal intensity variometer the
line from the reflecting mirror to the recording drum was
at an angle of 7% 30' to the meridian. The magnet system
was thus adjusted to be at an angle of 7% 30' to its
reflecting mirror so that when the variometer was in use

the magnet axis was truly perpendicular to the direction of
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the field. If this adjustment had not been correctly made
then spurious recorded changes in horizontal intensity are
found due to normal deéclination variations. For example,
at Freetown where H is of the order of 30,000y, if the
magnet were 2% out of adjustment then a change in declina-
tion of ten minutes of arc ﬁould produce a spurious apparent
change in horizontal intensity, as recorded, of 3x(‘McCOMB
1952, p.224). Theé ex-meridian angle for the deéllnation
variometer was found to be 1° 11'; this angle was smeall
enough for the reflected trace from the variometer to be
well within the available range on the recording drum so
that no adjustment to the magnet system was necessary. A
torsion test was carried out on the variometer to ensure
that there-was no residuai torsion in the fibr§ (McCOMB
1952).

The vertical intensity variometer, or magnétic balance
was adjusted to the horizontal position as described in
La COUR (1942) and its axis of rotation brought to be near
the meridian.

Compensation for temperature Variations was achieved
in the horizontal and vertical intensity variometers by
means of bimetallic strips which supported a prism in the
optical system. The length of the bimetallic support was

adjusted so that the motion of the prism due to temperature
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changes corrected the deviation of the light path due to
changes in magnetic moment of tﬁe magnet systen caused by
the temperature changes. To ensure good compensation, the
temperature of the variometers was artificially vafied by
wrapping a heating coil round them. The heating_supply,

a few volts a.c., was controlled by an automatic sWitChing
device with a four hour cycle, two hours on and two hours
off. The temperatures of the variometers were raised by
approximately 10°¢ during these cycles. Adjustments were
made to the length of the bimetallic strips until the
effect of these temperature variations was almost eliminated
from the normal daily variation trace. It was not found
possible to completely compensate for a temperature change
of this magnitude, however, aé the normal diurnal tempera-
ture variation within the observatory was 3°C or less it
was considered that sufficient conpensation had been
achieved., The compensation was less satisfactory for the
horizontal intensity variometer due to its hiéh séﬁéitivity
and large daily variation. As the declination variémeter
is purely a direction recorder temperature compensation is
not necessary.

In the normal La Cour variometer arrangement one lamp
is used to provide all of the traces from the three vario-
meters and one lamp to provide the time marks on the record.
This system was not used, individual lamps being used for

each of the three variometers and three time mark bulbs
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; used instead of one. The diagram of the instrument
arrgngement, Diagram 2, shows the positions of the trace
lamps, these were all single filament bulbs. Three time
mark bulbs were used to eliminate the problem of parallax

; from the time-marks. The construction of the time mark

| bulb holders is shown in Diagram 2; Each holder was
screwved to the southern wall of the observatory behind

the variometers approximately on the same straight line as
that between the recording drum and the variometer lens,
Final adjustment was made by rotating the wooden base of
the holder about the single screw holding it to the wall

‘ and by adjusting the screws holding the bulb holder to the
wooden base. The intensities of the three trace lamp bulbs
were controlled individunally from a control board inside
the observatdry which also contained an on-off switch., 1In
this way it was easier to obtain a balanced intensity record.

The intensity of the hour mark bulbs was controlled from

- the control hut. " The use of gix bulbs instead of two
reduced considerably the loss of records due to bulb failure.
Calibration of the variometers was carried out using

g two Helmholtz coil arrays, one pepmanently in position
round the vertical intensity varibmeter, the other usually
; round the horizontal intensity variometer but also used on

the declination variometer. The calibrating current in

the Helmholtz coils was-adjusted'trom-the control hut, the
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current being measured on an accurate nilliammeter which
had been previously checked by a potentiometric nre thod.
Visual and photographic calibrations were carried out for
all three variometers. As the horizontal intensity vario-
meter suspeusion is under torsion during normal use, no
attempt was made to calibrate the variometer until some
months after the wagnet system had been suspended and the
torsion introduced. The fibre was under torsion for six
nontns before the comwmencemeat of routine recordings in
June 1961.

Tvo magnetometers for the direct deternination of the
two intensities and the declination were also obtained.
The .. .M.(Quartz dorizontal Intensity liagnetometer) was
used rof deﬁermiuutious of horizontal intensity amnd declina-
tion, and the B.i.4. (Magnetometric Zero Balance) for the
verticul intensity. A set of three {(..i.M.'s were used to
cover the possibility of malfunctioning of one instrument.
The g.1.M. and the B.M.Z. are secondary ipstruments having
been calibrated at iude Skov, the magnetic observatory
mg%ntained by the Danish Meteorovlogical Institute. During

oA :
tl*ige four year period 1961 to 186+, each of the Q.UH.M.'s and
the B.M.Z. were returned to Rude Skov for checking and
recalibration.

Due to the field gradients in the vicinity of the

observatory it was essential that all readings from the
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Q.H.M., and B.M.Z, were carried dut at a well-defined
position. Funds were not uvaileble for a separate building
s0 a concrete base was laid with holes fér the tripod legs
near to‘the observatory. The tripod was always used with
its legs fully extended so that the magnetometers weére at
a constant height above the surface of the base. A concrete
pillar was erected twenty-five metres from the base with a
Tixéd vertvical line to allow declination measurements to be
made, the azimuth of the line joining the centre of the
base platform to the vertical liune on the pillar was ob-
tained using a theodolite and the sdme survey points used
during the earlier survey.

The principles and coustructional details of the (Q.H.M.
and the B.hM.z. have been given by Lu COUR iu numbers lo and
19 of the Communications Magnétiques of the Danish

Meteorological Iustitute,
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4. SOLAR AND LUNI-SOLAR DATLY VARIATIONS
IN_THE GEOMAGNETIC FIELD AT FREETOWN

4.1 Déspggptioq_of_phg'data

Magnetograms were first obtained on a regular daily
basis at Freetbwn during June 1961, anﬁ apart from a period
in August and September 1964 a complete series of rééprds
were available to the end of 1966. As all of the coﬁpnta-
tions were to be carried out with only limited mechanical
aids, a balance had to be found between the'desirability of
havlng a large amount of data and the practxcahillty of
managing the computations in a reasonable length of tinme.
Data from lst July 1961 to 30th June 1965 was chosen for
this analysis. This périod was almost symmetrically piaced
about the recent minimum in sunspot activity, thus eﬁébilng
a high proportion of the days available to be used 1n-the
analysis. The magnetograms were scaled to provide mean
hourly values of Horizontal Intensity (H), Magﬁetie
Declination (D) and Vertical Intensity (Z4). The mbnihly
mean curves for the three components for this four year
period are shown in Figures (1-12). The ordinatesﬁin these
curves represent the distance in millimetres of the'neqn of
the element concerned, for the interval between successive
hours of Greenwich time, from-an arbitrary baseline on the

photographic record. For various reasons the baseline traces
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0of all three elementa‘wgre altered at different times
duriﬁg the four year perf;d, thus thé“actual numerical
value of any ordinate as shown in these figures has no
significance. |

Bihourly data was used-for 20 oufﬁpf the 24 sets
analysed, hourly data being ﬁbed in the'rehﬁlnlng four sets.
The omission of alternate hourly values provides a con-
siderable saving of lab;ur and introduces oély a slight
loss of accuracy as the oﬁitted vhinga are highly corre-‘
lated with their neigthUring houfly;valuea.

4.2 Method of analysis

The method of analysis used was that due to
CHAPMAN and MILLER (1940). It 1s not considered necessary
to give the dévelopment of the analysis in fﬁll, buﬂ a
description of the practical treatment of the data and a
discusgion of the determination of the errofs involved is
given.

‘The purpose of the analysis is the determib&tibn of
Sp and o"p, the amplitude and phase of the solar daily
harmonic and Ln anﬂ AAn, the amplitude andlphase of the
luni-solar daily harmonic.

These quantities are expressed in the following way:

s, sin(pt ¢ os';,) (1)
and

L, sin[nt. - q(t-v)+ )\n] (2)
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where t is the mean sqlar'time measured from local midnight,
T is the mean luﬁarJiiﬁm measured from local lower
transit,
P, n and q are small integers.

The solar daily variatioﬂ is expressed in a series of
terms of type given by equation (1). In this analysis the
first four terms of the series have béen determined (i.e.
p=1to4).

The lunar dally variation is expressed in a series of
terms of type given by equation (2). The only harmonics
yet detected in previous determinations ﬁf this series for
large quantities of data are those for which q = 2. This
ascribes the lunar magnetic effect to the influence of a
purely semi-lunar-diurnal gravitational tide. It is a
reasonable assumption that the effect of the moon on the
Earth's atmosphere is purely gravitational. The magnetic
variations which are observed at the surface of the Earth
are due to vairiations in the electrical state of the
atmosphere. The largest variations are expressible as
harmonics of the solar day and are due to the effect of
the sun's gravitational, ionizing and thermal actions on
the atmosphere. Therefore, magnetic effects due to the
moon's influence are a consequence of the action of the
lunar gravitational tide on the electrical state of the

atmosphere. In this analysis the first four terms of the
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series liave been determined (i.e. n = 1 to 4).

4.3 Treatment of the data

The data for each magnetic element at Freetown was
divided in the following way. Initially all days with
magnetic activity index Ci:> 1.2 were omitted from the
analysis. The number of such "disturbed" days during the
period of the analysis was .small and it was not therefore
thought reasonable to attempt a 5eparat¢ analysis for this
group of days.

ii ' The remaining data (Group II) was analysed as a whole

: and also as three sets when divided according to Lloyd's
seasoﬁs. The International Quiet Days were then separated
from the data and analysed in a similar way (Group I).
Lloyd's seasons are:- D set (NOriherﬁ Winter): ﬁoéemher,
December, January, February; E set (Equinox): March, April,
September, October; J set (Northern Summer): May, June,

July, August., Thus a total number of 24 sets have been

analysed. - Fufther'subEiVisiEﬁs7QIﬁ£headété were not con-
sidered advisable due to the large probable errors which
would arise owing to the small number of days in the
individual sets.

The practical method of analysis used for the deter-

T T T et v

mination of the solar and lunar harmonics followed closely
that proposed by TSCHU (1949). Each day in a particular set

was assigned a/x number. /u,, the Greenwich hour angle of
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the wmean moon at 1200 U.T. is a measure of the age of the
moon, and is given by
n =24[1-(1'-‘—’_’-'—)].
27
‘/L therefore decreases from 24 to 0 in the interval

from one new mean moon to the next., Values of‘}L to the
nearest integer have been compiled by BARTELS and FANSELAU
(1937) for the period 1850-1975.

The days in the set were then rewritten in 24 groups
according to thelx:}L number. Days with AL numbers differing
by 12 were grouped togetlier to form 12 groups, these 12
lunar-age groups were denoted by r wheheir = A or}k--lz
and r = 0-11, In addition to the 12 bihourly valueés
written down for any one day, the first value from the
following day was also included in that day to enable the
average non-cyclic change of the element during the day to
be removed. )

The sums of the columns in the grbups were then formed
giving a series of.12-g}6up suin séquences whiéh for group r
may be denoted by Bg,r (8 = 0=S) where s denotesrthe.
position of successive values of the element in the sequence.
Where bihourly values were used S = 12, ' The group sum
sequences have been plotted for the threée components for
eaéh of the twelve lunar ages for each season and each group
of days in Figures 13-42. The number of days in each group,

Nr' was also determined.
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The group sum sequence g . for each r, was theén har-
9

monically annlysed to détermine the following quantities:-

S.—l
— {4 - T . os 21D8
- a(ss_’r 8o, r) +§ogspr cos ==l (3)
) S§-1
¥ - \ - —R“ ' ——-B—-z “-.
Bp,r . %(bs,r go,r) cot( S ) + 2: gs,r sin S (4)

$=0
where p =1 to 4.

The same analysis was then applied to the total sum
sequence, g_ ., of the number of days in each lunar age
?

group giving eight numbers A B . These independent

p,N’' “p,N
snalyses were then checked for each value of p according to

thke following equations.

11 1 1]
= A. : B = B 5
AP’N go P,r °’ p,N go- p,sr (5)
Solar Terms The first four harmonics of the solar daily
variation were then determined using the quantiiies.Ap N
9
and Bp N in the foilowlng way:-
1
n -
S sin o' = € AE,N : S_cos g! = 2_BEEN (6)
P P TENC P P TEN .

where p =1 to 4,

A phase-correctibn was hecessary to the values of d'i

to obtain the true phase values o"p as defined in equation

(1). This was because the values d"l')

the solar harmonics referred to mean solar time reckoned

are the phases of

from the initial value of each daily sequence and mean lunar
time reckoned from Greenwich lower transit of the mean moon.

The true phases were obtained from the following equation
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op= - p(15°. H' - L+L") (7)

where L 1is the Longitude West, in degrees, of the station
to which the data refer;

L’is the Longitude West, in degrees, of the
meridian of time - reckoning with respect to
which tlie data were tabulated;

H’ 18 the solar hour of the initial value of each
daily sequence, according to the same time -
reckoning as L’.

For the Freetown data the above parameters had the
following values:-

L=13%213", L’ =0%, H = 2 hours.

Lunar Terms ThHe sequences N, and A B obtained

- . p,r'—p,r
from equations (3) and (4) were then subjected to a simple

harmonic ahalysis to determine their first harmonic com-

ponent which give the following quantitiés:-

11 1"
N, , = ) N ocos ZEE ; N g = ) N.sin 2L (g)
9 £ r.o... 12 9 +'° 12
Nl w .
28r P2 of
A = Y A cos =—=; A = % A sin =— (9)
P, A TS P 12’ P»B o BT 12
< 2Rr =~ 2Ky
B . = B cos =——; B = B sin =— (10)
p,A s 0 P,r 12’ P,B ; p,r 12

where p = 1 to 4,
At this stage in the analysis, before taking the
final steps in the calculation of the lunar amplitudes and

phases, a further check was made to eliminate calculation
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errors in the following way. Calculation of the 18 numbers
to be derived from équations (8)-(10) was carried out for
the seasonal set groups at the same time as the ‘'all-days'

group. The sum of the corresponding values of N A

1,A*" 7"1,A
etc. for the three seasonal sets had to be equal to the
appropriate value obtained from the ‘all-days' group. After

this check the following quantities were determined:-

U= (A

1 .
p= (Apa =By n) ~ & (Ap - Ny o = By ne Ny ) (1)

bt

v (B + N

= B - L > - X
P ( P;A AP’B) N p,N 1,A + Ava leB) (12)

n
where N = Z N
o

]
The values of Ln and X n were then calculated from

r? the total number of days in the set,

. D
L, sin A . = -Bps | U, (13)
P:l K

L cos N\ _ = Pnps \ (14)

n COB n = ” . p

Py |
forn=1,2,3,4, 2 _ 2
(N; )9+ (N, D)L |

‘where K= 0.4943 S N {1 - [ 1A 1B ] (15)

2

N

Values of D are given in TSCHU (1949), Table 2

p!
which is an abstract from CHAPMAN and MILLER (1940). It
should be noted that the terms p =1, n = 3 and p = 2, n = 3
in Tschu's Table 2 are incorrect. The correct values are

given in LEATON, MALIN and FINCH (1962) and are incorporated

in the following statement of Dmps for bihourly data.
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where m

p=1
1.0720
~-0.0360
-0.0118

-0.0061
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2
~ a4 n=1,2,3,4;

0.1445
1.0286
-0.0495

3
0.1163
0.0994
1.0150

~-0.0556

= 29.5306;

4
0.1112
0.0710
0.0871

1.0114

As previously mentioned hourly data was used for the

first four of the 24 sets analysed so that Dmps had to be

The factors ans are

expressible in terms of the determinant whose elements are

(-1)""® a_
[Lcot Fj-m—l] cot (52)}

2,3,4, p=1,2,3,4 and

calculated for the case S = 24.

mps where

dups = — . 8in [K(m-pﬂ
where as before m = n - , n=1,
M the number of mean solar days in the mean period of the
moon is equal to 29.5306.

D for S = 24

mps
v p =1 2 3 4
n=1 1.0735 0.0347 -0.0103 0.0049
2 ~-0.1479 1.0313 0.0460 -0.0160
3 0.1194 -0.0102 0.9973 0.0506
4 -0.1188 0.1696 ~-0.0908 1.0169

The figure 0.4943 x S in the quantity K in equation (15)

1__x S
I.01152 2

is the product where the factor 1.01152
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corrects the quantities ApA’ BpA’ etc. for the effect of
grouping according to the integer r (CHAPMANAand MILLER

(1940) section 13) and 2 is the factor applicable to sum-

S
mations for determining Fourier coefficients.
A factor 22 where Gp = E%L is sometimes used
sin ©

to compensate for the use of mean hourly values rather than
instantaneous valﬁes. This factor, however, 1is véfy small
and was not inéluded in this analysis, and will not>affect
the phase angles obtained.

In.the same way that a phase correction was necessary
to the solar term phase angles given by equation (1), a
phase correction had to be applied to the lunar term phases
derived from equations (13) and (14) to enable the harmonics
to be expressed in terms of t and ¥ as defined in equation
(2). The appropriate corrections were derived from

] ] .
M= AN+ &2 -15° . nn +m(L-L) (16)

wliere m = n -{%' as before and L,L’ .and I’ were defined in
equation (7).

For Freetown L = 13% 13' , L’ = 0°

» H” = ¢ hours.
The phase corrections applied to the data for the
solar and lunar terms were as follows:

)\1 + 6% 13°

[
(4]
o, = &, + 5% 43 A1=
o, = o + 11° 26" A = N + 11° 56
2 = S 2 = Ny
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] A
C. = & 710 g AL 7°
3 o, + 1% 09 3..>\3+17 39
]
- N Y ) o .
o, = o + 22° 520 >\4_ >\4 + 23° 22°

The results of the analysis are given in Table 1 to 6
and in the harmonic dials, Figures 44-91.

4.4 Detgrmipqtion,of Probable Errors

The determination of the vectors represented by
equations (1) and (2) from the observetional data inevitably
involves a measure of accidental error. The ends of the
vectors of a number of determinations form a cloud of points
around the end of the mean vector. For a large number of
points the error theory developéd in CHAPMAN and BARTELS
(1940) pages 572-581 may be used and probable error circles
drawn indicating equal density of the cloud. of points.
However, for a smaller number of points, such as the number
involved in this analysis, some law of error must be
assumed, The method used in thié analysis is ihat developed
by MILLER (1934) which assumes that the error vectors have
a GaﬁsSi;n distribution. Slight alterations were necessary
due to the fact that here the phases of the individual
determinations differ by exactly 300. The practical treat-
ment  of the data for the determination of the errors has
been described in TSCHU (1949) and more fully in LEATON,
MALIN and FINCH (1962). A brief statement of the method
will bé_given hertre.

For each value of p the values of Ap p Obtained from
?
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equation (3) were divided by the corresponding N.. This
was repeated for all values of r. For a particular p the
mean of the 12 quantities Ap,r/Nr was found and subtracted
from each of the original values to give 12 residuals
ASap’r. The corregponding values Z&bp,r were determined

from the quantities B r/N . The mean, R, of the 12
Ps r

T2
quantities [( Aa )24- (Ao )ZJ < was then calculated
p,r pP,r
i

and also L = L% (.(Up)2 + (Vp)z] ‘e« The ratio L/R was then

calculated and for values of L/R less than 0.75 the

corresponding value of f{L/R) obtained from Tschu's Table 3

was multiplied by H to give the vector probable error (p.e

that is the radius of the probable error circle, for the
th

)y

p solar harmonic. The corresponding vector probabie-error

for the luni-solar harmonic was obtained by multiplving the

solar harmonic p.e. by the following fractors acecording to

the value of n.

n - 1 2 -3 4
Multiplying _
Factor 1.09 1.05 1.04 1.03

When the ratio L/H was greater than 0.75 an extension of
the method was necessary. This has been shown by MILLER
(1934).

From the residuals Z&aa ’ ls b obtained above
p,r Pyl

the following quantities were derived for each value of r

A'I 8p.r = vAap’ cos (30r)® - A bp. sin(30r)°

r r

(17
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Ab = Aa sin(30r)®+ A

p,r - cos(30r)° (18)

p,r
'
The mean of the twelve quantities Z& ap r ¥as then
1

subtracted from each of the values to yield 12 residuals
n '

}
Aa and similarly for A b
p,r

) " -l T
mean R’ of the 12 quantities [(_Aa )2 + (Do ")'2_‘2'

"
to givi [31b « The
glve pP,r )

p,r
was then found. The vector probable error of the pth solar
harmonic'was then given by 0.0495 R’, The correngnding
vector probable errors of the luni-solar harmonics were
obtained in the way outlined in the basic method. It should
be noteﬁ, as has already been pointed out by CHAPMAN (1952),
that in Tschu's Table 4 which corresponds to equations (17)
and (18) above, the sighs in the columns 'B.' and 'C_‘
should be reversed.

Following the treatment of the data in obtaining the
solar and luni-solar harmonics, the vector probahle errors
have not been corrected: for the smoothing due to the use of
mean hourly values, The vector p{pbgb;g errors are giyen in
-Tables 1 td 6 and the probable error circles are plotted in
the harmonic dials, Figures 44-91.

The significance of the vectors obtained in this type
of analysis has been fully discussed by LEATON, MALIN and
FINCH (1962) who show that a vector can be considered sig-
nificant if its amplitude is greater than 2.08 times its

vector probable error.
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4.5 Discussiqn ot‘the results

(a) Solar Terms

(1) Borizontal Intensity - Table 1 and Figures 44-51.

All of the 32 determinations are clearly significant,
the probable error circles on the harmonic dials showing
that the seasonal changes of amplitudé and phése although
not being large are definitely real. The pattern of the
changes in the International Quiet Days group.(Table l(a),
Figures 44-47) is similar to that of the larger group of
days (Table 1(b), Figures 48-51). Nine out of the 16
amplitudes are larger in'the Quiet Days group than the
corresponding values in the larger group but this is not
sufficient evidence to-ﬁake any statement about the effect
of magnetic activity on the horizontal intensity solar
variation.

The most marked change is the seasonal change between
the D set (November, December, January, Februafy) ahd'the
J set (ng, June , July, August). 1In all cases (8; to s,)
thé amplitudes in the J ‘set are markedly smaller than those
for the D set., The first maximum of the first three har-
monics all occur later in the J set than the D set. This
change is reversed in the fourth harmonic phases. The E
set amplitudes are similar to the D set being in all cases
larger than the J set values. This seasonal change will be

mentioned later in a discussion of the results as a whole.
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(11) Declination - Table 3 and Figures 52-59,

The 32 Declination déterminations are all clearly
significant, probable errors for the larger amplitudes
being only a few per cent., There is no clear difference
between the International Quiet Days, G group (Table 3(a)
and Figures 52-55) and the larger group of days (Table 3(b)
and Figures 56-59) indicating that with the dafa available
liftlé'can be said about the effect of magnetic activity
" on iﬁe solar daily variation in the Declination. Eleven
out of the 16 amplitudes determined are smaller in the
Quiet Days group than in the larger group but the differences
are for the most part small and within the probable error
values,

There is a large—seasonal change both in phasg amd
amplitude between the D set and the J set., .For the first
three harmonics the amplitude in the J set is approximately
double that in the D set. In the fourth harmonic the
amplitudes are almost identical. The differénces in time
of occurrence of the maxima of 85, 8 and s

3 4
two hours with the J set maximum occurring earlieér in each

are just over

case, TJor 8 the D set maximum leads the J set maximum by
nearly three and a half hours, & reversal of the situation
in the other three harmonics. The E set amplitudes are

similar to the D set values for 8)s 8y and 84 with phases

approximately midway between the D set and J set figures.
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For I4'thé amplitiides are approximately one half the D sget
and J set values with the phase beihg almost the same as
the D set.

(iii) Vertical Intensity - Table 5 and Figures 60-67.

The 32 Vertical Intensity determinations are again all
clearly significant. The pattern of changes in the
International Quiet Days group (Table 5(a) and Figures 60-63)
is similar to that of the larger group of days (Table 5(b)
and Figures 64-67). Fourteen out of the 16 amplitudes are
smaller in the Quiet Days$ .group than the larger group but
only three of the differences are larger than the sum of the
two probable errors involved. The remaining two amplitudes
are almost identical so that it may be said that the data
suggest that the solar harmonic amplitudes for the vertical
intensity increase slightly in magnitude with increasing
magnetic activity. Furthér analysis particularly of a large
encugh group of 'Disturbed' days would make this trend
clgarer.

The seasonal change between the D set and the J set is
again the most oﬁvious feature of the harmonic dials. For
S)» 8, and 8q the J set amplitude is larger than that of
the D set, for s, the difference is reversed. The phase
differences between the D and J set values increase from
20 minutes in s; to 2% hours for 849 in s, the D set leads

but in the remaining three harmonics the J set leads.
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(b) Lunar Terms

(1) Horizontal Intensity - Table 2 and Figures 68-75.

All but one of the 32 determinations of the lunar har-
monics are significant. The amplitudes are in all cases
larger in the Quiet Days group (Table 2(a) and Figures
66-71) than in the larger group of days (Table 2(b) and
Figures 72-75). The differences are larger than the sum
of the probable errors involved. However; hefore any con-
clusions can be drawn concerning the effect of magﬁetic
activity on the amplitudes it must be remembered that the
horizontal intensity Quiet Days group was analysed using
hourly values and not bihourly values which were used for
all the other groups, Even though the omitted hourly values
are strongly cofrelated with the neighbouring values it is
possible that by using all 24 hourly means that the relevant
features are accentuated. The c¢orresponding dffference in
the solar term amplitudes is far from clear so that it may
be reasonable to say that increasing magnétlc #étivity causes
the amplitudes of the lunar harmonic terms in the horizontal
intensity to decrease. Once again, further analysis and
the inclusion of 'Disturbed' days would make this clear.

In the Quiet Days group the E set amplitudes are the
largest for the first three harmonics, for L4 the D set
amplitude is the largest. The differences are of the same

order of magnitude as the sum of the probable errors.
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The seasonal phase changes between the D set and the

J set decrease in magnitude from four hours for L, to just

1
under one hour for L4. In all cases the D set values lead
the J set. The D set amplitudes are also in all cases
larger than the J set values, a similar result to that

obtained for the solar terms.

(11) Declination - Table 4 and Figures 76-83.

The lunar harmonics in the Declination show a phase
change of almost 180° between the D set and the J set.

This phase change 1s apparent in both the Quiet Days group

(Table 4(2) amt Figures 76-79) and the larger group (Table
; 4(b) and Figures 80-83). The E set values are in many cases
similar to either the D or J set so that when the seasonal

sets are brought together for the 'All Days' set the

resultant amplitudes are very small. This is particularly
the case with the Quiet Days group where none of the four
All Days determinations are significant with the probable
errors being an order of magnitude greater than the amplitudes.
These-figures have not been included in the harmonic dials.
For the larger group of days the dmplitudes are larger
and are just significant. The E sey values in this group
for L, and L, are similar in phase to the J set and it is
only the first and fourth harmonics that have individual

characteristics.
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Thirteen out of the 16 J and D set determinations are
significant; L4_for_the J set in both groups heing very
small with probable error in both cases larger than the
amplitude and phase similar to the D set rather than
exactly opposite as one would expect from the pattern of

the first three harmonics.

(111) Vertical Intensity - Table 6 and Figures 84-91.

Twenty out of the 32 determinations are significant.

Thirteen of these are in the larger group of days (Table

6(b) and Figures 88-91) with Lyy L, and L, being significant

for all sets. In the Quiet Days group (Table 6{(a) and
Figures 84-87) there is a phase change between tle D and J

sets of nearly 180° for L,, L, and L,, and 120° for L,-

3
Thus the resultant amplitudes in the All Days set are small
and only one of these, L2’ is significant. In the larger
group of days the phase differences are also present but

with differing magnitudes, being 130° for L., 20° for L

) B 2°

150° for L, and 140° for L,.

The amplitudes for the J set are mostly larger than
those of the D set, a similar result to that obtdined for
the solar terms. These changes in amplitude depend on the
mean seasonal position of the intensification of the equa-
torial ionospheric current system and, as will be seen in
the followi ng section, agree with the seasonal changes

observed in the horizontal intensity terms.
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4.6 Geﬁeral cdmments on,the rgsh;ts

The daily magnetic variations méasured at an observatory
on the Earth's sirface are due to the circulating current
systems in the ionosphere above the station and the cprres—
ponding current systeﬁs induced in the Earth in the region
of the station., For stations with low maignetic latitudes,
i.e. close to the magnetic equator, the situation is more
complex than for mid-latitude stations. Middle latitude
station daily magnetic varjations are mainly caused by one
circulating current system, either the northern or southern
hemisphere vortex. Stations near the magnetic equator lie
underneath the region of the ionosphere where the two
vortices combine to produce a strong east-west current during
the sunlit hours. In addition; dué to the éloSeﬁess to the
horizontal of the magnetic field lines in this region, there
is an enhanced conductivity in the east-west direction giving
rise to a very strbng narrow region of current flow known as
the equatoris&l électrojet. The equatorial electrojet is part
of the middle latitude current system and as this is subject
to seasonal variations in strength and position it is to be
expe cted that daily magnetic variations observed within the
region of influence of the electrojet will have variations
of a seasonal nature. Thus as Freetown is a'statton lying
Just to the north of the magnetic equator, one would expect
the variations in northern summer (J sét) to be strongly

influenced by the northern current system. In northern
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winter (D set) the variations would still be influenced by
the northern system but to a lesser extent.

However, it has been shown by HAGAN and SUGUIRA (1967)
and other authors that the northern hemisphere current system
is stronger in northern summer than the southern system in
southern summer. This asymmetry nmeans that the ‘centre line'
of the joining of the two current systems will be farther to
the south of the wmean equinox position in the northern
summer than it will be to the north of thié position during
northern winter. 1In the horizontal intensity at Freetown
this would mean D set dally variations of larger amplitude
than J set values. This is found to be the case for all of
the solar and lunar harmonics determined in this analysis.

The equinox values (E set) for the solar aﬁd lunar harmonics
are all similar in magnitude to the D set values and con-
siderably larger than the J set values again showing the
larger shift of the current system during the northern summer
months.

As the position of the current system varies with season,
the daily variation that will be observed at any_fixed station
will depend on the variation with latitude of the daily
variation, This latitude dependence is of great importance
in the narrow zone near the magnetic equator due to the effect
of the equatorial electrojet. Experimental determinations of
the latitude dependence of the daily variation of the hori-

zontal intensity have been made in recent years in Africa by
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ONWUMBECHILLI (1959) in Nigeria, GODIVIER and CRENN (1965)
in Tschad, in South América by F-O'R,BU-'SH and CASAVERDE (1961)
and in India by YACOB and KHANNA (1963). Experimental
surveys have also been madd of the latitude dependence of
the daily variation of the vertical intensity in Nigeria by
RIVERS (1964) and in South America by FORBUSH and CASAVERDE
(1961). This work has been summarized by CHAPMAN and
RAJA RAO (1965) who have shown that there are longitudinal
variations in these parameters. In considering the effects
of this latitudinal variatidﬁ'on the results obtained at
Freetown c¢ne must only consider results obtained in the
African zone and more particularly West Africa. The
general form of the latitude DAILY

- . RANGE
variation for the horizontal
and vertical intensity is
given in the rough Sketch A
where the daily range for

both intensities is plotted

against latitude north and g

south of the position of

maximum H range and zero %2

range. Sketern R

The approximate position of Freetown i1s marked on the
latitude axis, being in the region of 1° latitude north of
the magnetic equator and therefore slightly more than 1°

north of the position of maximum horizontal intensity range
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a8 the position of maximum horizontql intensity daily range
lies-between the magnetic and geographic equators. Thus a
seasonal shift of the 'origin' of the sketch would affect
the observed daily ranges of the two intensities at a
single station like Freetown in opposite senses. If the
‘origin', or centre of the current system, moved south

then the daily ranges in the horizontal intensity would
decrease. llowever, for the same southward motion, provided
it was small, the vertical intensity ranges would increase.
If the movement were very large, i.e. of the order of two
or three degrees of latitude then ghe vertical intensity
ranges could decrease as well, For a northward motion of
the c&ntre 0f the system the horizontal ranges would
increase whilst the vertical intensity ranges would decrease.
These considerations assume a constant current strength and
distribution for the equatorial current system which is not
the case as the strength has been found to be greatest
during the Equinox peériod (ONWUMECHILLI and OGBUEHI) so
that the application of this sketch to the results obtained
at Freetown is not straightforwvard. 1In addition the day-to-
day variability of the entire worldwide current system is
well established. To investigate seasonal changes it is
therefore best to consider the Group II data as there are
then approximately 400 days in each of the seasonal sets
and a reasonable mean situation should be apparent. Figure

18 shtiows the seasonal set mean daily variation for the
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horizontal intensity. Visual inspection shows clearly

the smaller magnitude of the J set daily variation as com-~
paréd to the E and D set values which has already heen
seen from the results of the analysis. It can thus bhe
said that the horizontal intensity results show that there
is a seasonal movement of the centre of equatorial current
system in opposite sense to that of the sun, and that the
shift of the system from the equinoxial position is
greater in the northern summer months than in the northern
winter months. 'To emphasize thise difference, a plot has
been made (Figure 43) of the differences between the equi-
noxial dally variation aud the other two seasonal daily
variations for both Groups X and 1II. For this graph the
values have been converted into zammas with arbitrarv zero
levels. Tue two pairs of graphs have similar shapes with
dhe laregest difference heing 35 gamaa for J-bB in Group II.
This difference is not just an amplitude difference as the
phase of the maximum occurs later in the .J set than in the
E set.

The vertical intensity curves show the same effect
(FPigure 38). 1In this é?se the J set range is approximately
30%°/0 greater than thef% set value indicating that during
the northern summer months the centre of the equatorial
current system has moved soutii so that Freetown is nearer

to the position of maximum vertical intensity daily variation.
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The difference curves are also plotted on Figure 43 with

the J-E value being the 1ar'g';és't difference, in this case
positive. |
The similar figures=for;£he Declination (F{gures 28
and 43) show different features of the dajly variation which .
need to be explained more fully. The Declination at
Freetown is West of North and an increase in ordinate in
Figure 28 corresponds to a decrease in the value of the
angle of declination, Variations in the angle of declina-
tion at the surface of the Earth iﬁdicate the presence of
north-gouth currents in the ionosphere. A southward direcyed
current component would decrease the angle of declination at
Freetown whereas a northward directed current would increase
the angie of déclinatioh; .
If the magnetic eqﬁator

coincided with the geo-

graphic equator then the
daytime equinoxial iono-

spheric current system which

would result in this T

_ SKETCIA B
idealised situation would

be as shown in rough Sketch

B taken from CHAPMAN and ' -

BARTELS (1940), p.696. 1In SKeTcwH C
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this case the daily variation in the declination at a
station situated at point p would be of the form shown
in Sketch C.

The magneyic equator ﬁoes not, however, coincide with
the geographic equator and in the region of Freetown the
departure in the northward direction is large and the
direction of the magnetic equator at the surface of the
Earth makes an angle of approximately 30° to the lines of
latitude. The situation in the upper atmosphere oier the
South Atlantic Ocean and West Africa is therefore complex

and the actual flow patterns of the ionospheric current

system will not conform to the idealized picture of Sketch B.
HAGAN and SUGIURA (1967) have
shown that the northern ionospheric

/

current vortex is modified in this ;
{
{

region in the way shown in Sketch ¢ y - .’
‘ \ \‘kF’,"’ ——2Z=0
D which gives an impression of the \A‘(’;;é"ff--
& p \_”’,J‘\’q\‘ “€0q,.
current systems at approximately’ /,’ L7 > ~ \\ \ EQ.
_ , . \
1000 hours U.T. on a day near the oy ! . ::
)
' {
equinoxes.
SKETCH D

The variation in the Declination
on such a day would be of the form
found at Freetown end shown in
Sketch E (from Figure 28). The
current system shown in Sketch D 062¢ 1200 igco

tends to follow the line of the SKETCH E
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magnetic equator so that in the early morning there is a
small southward directed current component. This southward
component is soon changed into a northward component which
increases in magnitude with the increasing strength of the
equatorial electrojet system. The northward component then
decays with the approach of sunset.

The horizontal and vertical intensity results have
indicated a southward shift 6f the centre of the current
system during the northern summer and a smaller northward
shift during the northern winter. Sketch F shows the
northefn summér Declination daily ?
vafiation being the mean of 432
days. This shows a stfong south- ”////
ward current component existing ///”
until nearly 0900 U.7T. By this ' 1 |

0600 1200 1800
time the equatorial enhancemeént of ' -

ionospheric conductivity is well SKETCH F
established and from 1100 U.T. onvards the northward com-
ponent takes over having a maximum at about 1400 U.T. then
decaying tqwards sunset. This curve agrees well with the
relatively large seasonal southward shift of the centre of
the equatorial current system.

The mean daily variation of the Declination from 425

days for northern winter is shown in Sketch G (from Figure

28). This shows a northward directed current component in
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the morning which reaches a
maximum at 0900 and decays to

the nighttimé level by 1100 |
| |

and then a much stronger 0600 t2z0¢ I¥%coO
northward component which SKETCH G
redches a maximum at 1500 and

then decays towards sunset. I//
Such a variation would be k\,,27//i""’
observed if Freetown was P 17//’“‘\
underneath the region of the ’ //j;;v”\\
current system shown by the

dotted 11@#-@% Sketch H which SKETCH H

would agree;with the centre of
the system having moved slightly northward from the.equi-
noxial position. Theée difference curves plotted for the two
groups in figure 43 show the seasonal change very clearly.
In the curve depicting the difference between the northern
-summer meén-daily'varlation and the equinoxial medﬂ'dafly
variation (J-E) in the morning hours, theré is a net soith-
ward current whilst in the other difference curve (D-E)
there is a net northward current at the same time in the
morning.

The Declination variations as observed at Freetown
thus confirm the existence of the distortion of the

northern current vortex due to the shape of the magnetic
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equator and also confirm the results from the horizontal
1 and vertical intensity data on the seasonal shift of the
i centre of the equatorial current system,

4.7 Induced ocean currents

In recent years geomagnetic variation results from
some coastal observatories have been shown to c¢ontain con-

sidefaﬁie'édhikiﬁﬂtigns from induced currents in the nearby

ocean, These effects will be much greater in the shorter
period véfﬁéffﬂﬁg than in the variations of periods six
hours and longer. The magnitude of these effects will also
dépénd on the proximity to the station of the deep ocean.
0ff the coast of Sierra Leone the continental shelf is
approximately 100 kms from the shqnq line with the water
depth out to that distance being 50 metres or less. This
very wide continental shelf extends up the West African
coast to the Gambia and south of Freetown for a distance
of 150 kms so that induction effects at the Freetown
observatory, which is 10 kms from. the 6oaét1ine; should be
small.

4.8 Comparisons with other lowelatitude stations

(i) Solar daily variations

In the tables given below the results obtained from
the analysis of the Freetown data are given together with
corresponding results from other low-latitude stations for

the three components.
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TABLE»A

Horizontal Intéhsity‘- Annual Ya1u§§

Unit - 1 Geiinia

_ Station S 8, Sq S,

; Freetown 37.1 290° =20.6 107° 8.9 305° 2.8 168°
; Ibadan’ s1.0 266° 19.0 113° 8,7 334¢° 3.4 198°
i Huancuyo®  53.2 282° 28.6 106° 12.5 304° 12.5 163°

Kodaikanal® 38.8 277° 22.5 103° 9.5 308° 1.7 150°

singapore®  21.5 285° 9.6 112° 4.3 322° - -

Q

Bombay' 18.6 280° 0

9.8 114 3.5 316° v -

1 - ALEXANDER and ONWUMECHILLI 1959(1)
2 - JOHNSTON and McNISH 1932
3 --THiRUVEGAbeuAN‘1954 4 - SCHMIDT 1926

It should be pointed out that the Freetown and
Huancuyo results refer to periods of sunspot minimum
activity, the Singdpqre_and Bombay results refer to a
period of relatively low sunspot acti&ity, while the
Ibadan-resﬁits“refer to a 20 moﬁtﬁ'periﬁﬁ ending in June
1957, a peériod of relatively high sunspot activity. Thus
the Freetown figures would be slightly higher than the
Ibadan figures if results for comparable sunspot activity
periods were available. This is to be éxpected due to
Freetown having a slightly lower magnetic latitude than
lbadan. There is a cléar distinction between the magnitude

of the amplitudes at the first four stations which all lie
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within the region of influence of the equatorial electrojet
) | and Bombay and Singapore which althbggh béing low latitide
stations are not close enough to the magnetic equator for
the elcctrojei to have any great effeéct on the horizontal
intensity. '

TABLE B

: Yertical Intensity - Annual Values

ﬁpit ;‘1 Gaﬁma

Station 83 8y 8, | 8y
Freetown 7.0 258° 5.8 59° 2.2 250° o.6 78°
Ibadan’ 18.7 272% 12.4 104° 4.6 311° 2.5 219°
Singapore® 6.9 278° 3.9 93° 1,7 a15° - -

2 o

Bombay 5.3 84 0

o

1 - ALEXANDER and ONWUMECHILLI 1959(1)
2 - SCHMIDT 1926

The Freetown reéhlts when compared with Ibadan clearly
show the effect of the distance of the stations from the
ceﬁtre-df thé.equatorﬁal cu;rent sttem.’ Ibadan lies in
the region of maximum vertical conponent effect to the
south of the current system. The Singapore and Bombay
amplitudes are comparable to the Freetown results even
though the staiions are much farther away from the centre
of the current system. 7This is due to the fact that the
vertical intensity effect of the electrojet extends to much

wider range of latitude than the horizontal intensity effect
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(see Sketch A). 'For some distance outside the latitude of
maximum vertical intensity effect the anmplitude is greater
than that at a station such as Freetown which is
relatively close to the centre of the systém.

TABLE C

Declination - Unit 1 Gamna

Seasonal Values - Northern Summer (J), Northern Winter (D)

L0 _ ‘0 1. 0 -
Freetown 5, "6.6 87° 4.7 173° 2.1 353° 1.5 206°
. [v] [+] 0 [+
o1 J 10.3 2322 9.1 95° 4.1 314° 3.6 217
Ibadan p 2.9 341° 6.5 237° 3.5 127° 1.5 5°
Singaporey J _4+4 3599 5.7 2300 3.0 1079 - -
YINEAPOYe p 10.5 189° 8.0 15° 3.3 233° . -
2 J 10.4. 31° 10.9 2552 8.1 94° - -
Bowbay D 1.3 184° 1.3 113° 1.9 51° - -
1 - ALEXANDER and ONWUMECHILLI 1959(1) 2.~ SCHMIDT 1926

Seasdnal value§ have been given in this case as the
variation between the J and D months_is an important pheno-
menon. Freetown, Ibadan and Bombay have similar seasonal
changes both in amplitude and phase whilst at Singapore the
amplitude changes are in the opposite sense. Freetown and
Bombay are both morth of the magnetic equator with Bombay
being more than 10°N of the magnetic equator during the
period analysed by Schmidt. Ibadan and Singapore are both
south of the magnetic equator. The above results, however,

indicate that the seasonal changes in the declination are



5§

not governed, to such a large extent as the other compo-
nents, by the position of the station with respect to the
magnetic equator. Simple inspectién of the above figures
does not in fact give the full picture. As has beeén
mentioned in the previous section, the shape of the mean
daily variation curves for the two seasons (e.g. sketches
E and F) show that the strong southward current component
in the morning in J months produces a larger daily range
than that in the D months which on analysis gives the

seasonal differences shown in Table C above,

(ii) anar.daiiy_varigtibnq'

Detérmination of the terms in the daily magnetic
variations which are related to the.phdse of the-mqon pro-
vides information whibh allows study of the luéar wind
system which produces the tides. The lunar tides being
purely gravitational in origin are thus more amenable to
mathematical analysis. However, the lungr effects are
usually vdry'sﬁaii'ﬁhén”c§mb£r¢d with:thé sdlar‘dafiy
variations so that long beriods of data are normally re-
quired before a satisfactory determination can be made.
Fortunately in equatorial regiops the enhancement of the
ionospheric conductivity proddces a much larger lunar
effect in the daily magnetic variations and reéasonable
determinations may be made with relatively short periods

of data. Thus lunar harmonics have been determined for
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equatorial stations that have only been established in
recent years. The Group II values from the preseht
analysis have been used in the following comparisons.

TABLE D

Horizontal Intensity - Unit 1 Gamma

Annual Values

Station Ll tl L2 tz L3 t3 L4 t4

Freetown 2.7 4.5 4.33 8.2 2,75 1.2 0.69 3.8
: I_badan1 0.88 6.6 3.99 7.2 0.50 5.5 0.07 0.9

Huancuyo3 - - 5.24 9.1 - - - -

Horizontal Intengity - Unit 1 Gamma

Seasonal Values of L2

Station L2 t L t2 L t

5 b2 2 o 2 %2

Freetown 3,20 9.1 4.58 8.2 5.76 7.4
Ibadan! 3.37 7.3 3.82 7.3 4.70 7.0
Addis Ababa® 2.30 6.8 6.17 8.5 6.36 7.1
Huancuyo®> 2.55 9.9 5.53 9.1 7.62 8.2
Kodaikanal?  1.43 5.1 2,28 8.1 3.32 4.3

tz - Lunar hour of the first maximum
1 - ALEXANDER and ONWUMECHILLI 1959(2) 2 - GOUIN 1960
3 - MATSUSHITA 1967 4 - RAJA RAO 1961
The semi-diurnal term (L2) is the dominant amplitude,

although at Freetown the first and third harmonics are

relatively much larger than those found at Ibadan for the

period 1955-57.
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The seasonal Variatioﬂs of the semi-diurnal lunar
tide in the second part of Table D show for the stations
conderﬁed that in every case the amplitudes increase from
northern summer months through the equinox months to
northern winter months. Freetown (8.5°N), Ibadan (7.5°N)
and Addis Ababa (9°N) are all situated north of the geo-
graphic egquator on the African continent. Huancuyo (12°s)
is some 20°% south gcographicaliy of these stations and im
South America. Freetown and [uancuyo have North dip
latitudes while Ibadan and Addis Ababa are south of the
dip equator. The range of dip latitudes being approxi-
mately 4° so that all of these stations are directly
influenced by the equatorial conductivity anonaly.

m MATSUSHITA-and MAEDA (1965) have shown that this type
of seasonal variation is shown by all lqw magretic latitude
stations, They also showed that there is a slight shift
of the position of maximum lunar semi-diurnal variation

towards the winter hemisphere.

TABLE E
Vertical Intensity - Unit 1 Gamma
Seqsonal Values of L2
Station L, R . Ly b Ly |t
Freetown 1.78 10,5 1.47 ‘ 9.8 0.87 7.5
Ibadant 2.69  T.8 2.07 1.6 3.04 7.2
Addis Ababa® 0.64 11.1 0.79 7.7 1.62° 1.4

1 ~ ALEXANDER and ONWUMECHILLI 1959(2) 2 - GOUIN 1960
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The seasonal variation in the seni-diurnal lunar
tide in the vertical intensity for Ibadan and Addis Ababa
are similar with reapect to amplitude changes but thqfe
are large phase differencee. Both the Ibadan and Addis |
Ababa results were obtained during periods of high sunspot
activity. The Freetown figures refer to a period ofl
pinimum activity, and would therefore be expecied to be
slightly smaller although the lunar tide is less affected
by sunspot activity than the solar_harhonics. The'igpor-
'téhf factof tor the vertical intensity is the position of
the station with resﬁect to the region of maximum vertical
intensity daily-Variatioh_either side of the equatorial
conductivity anomaly. When viewed in this way the above
results are consistent and show a general movement of the
equatorial electrojet northwards from J months to D months. -

.-TABLE F
Declinatiqn -_Unlt_l-Minute
Seaspna1~Values»of L2

Station L2 5 t2 LZ e tz L2 . t2
Freetown 0.15 6.3 0.05 6.1 0.13 0.6
Ibadan? 0.18 6.0  (0.07) 6.3 0.20 10.6
Addis Ababa® 0.13 7.3 0.20 9.7 0.33 11.8
Huancuyo® 0.14 7.9 0.19 8.3 0.08 9.3
1 - ONWUMECHILLI 1960 2 - GOUIN 1960

3 - MATSUSHITA 1967
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The semi-diurnal lunar variation in the declination

at Freetown is similar to that obtainéd'at 1badan in that
] during the Equinoctial months the tide is variable in
phase giving'rise to & small resultant amplitudé. Ih-
the case of Ibadan this amplitude is not statistically
significant and the Preetown figure is only barely sig-
nificanf. The phase differences betwéen the J and D sets
; are similar fof the three African_statiﬁns-but much
larger than that at Huanéuyo. The amplitude Qifferences
between the solsticial sets are .small ahd within the
error limits. 1t appears that lreetown and Ibadan lie

in the transition region between the nurthern and southern

lunar current systems during the equinoctial months anq
during the solsticial months, J and D, are respectively
influenced by the northern and southern systems. This
means that the southern lunar current system stretches well

into the northern hemisphere during northern winter,
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5. SHOR?Y PERIOD VARIATIONS

suort period v&riat;dus, or pulsations, in the geo-
magnetic field are normally studied using specially buflt
high sensitive equipment with fast chart speeds. Ilowever,
certain types of pulsations, the pc 3 and pc 4, can fre-
guently be clearly oliserved on normal magnetograms. The
periods of éhese pulsations lie within tﬁe range 1 to 10
minutes so that the paper speéd of the normal magnetogram
(15 mw/hour) does not allow investigations of variations
in the periods of the pulsatiﬁns.

Pulsations of this type were apparent on the normal
magnetograms at Freetown iu 1962 and a study was wmadée of
the 12 month period from March 1962 to February 1963. The
pulsations wefe.most cleariy vigible on the horizontal
component_trace. Pulsations were occasionally to be seen
at the same time on thie declination trace but .only rarely
were they visible on the vertical component trace. The
différent sensitivities of the three traces undoubtedly
had an effect on the occurrence of the pulsations in the
three components. 'fhe horizontal component trace only was

studied in detail. Pulsations were said to occur in any

hour if they were clearly visible on the magnetogram and

persisted for ten minutes or more in that hour. The number
of pulsations occurring at each hour was plotted for the 12

months -(Figure 93). The probability of occurrence was
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plotted for the three seasonal sets and for the year's
data as a whole. (Figure 94). The curve for the complete
year's data shows two maxima, the first at 0700 and the
second at 1200 hours. The J set ani E set curves have
similar characteristics but in the D set curve the morning
maximum is completely absent. It is possible that the
absence of the morning maximum in the D set months is due
to the fact that these months were the last four of the 12
months considered and the number of pulsations visible on
the magnetograms was becoming smaller. The January and
February 1963 curves show ; general low level of pulsation
occurrence with no clear maklmum or minimum period in the

February curve. The midday maximum is not present through-

out the year-studied with low values being obtained for
June, July and October 1962. There is a tendency for an
increase in pulsation activity around 1800 hours just
before sunset but not nearly as marked as that found by
HUTTON -(1960) for continuous pulsation activity at Legon
in Ghana.

A correlation study has been made of the occurrence
of the pulsations with worldwide magnetic activity using
the published Kp index values. A total of 2613 three hour
periods were available during the 12 month period. -The K

p
indices were divided into four groups as follows:-
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1 - Kp from 0, to 1~
< - Kp from lo to 2-
3 - Kp from 2, to 3-
4 -Kp;3°

The annual and seasonal curves for the occurrence of
this type of pulsation with increasing magnetic acﬁivity
have been plotted (Figure 95). There is no clear connection
between the occurrence of pulsations and magnetic activity.
For the northern winter months there is a decrease in
occurrence of pulsations with the higher levels of

{ activity which may be associated with the ahsence of the
morning maximum during these months. For the other
seasons there_is & general increase in occurrence of
pulsations with lncreasing magnetic activity. A more
detailed study is neceséary to see if particular levels

of activity are associated with the norning, midday and

evening peaks of occurrence.

OSBORNE aﬁd RIVERS (1963). gave a preliﬁinary-account
of a comparison between the pulsations observed at lreetown
and those observed at Tamale, a temporary magnetic Qtation
established in Northern Ghana with a dip angle of 1.20
south, 1Initially records from both Freetown and Tamale
for March 1962 were used, taking note only of those times
for which magnetograms were good at both stations, 663

hours out of a total of 774 hours. At Freetown, pulsations
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occurred during 270 hours giving a probability of
occurrence of 0.41. At Tamale the pulsations occurred
during 100 hours giving a probability of occurrence of
0.15. The differénce between these two figures-was
almost certainly due to different sensitivities at the
two stations, 1.3 Y/mm at Freetown and 3.1 Y/mm at Tamale.
When pulsations were obseérved at Tamale the probability
that they were also noted at Freetown was 0.85. Yhen
pulsations were not recorded at Tamale the probahility
of occurrence at Freetown was 0.31. Thése values suggest
that essentially the same évents were occurring at both
stations but that the threshold value for detection was
different. Tbe noon maximum observed at Freetown thriough-
out the year was absent at Tamale in the March records and
when _the. comparison was extended to the same period as
covened by the Freetown results a similar situation was
found with only one maximum of occurrence found at Tamale.
In the northern winter months when the Freéib&h hd}ning
maximum was absent the Tamale maximum occurred at 1000)some
three hours later than during the rest of the year. It
seems likely that the lower sensitivity of the Tamale
records did not permit the detection of the noon pulsations
observed at Freetown,

The occurrence curves at Freetown are similar to those

obtained at M'Bour (HABSCZﬁS 1965) over a longer period
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with_mdre.Sensiﬁivé equipment (sensitivity 0.12 Y /mm)
spepiaily'designed'fbr recording thisjpype of pheﬂomenon,
.Thé diufnal variation curves at M'Bour show t&o principal
maxima, oﬁe at sunrise and tlie other at ndon; The sunrise
maximﬁm vqries throughout the year with the time of sunrise

being later in northern winter months.
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6.1 Secular variation in Siekra Leone

It is not possible to say:a great deal about the
secular variation in Sierra Leone due to the lack of
data, The earliest records of magnetic field measurements
in Sierra Leone date from 1911 with the first visit of
scientists from the Carnegie Institute of washington.

Four stations were occﬁpied in the period 1911-12

(BAUER and FLEMING 1915), three of these being reoccupied
in 1925 (FISK 1927). A comprehensive survey of French
West Africa (0.R.S.T.OM. M'BOUR 1958) was carried out
during the period 1953—5B.and since 1960 the writer has
made various measurements throughout Sierra Leone,

Use has been made of the above measurements and of the
resul'ts due to VESTINE et al (1959) in constructing the
secular variation graphs for the horizontal and vertical
intensities and the declination (Figure 92). These graphs -
have been plotted for Bo‘which occupies an approximately
central position in Sierra Leone. There is a similar amount
of data available for Bo as for Freetown but Bo is not
affected by local anpmali;g as is Freetown. As can be seen
from the graphs the rate of change of horizontal intensity
appears to be smaller in 1965 than during the period 1925-
1945, being of the order of 2 gammas per year. The 1965

rate of change of Declination is approximately 10' per year



bb

and the 1965 rate ot change of vertical intensity is 80
gammas per year. All these results are necessarily uncer-
tain due to the amount of smoothing and extrapolation
involved.

6.2 World Magnetic Survey

As the Sierra Leone contribution to the World Magnetic
Survey it was hoped to reoccupy the early Carnegie sites
and to establish new repéat stations in Sierra Leoﬁe. Two
of the Carnegie sites, Freetown and Bo, were identified but
found to be unsuitable for reoccupation due to recent
building. The site at Moyamba was located from old maps
at the Government Survey Department and found to be now
within the building of a large secondary school. The
fourth site at Baiima was too far from Freetown to be
visited in the time available. New sites were theréfore
established, where possible using Sierra Leone Government
secondary survey points which are less likely to be dis-
turbed and could therefore more easily be reoccupied at a
future date.

Readings at the first station visited were initially

~attempted just before dawn commencing at 0430 GMT but

difficulty was experienced in taking the readings with any
speed due to considerable condensation on the instruments.
All subsequent readings were taken at dusk within a four

month period from January to May 1965. 1In November 1964
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Df, K. A. Wienert, Director of the Geophysical Observatory
at Fuerstéﬂfeldbruck in Western Germany, spénﬁ four da}s

at Freetown during a UNESCO-IAGA sponsored tour of magnetic
observatories in Africa. The purpose of the tour being to
check observatory standards and to compare the instruments
in use with a standard set of (lIM's which he carried with
him. As & result of these comparisons, small corrections
were derived for Freetown's QUM 506 and QNM 507. Thesé are
thhe corrections mentioned in the results table which
follows. It should be noted that the declination measure-
ments at Bo are almost certainly incorrect. This may be
due to incorrect readings or an incorrectlbearing supplied
by the Survey Department. EQery effort will be made to
check this reading hy site reoccupation in 1968. The mag-
netic charts shown overleaf have been drawn from this

survey date and the 0.R.S.T.0.M. survey data mentioned

earlier.
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HORIZONTAL INTENSITY
1965

DECLINATION
1965

L
R
M.
B

VERTICAL INTENSITY

L- LUNGI
R—ROKUPR
M—MAKENI
—NJALA B-BO
1960

NE - NEWTON
PL - PORT LOKO
R — ROTIFUNK

NJ — NJALA

B - BO

1965

L- LUNGI
R- ROKUPR
M- MAKENI
N~ NJALA

B-BO

MAGNETIC CHARTS OF SIERRA LEONE SHOWING
FIELD OBSERVATIONS POINTS.
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SUMMARY. OF W.M.S. READINGS

1. ROKUPR  9° 00* 44" N 12° 57 Ye" W
M 62.0" above M.S.L.

Site deggriptipn:- At the che Résearch Institute,

Rokupr, part of Njala University College, University of
Sierra Leone. Next to the Météérdidgical Station over-
looking rice trial paddies to the Great Sc¢arcies river.
Fifty feet from centre of road past Meteorological Station,
marked by concrete béacon set just below grourid level and
ingcribed W.M.S. 1965, Bearings - W.M.S. 1965 to corner
of air temperdaturé thermometer screen neérest road

N 310o 22' 40" E, W.M.S. 1965 to concrete survey beacon

R.C.S. 167 at edge of road N 28° 14* 30" E.

Readings
(a) Horizontal intensity
Date. QHM GMT H Correction Final Value

14.1.65 506 0540 0.31338 -8y 0.31330
14.1.65 506 1812 0.31335 -8y . 0.31327
14.1.65 506 1820 0.31334 -8 ¥ 0.31326
14.1.65 507 1832 0.31343 ~16 y 0.31327
14.1.65 507 1838 0.31342 ~16 y 0.31326
15.1.65 507 0446 0.31350 -16 y 0.31334"
15.1.65 507 0455  0.31351 -16 0.31335
15.1.65 506 0518 0.31341 -8y 0.31333

15.1.65 506 0530 0.31338 -8y 0.31330
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(b) Declination

Date

14.1.65
14.1.65
14-1.65

15.1.65
15.1.65

QHM GMT D Correc- Final

‘ _ o tion Yalue

506 0547 N 13° 36'.0w -2'.0 N 13°34'.0 W
506 1824 N 13% 24'.5 W -2'.0 N 13%22'.5 w
507 1835 N 13° 23'.8wW +1°'.8 N 13%25'.6 W
507 0450 N 13° 33'.5w +1'.8 N 13%°35'.3 W
506 0518 N 132 33*.0w -2'.0 N 13°31'.0 W

(c) Vertical intensity All readings using BMZ 246.

Date

14.1.65
14.1.65
14.1.65
14.1.65

2. LUNGI

Site

Time Value Date Time Value
0446 0.01193 15.1.65 0421 0.01200
0452 0.01195 15.1.65 0424 0.01201

1749 0.01189
1754 0.01193

Bench Point  SLS 71/58/BP1.
08° 37' ¥7" N 13% 12" 33" w
85.0 ft. above M.S.L.

description:- Existing bench point BPl1 of

SLS 71/58

used. Bench point situated 12' from centre of

road outside Airport Manager's house near to tennis court

next to the old Airport Hotel, approximately one mile from

Airport Terminal buiildings. Bearing used for Declination

readings BP1 to BP9 N 335% 21' 04",



A

Readings
(&) Horizontal intensity
Date QHM GMT H Correction Final Value

13.4.65 506 0805 0.31255 -0.00008 0.31247
| 13.4.65 506 0811  0.31257 ~0.00008 0.31249
; 13.4.65 506 1807 0.31250 =0.00008 0.31242
‘ 13.4.65 506 1813 0.31250 -0.00008 0.31242
i 14.4.65 506 0746  0.31246 -0.00008 0.31238
B 14.4.65 506 0752  0.31247 -0.00008 0.31239
‘ 14.4.65 506 1826 0.31247 -0.00008 0.31239

14.4.65 506 1833  0.31248 -0.00008 0.31240

{b) thlination

: , Correc- Final
Date QHM GMT D tion Value

13.4.65 506 0807 N 13°40'.2¢ -2r.0 N 13%38'.2%
13.4.65 506 1810 N 13%39'.7w -2'.0 N 13%37'.7w
I 14.4.65 506 0749 N 13%3*.0w -2'.0 N 13%1'.0w

14.4.65 506 1831 N 13%1°'.6w -2'.0 N 13%39'.6w

(c) Vertical intensity BMZ 246

Date Time Value
13.4.65 0745 0.00442
13.4.65 1821 0.00449
3. BO Bench point PB C512
07° 59' 01" N 11° 44 26" W

325 ft., above M.S.L.

Site descriptipn:- Existing bench point PB C512 used.

......

Bench point; ‘situated at the side of the road from Bo to

Maghﬁﬁaka approiimately five miles from the railway station,
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at the main entrance to Christ the King College, the
Roman Cathelic Secondary School at Bo. Bearing used for
declination €512 to C514 N 185° 29' 45" E. C514 is
33b yards towards Bo town from C512 on the same side of
the road.

Readings

(a) Morizontal intensity

Date QUM  GMT H Correction Final Value
24.4.65 506 1804 0.31019 -0.00008 0.310%1
24.4.65 506 1810 0.31025 -0.00008 0.31017
25.4.65 507 1828  0.31019 -0.00016 0.31003
; 25.4,.65 507 1831 0.31014 -0.00016 0.30998
' 25.4.65 506 1854  0.31011 -0.00008 0.31003
25.4.65 506 1859 0.31008 -0.00008 0.31000
(L) Declination
. Correc- Final
Date QHM GM1 D tion Value

24.4.65 506 1807 N 19°13'.8% -2'.0 N 19°11'.8W ?
25.4.65 507 1830 N 19°13'.4w  +1°'.8 N 19%15°'.2w ?
25.4.65 506 1856 N 19°15'.4W -2'.0 N 19%13".4w ?

(¢) Vertical intensity

Date GMT Value Date GMT Value
24.4.65 1756 | -0.00582 . 25.4.65 1814 -0.00568
24.4.65 1820 -0.00575 25.4.65 1843 -0.00569

25.4.65 1810 -0.00568 25.4.65 1845 -0.00568
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4., MAKENI Bench Point PB B411
08° 52" 43" N 12° 02' o8" W
300 ft. above M.S.L.

Site degqription:— kExisting bench point PB B411 used.

Bench point situated outside Government Forestry 0ffice on
road from Makeni to Teko. DBearing used for declination
3411 to B412 N 1572 32' 16" E. B412 is 429 ft. towards

Yeko from D411 on the same side of the road.

Readings
(a) Morizontal intensity
'Date QLM GMT H Correction Final Value
. 29.5.65 506 1823 0.31193  -0.00008 0.31185
J% 29.5.65 506 1829 0.31193  -0.00008 0.31185
] 29.5,65 506 1851 0.31194  -0.00008 0.31186
- 29.5.65 506 1857 0.31193  -0.00008 0.31185
30.5.65 507 1757 0.31218 -0.00016 0.31202
30.5.65 507 1807 0.31211 ~0.00016 0.31195
30.5.65 507 1828 0.31215 . -0.00016 0.31199
30.5.65 507 1834 0.31207  -0.00016 0.31191

;- (b)-DeciinatiOn

. - ' Correc- Final
Date QHM GMT D tion Value

29.5.65 506 1825 N 13%6'.3w -2'.0 N 13%".3u
26.5.65 506 1855 N 13%'.7w -2'.0 N 13%'.7w
30.5.65 507 1802 N 13%5'.6w +1'.8 N 13%7'.4w
30.5.65 507 183L N 13%‘'.2W +1'.8 N 13%3'.0w

H]

(c) Vertical intensity BMZ 246
Date GMT Value
29.5.65 1758 0.00467
29.5.65 1802 0.00464
29.5.65 1841 0.00459

29.5.65 1807 0.00454




T

7. FIELD MEASUREMENTS

7.1 Introduction

Various surveys of the daily ranges of the horizontal
intensity have heen madqlin equatorial regions as part of
the study of the equaﬁorial electrojet current sysgem.
Early measurements were made in South América, vﬁriohs
parts of Africa and in India using the Quartz Horizontal
Force-Magnetometef (Q.h.M.). These surveys provid§d series
of instantaneous rgadings with the inherent uncertainty
of whether the éctyal déily range ﬁad beén measured or
whether the readings had been unduly affected by the
fluctuations which often occur in these régiqnp even on
very quiet days.

ONWUMECHILLI (1959) in 1956 first used a portable
horizontal intensity magnetometér incorporating continuous

photographic registration in his study of the equatorial

electrojet in Nigeria. RIVERS (1964) in 1958-=59 carried
out-a similar survey of thé vertical intensity in fhis
region using the same method of continuous registration.
FORBUSH and CASAVERDE (1961) backed by greater resources
and using commercially made equipment carried out an
extensive survey of three components (H,D,%Z) in South
America during the I.G.Y.-1.G.C. period. It was apparent

that the information which could be obtained from such

surveys was of greater reliability if at least two
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components were simultaneously measured, preferably the
horizontal and #ﬁrtical intensities. Tlhe survey made in
Siefra Leone was thus planned to measure the hérizontal and
vertical intensities using continuous photographic regis-
tration during the magnetically quiet period of early 1964,
This period was also chosén as the time of year when the
roads in Sierra Leone were in their most reasonable state.
It was decided to attempt to measure H and Z at four field
statidns simultaneously in addition to the permanent
observatory at Freetown,

The situations of the field stations in relation to
the magnetic equator are shown in map overleaf. Unfor-
tunately for various reasons it was not found possible to
establish the most remote station at Mattru-Jong, so that
records were only obtained from the stations at'Bokupr,
Makeni and Njala.

The magnetometers used in the survey were designed by
the-author and constfucted in the debartmenﬁhworkshop;
which at that time possessed only a small lathe and a half
inch drill, so that construction was slow and accuracy
difficult to achieve.

7.2 Magnetometer design

The magnet-systems used were identical to those used
in the observatory magnetometers and were obtained from

the Danish Meteorological Institute. Apart from mechanical
design problems the chief difficulty was to produce vario-
meters with little or no temperature coefficients.
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Temperature compenS&tion is achieved in various ways
in commercial magnetometer systems, the optical method used
in the observatory arrangement having already been des-
cribed., These systems are expensive and almost impossible
to construct in a small workshop. It was therefore
decided to attempt to eliminate the daily temperature
variation by placing the variometers in holes in the
ground shielded from direct sunlight by trees and other
cover. A surface dailly temperature variation of 20°C is
barely measurable at a depth of four feet. Clearly, the
daily temperature variation at the bottom of a hole will
be larger than that in the solid earth at the same depth,;
howeéver, a considerable reduction in the magnitude of the
variation was achieved by this method, the daiiy temperature
variation within the magnetometers being reduced by an order
of magnitude to the region of 2-3%.

7.2.1 Horizontal Intensity Magnetometer

The following diagrans slow the main features of the
horizontal intensity magnetometer.. Diagram 1 shows the
optical system which was used to give reasonable sensitivity
values. The single filament lamp at the base of the mag-
netometer wgs shielded apart from a narrow slit in the
direction of the suspended magnet system. The reflected
ray from the mirror of the magnet system then passgd into
the right angle prism, which could be rotated, through a

lens which could be adjusted to focus the image then via
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two surface aluminised mirrors to the plano-convex lens
fitted to tiie top of the variometer frame. The plano-
c&ﬁgéi lens served to focus the line image to a sharp
poi;t'on the photographic paper inside the camera; A

fixed base-line trace was obtained from a 1 cm diameter
surface aluminised mirror fixed to the.base of the vario-
meter. The reflected ray from this mirror passed through
thé same optical ﬁath as the ray from the maghet system.
Diagram 2 shows the suspended magnet system and the clamping
device. The fine quartz fibre suspensions were fixed to

the upper support and the magnet system in the manner des-~
cribed in CHAPMAN and BARTELS (1940), p.93. The upper sus-
pension support which was turned from .& solid piece of brass
could rotate within a phosphor bronze éolihr which.was
fitted to the top plate of the variometer. A gdod.fit was
ob&ained by lapping tpe brass in the phosphor bronze collar,
To assist smooth rotation during normal use over a long
period a.high.viscosity-gré&ﬁe'ﬁas-used.'

The clamping device operated on the magnet system at
the lower end of the suspension. The wing nut at the left-
hand side of Diagram 2 was outsid§ the variometer casing,
the shaft having a left-hand thread at one end and a right-
hand thread at the other, so that on rotation of the wing
nut the two halves of the clamp either moved together or
apart. When closed, the ends of the clamp, which were made

from copper strip, gripped the small brass cylinder at the
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top of the mirror, gnd on applying a small amount of

extra pressure the two halves of the clamp moved upwards
slightly, thus freeing the quartz suspension from all
stress, After initial attempts at the first field'statloh
to mount the suspension in the field, the magnet systems
were mounted in the laboratory at Freetown and transpérted
in the clamped position to the field station,

The main structure of the variometer consisted of a
base plate and top plate of " gauge duraluminium separated
by four nine inch brass hekagon section rodé. Beneath the
suspended magnet a " thick block of copper was fixed to
assist in damping short period artificial oscillations.
There was & hole in the upper plate which allowed direct
vision of the suspended magnet syétém dﬁring édjustment of
the variometer. During normal use this hole was covered
by the_camera base. -Between thq,base and ‘top plates the
variometef was enclosed in a -3" thick asbestos tube. The
upper and lower rims of the tubé fittéd into grooves in
the duraluminium plates with rubber rings to assist in
making the joints light tight; The entire inside of the
variometer was painted with matt black paint to prevent
stray reflections fogging the photographic record.

7.2.2 Vertical Intensity Magpetometer

The main features of the magne tometer are shown in

Diagram 3. The magnet system used was similar to that
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used in the vertical qgtenpity magnetometer in the
Q observatory at Freetbﬁn. Changes in the vertical intensity
recorden by the instrument wére régistered photographically
1 by a spot of light from a single filament lamp which was
J reflected from the upper surface of the balanced magnetic
i needle.

Having reduced the effects of the temperature varia-

tion by placing the magnetometer in a hole in the grOuhd,
the main problem with the vertical intensity magnetometer
was the requirement that the knife edQQS'bf the magnetic
needle shéuld be consistently in the same position on the
agate planes. Ouly in this way would stability of
sensitivity be achieved at each field station. Much time
was tlierefore spent on the design and conétiﬁctién of the
device for clamping the magnet and lowering it into position
on the qggtg:planes. Details of the final arrangement as

it w#s-uéed at all the field stations are given in the

- following .sketch.
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The base of the support was a 13" diameter brass
cylinder with a 4" hole reaﬁed through its centre. The
agate planes were mounted in grooves on the top of this
cylinder, A second brass cylinder was ahle to slide
smoothly within the cylindrical hole, the top of this
cylinder being shaped to fit the underneath of the mag-
netic neédle (Sketch B). The bottom of the cylinder was
slotted to take the cam which was used to raise and lower
it., The upper part of the clamp consisted of a dur-
aluminium plate which was fixed io the larger brass
cylinder (Sketch A). The height of this plate above the
agate planes could be adjusted and locked in position by
means of lock nuts on the mounting screws. There was a
circular hole in the centie of the plate which exactly
fitted the top of the magnetic needle (Sketch C). The
lower edge of this hole was bevelled so that if the magnet
was not in the correct position, raising the central
cylinder by means of the cam would centre the needle in
the clamp. On lowering, the needle would then be in the
correct position on the agate planes. The élamp could be
raised and lowered from the outside of the variometer by
means of the knob at the bottom right of Diagram 3.

The optical system was similar to that used in the
horizontal force magnetometer consisting of a single
filament lamp, a lens to focus the line image and two

surface aluminised mirrors to extend the opticai path. A
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plano-convex cylindrical lens was used to focus the line

Cmlai s

image into a spot on the photographic paper in ije camera.
The fixed base-line trace was obtained from a small sur-
face aluminised ecircular mirror which was fixed to the
upper part of the clamping device.

Due to the extreme humidity values which are en-
countered in Sierra Leone it was necessary to have the
balanced magnet in an artificially dried environmeht;

The magnet support and clamp were enclosed in a'perspex box.
A hole was drilled through the base plate into the box and
a rubber tube conmected the box to a bottle of silica gel.
In this way the silica gel could be renewed without dis-
turbing the magnet system. The sealing of the box and the
various joints in the system was such ﬁhat the silica gel
only needed changing every three or four weeks.

The outer casing of the vertical intensity magneto-

meter consisted of an asbestos tube one inch in thickness.

‘Apart’ from assisting in the reduction of teﬁpéraﬁuré

effects, the weight of the tube made the mgnetometer very
stable. The inside of the tube and the magnetometer were
painted with matt black paint to reduce the effect of
stray reflections.

7.3 The magnetometer cameras

The caneras for all the magnetometers were constructed
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at Freetown, each one consisting of an adapted barograph
clock mounted inside a light tight aluminium box. The
base of the box fitted on the top of the appropriate
magnetometer located in position by additional strips of
aluminium screwed to the top of the ﬁagnctometer. A fine
slit was cut in the camera base plate to allow the inci-
dence of the spots of light on the photographic paper.
The cameéra shutter was a strip of brasé on the'inside of
the baseplate which could be moved over the slit by means
of two rods.whiCh protruded from the side of the camera
box. When the shutter was closed the camera could be
simply lifted from the magnetometer and taken to a suitable
place for the development of the record. The barograph
clock'haﬁ interehangéable gears whicﬁ'allowed eitﬁé; oﬁe
revolution in 25 hours or one revolutioﬂ in seven and a
half days. During the preliminary adjustment and calibra-
tion period the faster speed was used, but throughout the
noriial  operation of the magnetometers the slower speed was
used so that the records only needed changing weekly. The
paper speeds with the different sets of gears were 11.4 mm
per hour and 1.7 mm per hour for normal working.

The power supply for the single filament bulbs was
obtained from a six volt heavy duty car battery trickle
charged from the mains where possible. The intensities of

the lamps in the two magnetometers could be varied
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1ndependent1& by means of potentiometers at the supply

unit.

7.4 GiLibration-oI_the magnetometers

The magnetometers were calibrated at the field stations
by two diffe?ent me thods. Firstly, by the application of a
known field using'a Helnholtz coil array and measuring the
deflection produced either visually or photographically.
Secondly, by taking séries of readings with the QHM and
vMZ and comparing the valués with those of the ordinates on
tlie photograbhic records at the corresponding times. An
example of the sensitivity determinations is given in
Figure 96 for the Horizontal and Vertical Intensity magneto-
meters at Rekupr. Similar graphs were obtained at Njala
and Makeni. o

7.5 Discusgsion of the results

The functioning of the magnetometers at the three
field stations was not as good'as had been expected. ‘lhe
horizontal intensity magnetometer functioned fairly well
particularly at Hokupr where several weeks continuous
records were obtained. ‘'rThe magnetometeré were only in-
stalled at Makeni and Njala for six weeks and there were
several faults during this period.

Figure 97 shows the records obtained for the horizontal
intensity at the three field stations and Freetown for the
period-l4—20 March 1964, The average ranges for the four

stations for this period were as follows:-
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ROKUPR 95.x, MAKENI 101 X FREETOWN 118 X NJALA 157 Y.
Thie range being defined as the diffcrence.between the mean
i of - the three hour period 1100-1300 and the mean of the
| valueé 0000-0100 and 2300-24U0 on the same day.

the above values decrease as expected with increasing
distance from the magnetic equator. wjala was just south
of the magnetic equator during the périod of the survey
and was probably very close to tne position of maximum

horizontal intensity range.

Iﬁspection'of Figure 97 shows the considerable day-to-
day variability of the equatorial current system which has
been well established. On some days local features of the
variation are apparent. ror example, 14 March records for
Freétown and Makeni are similar but Rokupr and Njala are
of & different type. On 16 March the daily range at
Ireetown was greater than that at Njale iudicating a
possible northward shift of the current system on that day.
It is clear from this variability and the presence of local
features that much more data is required before an attempt
colild be mpde to analyse the structure of the current
system in this region. 'The station at Rokupr was func-
tioning intermittently for nearly 12 montﬁs but there are
very few periods when records were available for all four
stations at the same time so that ne analysis of this data

has yet been attempted,
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The vcrpical intensity magnetometers proved to be
very difficult to operate in‘these-rggions where the total
vertical force is so small. The magnétometer at Njala for
example was only just stable when uhdisturbed so that it
was hardly surprising that so few records were obtained.
There was, in fact, no single occasion when all three
field magnetometers were fuﬁctioning correctly at the
same time. ﬁbwever, some records were obtained at each
of the field stations and if it were possible to spend
more tiﬁe.with bhe'magnétGMeters in the field more useful
results could definitely be achieved. It is hoped to
re-establish these stations in the near future.

The following photograph shows_tﬁe magnetometers

installed in the pit at Rokupr.
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8. SﬁMMARY

The work described in this thesis has provided a
fairly comprehensive picture of the variations in the geo-
magnetic field at Freetown during a period of low solar
activity.

The Fourier analysis described in section 4 provides
characterigstics of the solar and lunar daily variations in
a standard form suitable for us; in the spherical harmonic
analyses that are carriéd out to provide complete world-
wide representative current systems for these variations.
Early analyses of this type were unable to include the
equatorial anomaly mainly due to lack of data from these
regions and also due to the large number of harmonics re-
quired to give a complete description of the field. Recent
work by MATSUSHITA and MAEDA 1965(1) and (2), and HAGAN
and SUGIURA 1967 has improved tuwe accuracy of the fit of
the representative currsnt systems to the observed varia-
tions in equatorial regions.

A new method of analysis has recently been introduced
by PRICE and WILKINS 1963 and applied to data for the Sq
field of 1932-3; the same method has been used for I1.G.Y.
data by PRICE and STONE 1964. This method is more flexible
than spherical harmonic analysis as account can be taken
of small regional anomalies without affecting other regions,
and tfurther, adjustments can be made to tne analysis as

more data becomes available without the necessity of ~. -
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repeating the whole gnalybical process. ‘'he results from
Freetown as presénted in this thesis are not in a suitable
form for this type of analysis.

Both types of world-wide analysis produce similar
representative current systems for the quiet day solar
dalily variations with one main currert vortex in both the
northern and southern hemispheres. In all the analyses
mentioned above considerable asymmetry between the northern
and southern vorticeé has been found and evidence has also
been found for penetration of the vortices into the
opposite hemispheres.

The results obtained at Freetown as described in
section 4 ‘are such as would be caused by asymmetry in the
ionospheric current system in this region,

The seasonal variations are in the same sense as those
found for the African zone for the 1.G.Y. period by PRICE
and STONE hut the present results indicate a larger seasonal
movement in opposition to the sun during thé northern.summer
months. Price and Stone found that for the I.G.Y. there
was a larger shift during tue northern winter months. It is
likely that the present data shows the local situation
clearly, but it would be unwise Lo assume that seasonal
changes throughout the African zone are similar, particu-
larly in view of the known longitudinal variations of the

equatorial current system.
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Comparison of the results with those from other
low latitude stations show that Freetown is a typical
| equatorial station lying near tne boundary between the

pnorthern and southern ionospheric current systems,
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'OCCURRENCE OF SHORT PERIOD VARIATIONS, Ff!G.93
ANNUAL MEAN —~ MARCH 1962 TO FEBRUARY 1963
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OCCURRENCE OF PULSATIONS WITH MAGNETIC ACTIVITY, FIG.94.
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SECULAR VARIATION IN SIERRA LEONE, FIG. 95.
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CAULIBRATION: CURVES — ROKUPR

FIG.96.
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