PREFACE

A proton precession magnetometer for recording
the inténsity of the earth's total magnetic field has been
in operation at Ahmedabad since November 1962, In the
first part of the thesis, the experimeﬁtal set-up is
described and the observed magnetic field at Ahmedabad is
compared with the data obtained from the nearest standard

magnetic observatory at Alibag.

- In the second part of the thesis, a study is made
of the sudden‘changes‘(SQJSI,Sfej in the geomagnetic field
at the équatorial stations’wﬁicb were operating during
I6Y/IGC. TAhehsudden changes in the strength of the equa-
torial'electquet current in all respects viz. local time,

latitude..and longitude.

The third part of the thesis deals with lunar
tidal variations'iﬂ the geomagnetic field at the ground at
varipus'stationé near the—magnetic equator viz. Trivandrum,
4ddis. Ababa, Koror, Jarvis, Huancayo and Kodaikanal. The
lunar daily variati%% and- lunar monthly variations are
evaluated from a large volume of data. The methods of fixed
lunar age and fixed solar time are employed for the compu-~
tations. The conélusions‘presented from these analysis have

a bearing on the dynamo theories which are used to

explain solar and luni-solar daily variations. It is



(i)
clearly seen that the lunar tidal oscillations in
géomagnetic field -at the equatorial stations are
intimately connected with the electrojet currents and
hence of wvariations in ion density and/or motions of
the layer or layers of charged particles responsible
for the varia-tions. The situation is complioatéd as
the controlling factors are‘many. They include, besides
the graviational action of bcth sun and moon, the
action of the earth's magnetic field on the ions and
electrons, and indirectly on neutral particles which

collide with them. 3
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PART - 1

Experimentcl set up of Proton Precession

Magnetometer at Ahmedabad,

Comparison of geomagnetic field as recorded

by the Proton Precession Magnetometer at
Ahmedabad with the field recorded at

magnetic observatory at Alibag.
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1.1 Experimentcl gct up of Proton Precession Magneto-

meter at ihmedobad

INTRODUCTION

The phenoneunon of nuclear magnetic induction
is the basis of the development of nuclear precession
magnetoneters. Bloch {1946) observed that the direct
observation of nuclear nagnetic induction should be
possible. Purccll {1952} remarked in his Nobel lecture
about his looking on snow with new eyes "There the snow
lay around nmy door-step ; great heaps of protons quietly
precessing in the esrth's maghetic field". However it
was left to Packard and Varian (1954) to trgmslate Purcell's
remark into an instrumert for the measurement of geomag-
netic field iutensity. Taters (1955, 1958) constructed a>
Magnetometer bascd cn the phenomenon of precession of

protons in the earth's magnetic field,

Principle of operation ,

About 500 c.c. of water is subjected to a
polarizing magnetic fieldafzbout 100 oersted for a few _
seconds. The polarizing field is approximately perpendi-
cular to %he geomggnetic field., When the polarizing

field is suddenly ewitched off the protons in the water



¢35
precess about the corth's magnetic field vector with a

frequency proportional tc the ambient magnetic field

intensity.
. . 2Tf = Tr ceenensa (1)
where f is the precesgion fregquency of protons.

Y is the gyromarmetic ratio of protons.

F is the aubient magnetic field.

The value of the grromagnetic ratio ( ¥ )

for the proton has been rieasured by Driscoll and Bender

-1

(1958) to be

% = 2.6751% + 0.00002 x 10~% gauss‘1 sec.

The cxpression (1) reduces to
“’“I:‘“ = 2'1“" = 23.4‘874‘ !ot'n9|o|(2)

An cecurate measurcment of f - the frequency
of precession leads to & nrecise determination of F the
ambient magnetic field., Mhe frequency of precession is

4257.60 + 0.03 c Ps per ;nuss,
Iheory

The quantum wmechanical description postulates
the emission of quaonta of energy as the protons flip from

one gquantized state to enother. Zeeman splitting of the
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proton energy state in ¢« uniform magnetic field leads
to parallel and antiporcilel states of magnetization
amohgst the proton population. The transition betwegn
these two stetes occurs at the resonance radiation

hah =%E  guorc M is the proton magnetic moment
assqciatedlwith its engular momentum, Th due to the
gingle spin state I = %. The angular frequency of the
resonance ra@ia%ion is linearly related to the field by

the expression

wo = 2 w”o = 'WE"

The above expression is the same as expression

(1)« Between the two energy states the probability of

a transition td a lower ecnergy state from a higher energy
state is by for lerger conpared to' the reverse action,
The. number of protons excess in the lower energy state is
_proportional to the magnetic field intensity. If the )
proton population is abruptly transferred to a smaller
smbient field from & much higher magretic field then a
redistribution of proton population between the two

energy states will take place.ﬁ The transition frequency
and the previously mentioncd frequency of the proton
precession arc identic:l. A rigorous quantum mechanical

treatment of this principle can be found in the works

on nuclear resonance. viz. Andrew (1956) , Pake (1958).



25
Hall (1962) has derived the following expression for the
induced proton precessiocn signal on the basis of the

guantum theory.

V = K\l S5in°@ Sin et exp(-t/ g 5)«+(3)
Expression (3) shows that the induced signal
of magnitude V at a Dhermor angular frequency &, is
proportional the coil comnstent K, the volume of fluid I,
the net magnetizaticn Mg ottained during the time t for
which the exfternal magnetic field was operating and to
the term sinzé where @ 1is the angle between the axis
of the coil and the ambicnt magnetic field F., The induced
signal decays exponenticlly and the rate of decay depends
on the‘relaxation time T2 of the protons in the sample
fluid., The relaxation “ime determines the duration of the
nuclear precession signszl and is known to be different for

different proton sources.

Descrintion of the eguipment

The proton precession magnetometer constructed
at the Physical Research Laboratory, Ahmedabad is described
in the following. Shirke (1964) has given the details
of construction for this equipment. The block diagram
of the set up is given in Fig. 1 and some of the opera-

tional details are given below. Each block has been
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described lgter in further detail. The magnetometer unit
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Fig -1

consists mainly of the following units, a programmer,
a detection assenbly, a frequency measuring unit and a

'

recording systen.

The scnsing coll 1s suspended in a vessel
filled with kercscrne. 2he coil 1s kept fully immersed
in kerosene with 113 o2xis 1n the eastward direction. The
coil assembly is locate< about forty te fifty feet
away from the building where in the electronic units are
housed. Besides scparating the coil from the RCC structures

it is lifted above the round level by about one metre

using a wooden stool. #Firstly current of about five



$Te
amperes is passed throu_h the coil for about five
seconds, a‘time sufficicn? to polarize a large nﬁmber of
the protons in the sample. The current is thea suddenly
switched off and the coil commected to the emplifier,
The gradually dccaying precession signal induc=d in the
coil is usually of the order of a few microvolts and
has to be brought to a convenient magnitude of a few
volts for a successful ncasurement of the freqiency of
precession. The remaining circuitary is therefore for the
precise measurenent of the frequency of the pracession
signal. The crror of one cycle in the measurement of the
Aprecession frequency correspoﬁds to an error of about 23'7
in that of the magnetic fieid which is suffici=nt to
obliterate the daily variation in the total geomagnetic
field intensity. 4n el.borate frequency measuring system
is therefore employed leadiﬁg to an accuracy oI + 47 in

the measurement of the geomagnetic field intensity.

Detector essembly

The detector assembly consists of 2 coil and
& sample fluid rich in proton content. Water is the most
suiltable sample for ;round based magnetometers, It has
got a convenient rclaxation time with a facility to alter
the same by the addition of certein paramagnetic salts.
Moreover the jyromagnetic ratio of protons for water is

known with a high degrec of accuracy. The duration of
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the précession signel can be lengthened by removai of
~dissolved oxygen from the water, At the Physical
Research Laboratory kefosene is used as the proton source.
Kerosene is preferred to water in this system because
kerosene does not give electrolytic action even when

the coil is immersed in the same. The gyromagnetic ratio
for kerosene ig believed to be close %o that for distilled
water. Other than water and kerosene there are fluids
which could be uscd as.a source of protons. The values

of the relaxation<time T2 are listed for a few known

fiuids.
Water - two to three seconds
Kerosene - about two seconds
n-heptane ~ five to six seconds
Bengene - eighteen seconds.

The coil wound from enammeled copper wire is
used fér polarizing the protons in the sample fluid as
well as for detecting the precession signal., Two forms

of the coil design are normally observed.

(1) A simple solenoidsl form
(2) Toroidal form in which the wire is wound
on & hollow acrylyc ring.
Toroidal winding is normclly more difficult however it

picks up less noise generated in the vicinity of the
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coil. Some of the major requirements for the construction

of a good coil are stated below.

(1) The coil should have a large number of
turns to obtain a 1arge~signal.

(2) It should have a high & so as to
avoid cxcessive noise.

(3) It =hould have a large volume within
so as to accommodate large sample.

(4) It should be capable of producing a

uniform polarizing field.

In the instriment designed at the Physical
Research Laboratory detccting element consists of a pair
of copper coils connected in series buoking. This
arrangement is founC to reduce pick up from noise sources
situated outside the coil assembly., Bach coil is wound
with a twin wire with S.7.G. 18 gauge. Each coil has 500
turns of double wire, The winding length of each poil
is five inches =nd the inner diameter\of the coil is also
of the same dimension. The series bucking combination of
the two coils with a to%al of 2000 turns offers a resistance
of 2.6 ohms znd gives an inductance of 40 mH. The coil
assembiy is rather big in size but generates a polarizing
field of a few huﬁdred fauss by passing a current of four

to five amperes giving o signal well above the noise
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lével, Initially each of the coils were wound on a
fomer and the former removed carefully thereafter, The
coil was indirectly warmed to remove any absorbed water
vapour., Before the coill could reabsorb water vapour it

was given a thick coating of araldite.

Amplifier and Schmidt trigger

The voltage induced in the coil due %o the'
precession motion of protons is of the order of a few
microvolts. This signal voltage suffers some attenuation
in the fbrty to {ifvy feet long cable connecting the coil
td.iheuamplifigtm_ To bring the microvolt signal to a
workable level of a few volts a high gain low noise ampli-
fier is necessary. Such an amplifier should be protected

against microphonics and should have a stabilized gain.

The circuit diagram of the amplifier used is
given in Fig. 2. The circuit is the same as designed by
Tepley (1961). It is =z three stage RC coupled amplifier,
the fourth stage is a cathode follower output. The input
circuit of the auplifier consisting of the sensing coil
is tuned by means of a condenser to resonant frequency of
1885 cps which is close to the precession frequency
normally observed &t Ahrmedabad, Another %uned circuit:

is introduced st the in~ut end of the third stage. The
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band width of the enplifi.r is considerably reduced by
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means of the tﬁo tuned stages. The first stage tube of
the amplifier is monted on & rubber grommet. This helps
reduction in microphoﬁio 2olse to a great extent., Proper
negative feed back incorycrated in the amplifier stablizes
the amplifier gain. fThe overall gain of the amplifier

is of the order of 120 dt. The output voltage falls ex—
ponentially and mixcs wisa the noise in a second or two,

The signal to 1oise ratic of the amplifier is fairly high.

Following this a Schmidt trigger circuit is

used 80 as to give pulseg with sharp rise time, One
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such pulse correéponds to cach of the sinusoidal wave
from the precession signel. - The circuit is shown in
FPig. 2. The circult consists of a cathode coupled multi-
vibrator giving a square pulse corresponding to‘eacb sine
wave fed to it. Tt could be adjusted to give its leading
edge when the sine wave is passing through its mean value,
Por this setting thc effect of a given noise amplitude is
minimum in determining the time interval between a fixed
number of wavelength of the precession signal. Hence
the Schmidt trigger circuit determines the accuracy of
the field measurements. Fxtreme care has to be taken for

the stable operation of this circuit.

Dugl ¥reset Counter

The dual »reset counter is constructed
similar to the design given by Messers Phillips using
.decatron E1T tubes. It is a fully automatic four decade
gounter device which will count any predetermined number
upto 10000. 4fter the desired cycle of counts has been
completed the counter is automatically reset to its<starting
position and a pulse is produced which operates a relay by
means of an additional output stage. The relay breaks
the circuit and the preset counter does not receive
input pulses. The minimum duration of a complete cycle

of counts is 1/3000 cyclecs. During this operation it
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issues two pulscs first =t the beginning of the pre-

determined count and second at its end,

The output from the Schmidt trigger is fed
to the dual preset counter. The counter is adjusted to
give.two pulses at an interval of 1000 cycles of the
(input) precession signal. Purther the counter is
adjusted to issue the first pulse after rejecting first
couple of hundred cycles in the precession signal whicp
might be mixed with spurious pulses due to electrical

noise generated by the relays,

Gete gencrator and gate amplifier

In this circuit a unishot multivibrator is
employed to gencfate.a gate pu}se. The two pulses
_provided by the dual preset counter are fed in to the
unishot multivibrator. Fach pulse will drive the multi—
vibrator ffom one stable condition to another, This
ultimately gives out a square pulse with a duration equal

to the total veriod of 1000 cycles of the precession

signal,

Thg above gatc pulse then controls a gated
r.f, amplifier. L pentodc valve is kept in a cut-off
state and gives no output. It gives output only when
the gate pulse is fed to the screen grid of the pentode.

4t the control grid of the pentode a sinusoidal input
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of 1 Mc/s is fed from a crystal controlled oscillator. The
1 Md/s signal is now available at the plate electrode of
the amplifier only for the duration of the gate pulse
which in the present case corresponds to 1000 cycles of

the precession signal,

The 1 Mc/s sinusoid output of the gated ampli-
fier is converted imto sharp pulses of equal frequency‘
with wvery small rise time employing another Sclmidt trigger

circuit,

Preguency Counter

The frecuency counter unit consists of six
deéade counters in succession. ZEach decade counter
congists of four binary stages with a feedback system,
simulating sixteen counts for only ten counts at the
input of the decade unit. The first counter is gpecially
designed so gs to respond to 1 Mc/s input sigmel. The
followiﬁg decade counters all identical to each other énd
have an upper limit of coumting speed of 120K(/S. There
is a provision in ecch decade unit to give a stair case
outpuf when the circuit is operating. The stair case out-
put is ladder like h=aving ten steps cor?esponding to
counts O through 9. The resetting of a decade is done
by disconnecting momerntarily the grid leak resistance
of the right hand scctions of the binaries from the earth

point. For visual read out ten neon bulbs are appropriately
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incorporated in the circuit.

Recording Unib

A triplex Evershed Recording Milliammeter is
uged to record simultaneously the outputs of the three
decade units which show ©tie most significant figures in
the diurnal vearistion of geomaguetic field., The stair
case output voltages from the decades are fed to +the

recording meters tnrough nroper impedance matching.

A change of cne count on a decade representing
units in a Mc/s frequency counting system corresponds %o
a change of 0.08 gamma in the total magnetic field., A
change of one count cn a decade representation ten, hundred
and thousand in a Mc/s frequency counting system correspond
to a change of 0.6, € ané 80 gamma respectively. The
channels representing change in a unit step of 0.8, 8 and
80 gamma are recorded on %he chart. A4 sample record chort is

reproduced in Fig. 3. The chart speed is 1" per hour.

I PrT PROTON MAGMETOMETIR RECORD
AREDABAD  4ulet6

{ sa3a 1o
‘. 33 ¥
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The secuence of operation of the various units
is achieved through a progremmer unit. It consists of a
synchronous ﬁotor geared down to a speed of one revolution
in 20 seconds. This roteotes an assembly of -Gens#va wheels
which are given suitable cuts on the periphery so that
egch wheel makes arc breaks a circuit through a micro-switch
at appropriate instances in each revolution, Tae various
operations menaged by the programmexr unit are shown in
Fig. 4. The switch No., 2 & relay which keeps the detector

coll connected to +the polarizer just prior to each sensin
P J P
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for about four to five seconds, As the cam rotates, the
polarizer is disconnected from the coil and through
another relay opercted by switch 1, the amplifier gets
commected to the sensing coil. This operates the dual
preset counter giving the appropriate gate for passing
on the microsecond pulses, derived from the crystal
oscillator, to the Mc/s counter. During the period
the counting is on switches No. 3, 4, 5 keep three
recording meters shorted. Just prior to each' sensing
switch No. 6 presets the decade counters. Once the
oqunfing is over suitches 3, 4 and 5 are released and the
outpuf of the final three decade counter is recorded

on the meters,

1e2 Comparison of Geomasmetic Pield as recorded by the

Proton Precession Mosnetometer at Ahmedabad with

the field recorded ot magnetic observatory st Alibag

L proton precession magnetometer installed
at Ahmedebad has been recording earth's total magnetic
field intensity since November 1962, The coordinates of

Ahmedabad are given belows

il

Geographic lstitude 23°01'N

Geographic longitude = 72°36'E



Geomagnetic latitude = 14°01'N

Magnetic dip 34°N
The total geonmacnetic ficld is recorded at the interval
of twenty five seconds. Lccuracy of + 1Y is claimed

in the measuremert nzuc by the roton precession magne-
3 P P

tometer.

L typicel magnetogram record. is presented in
Fig. 3. of Chapter 1. The record clearly indicates
diurnal veriation iﬁ the total field. The average range
of diurnal variation in the total ceomagnetic field at
Ahmedabad is about 209 +to 25 ¥ During night-time
total field intensity .practically remain constant, by
sunrise 1t starts increasing, reaches maximum at sbout midday

and later starts felling, reaches night-time value by

sunsct. In Fig.
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each season for the years 1963, 1964, 1965 and 1966,

The total megnetic field variation observed
at Ahmedabad are compared with similar observations made
at a standard nmagnetic cbservatory of Llibag (18.6°N, |
76°E,( Geographio); 24=6Odip). The data used for the
comparison are of thc yecr 1964, The magnetic data published
for Alibag presents variations in H, D and 2 components‘
of the geomagnetic ficld., Tor exact comparison with total
field observations of Ahnedabad, total field is calculated
for Llibag using the relation F2 = H® + V2, TFor the
comparison of the magnetic field variation at the‘two stations

monthly mean Sq varistions derived from the five quiet

days of each montb 13 con51dored —an Fig. 2 are shown
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the 8q variation for each month of thé year 1964. At

Ahmedabad the data for the December month is lost due to



failure of the equivment. It is seen from the diagram
that total masmetic field veriations at ihmedabad are
similar to 4libeg totel field variations. The range of
daily variation at ilibag is slightly more compared to the
range at Ahmedabad. In generzl the range of diurnal
variation in total fielc is less compared to range in H
variation. However the I variation at Alibag and F varia-
tion at iLhmedabed are similar in shape. The daily varia-
tion curves for a few days with different (;b index are

illustrated for both the stetions. Refer Fig., 3 and Fig. 4.
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Besides comparing Sq variation at Alibag and
Ahmedabad comparison is necessary for the daily variation
on the days having various degrees of disturbances., It
is seen above that ihmcedobad B oand Alibag H variations
possess seme character., Here Ahmedabad F and Llibag H
data for the year 1954 are grouped according to the

. Blowing index ranges.

1o CF valuc between 0.0 to 0.4
2e Cﬁ value between 0.5 to 0.9
e Cﬁ value between 1.0 to 1.4

4, Cﬁ‘ velue between 1.5 and more,
Magnetic cheracter figures Cp are prepared by the

university of Gottingen cond published in Journal of

Geophysical Research by J, Virginia Lincoln. Average
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daily magnetic varistion for each group was computed gnd
plotted as shown in the diagram. In the Fig., 5 left hand
side it is geen that Lhmedabad F closely follows Alibag H

in chearacter and nature.

Several magnetic storms have been recorded
at Ahmedabad., TIn our recérds sudden commencement does
not stand out clearly. The increase in total field is
found to be gradual. The storm following SC is determined
from the published data of other magnetic observatories,
If there is some relationship between the occurrence of
magnetic storm and the period of the suns rotation somé
disturbance will be followed by about 27 days after the
initial storn. It is tricd %o group all meagnetic storm
with many series of gtorms following at an interval of about
27 days. Ve find storms have a tendency to recur at an
interval of 27 days. Two Gisturbances during 1963 were
found to persist for seven rotations of the Sun. Oi_
most of the other occossions recurrence for three cycles
was observed, H.W. Newbon (1949, 1950) has pointed out
the recurrence feature of the storm of 24-26 January 1949
and also observed a marked resemblance of the repeating
storm to the first stom in the same ‘sequence., In
certain cases such similarity is observed from Lhmedsbad

records,
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2.1 Brief review of the geomagnetic field in the neigh-

bourhood of the magnetic equgtor

It has been observea long ago that compass
needle executes a regular oscillation during the course
of a day. IBalfour Stewart (1882) connected these magne-—
tic variations with region which we know as the lonosphere,
He postulated existence of electric currents in the upper
atmosphere to account for the daily variation in the
earth's magnetic field., The presence of ionosphere was
implied by Marconi's transatlantic radio wave transmission
in 1901 and confirmed in 1925 by Appleton,and Breit and
Tuve. Schuster in (1908) made remarkable guesses about
the conductivity of the upper atmosphere and gave detailed
theory of dynamo action proposed by B. Stewart, Chapman
(1913, 1919) developed a dymemo theory suitable %o both
solar and lunar variations in the geomagnetic field., He
proposed ten times higher conductivity than that estimated
by Schuster, His qualitative explanagtion: tidal movements
of the neutral atmosphere coupled with the eartht's main
magnetic field generate a sufficient emf ( dynamo action)
to derive currents and produce additional electrostatic
fields (polarization field) capable of moving the plasma
in the ionosphere. The concentration of current flow
takes place in the region where conductivity is maximum‘
I.e. the height at which 2lectro-neutral collision frequency

equals the gyromagnetic frequency. Two current loops (one
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in each hemisphere), fixed in relation to the sun are
proposed, The daily magnetic variations at ground obser-
vatories result as the stations pass beneath the current
systems (Chapman and Bartels, 1940). Currents in the
northern loop flow counter clockwise and those in the
southern loop Clookwiseuleading to a West to East current

flow near the equator.

The ionospheric studies revealed that observed
conductivity was far less than the velue ﬁroposed by
Chapman, Dater investigation on the atmospheric oscillae~
tions by Taylor (1936), Pekeris (1937) and Wilkes (1949)
showed that tidal velocities could be expected to increase
with the inverse square root of air density. Since Chapman's
calculation of the conductivity considered that at all
heights tiéal motions are comparable with the tidal motions
af ground level, the value of conductivity was high. Thus
the theoretical conductivity was brought into a more rea-
sonable agreement with existing observations. Matsushita
(1949, 1950) showed compatibility of low wind speed and

high conductivity in the dynamo region.

As early as 1922 when the Department of
Terrestrial Magnetism of Carnegie Institution establisﬁed
a magnetic observatory ct Huancayo (12°8, 75'.3% - Geogra-
phic) situated very close to the magnetic equator,

abnormally large daily variation in horizontal magnetic
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intensity was noticed. McNish (19235 attributed this
anomally to locally concentrated currents flowing easgt~
wards; the enhancement in eastward currents was ascribed
by him to the non;ooincidence of the earth's geographic
and magnetic axes. Dgedsal (1948) was one of the earliest
to recognise enhancement of Sq(H) range near the equator
as a global phenomenon rather than localised affair as
shown by McNish. Subseguent ﬁeasurememts made by Walter
in Uganda (Chapman, 1948), Pontier (1950) in Togo, Gilesecke
(1951) in Peru, Madwar (1953) in Sudan, Gulatee (1950),
Pramanik and Yegnangrayanan (1952) and Pramanik and
Hariharan (1953) in India showed that enhancement of Sq(H)

is found near the dip equator all along the globe,

Mertyn (1948, 1949) attributed enhancement of
Sq(H) at the magnetic equator to an increase of conducti-
vity .of the ionosphere. Further he suggested that the
conductivity of the ionosphere may. be enhanced if vertical
(Hall);currents are prevented from flowing by polarization,
along lines investigated first by Cowling (1933) for the
solar atmosphere. Cowling and Borger (1948) showed +hat
although Martyn's suggestion could not be accepted in toto
but it was certainly valid in a narrow regipon near the

magnetic equator,

Although the mechanism of +the growth of the

electrojet is not understood completely but its plausible
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explanation in ferms of local enhancement of ionospheric
conductivity has been given by Hirono {1952), Baker and
Martyn (1953). Chapman (1956) has reviewed the ionospheric
conductivity, depending on the magnetic field direction,
collision freguencies and electron density together with
globél pattern of tidal winds which determine the resulting
current density. The various componenets of the conducti-
vity tensor have maxima in the ionosphere at the heighfs

Jbetween 100 km and 150 km,

At the magnetic dip equator the earth's magne-
tic field is horizontal and northward., The electric field
is horizontal and in the eastward direction (perpendicular
to the magnetic field). The Hall effect will produce ver-
tical current flow. This can result in a space charge
that effectively cancels the Hall voltage. Thé conductivity
then approaches the direct conductivity along the magnetic
fieid vector and the current is enhanced in a narrow
}regién. The enhancement of the current about the magnstic
di§ equator is known as eqﬁatorial electrojet gfter

Chapman (1951).

In the past several years after the theoretical
explanation of the clectrojet phenomenon extensive invesgti-~
gations were made towards its distribution, location and
intensity, Most of the discussions on the properties of

electrojet currents have resulted from the geomagnetic
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observations made in the equatorial regions at the grouhd
level wviz. Porbush end Casaverde (1961) in Peru;
Onwumechilli (1959), Ogbuchi and Onwumechilli (1961) in
Nigerias Godivier and Crenn (1965) in Chadj Pisharoty gnd
Shreenivasan (1962), Yacob and Khanna (1966), Chapmen and
Raja Rao (1965), Rao, Rao and Rao (1966) in India. A ma.jor
number of rockets have been launched into the electrojet and
the Sq current system (Cahill, 1959; Meynard, Cahill and
Sastry, 19657 Davis et al, 1967; Maynard, 1967), R. Hutton
(1967) has done an excellent Job of tabulating 211 the
pﬁblished results and deduvc~tions. Recently Onwumechilli
(1967) has reviewed the present knowledge regarding the
equatorial electrojet currents. Table showing electrojet
characteristics from ground;based megnetometer is reproduced

from the review article of Onwumechilli.

hongitudinal variation in the eguatorial

electrojet

Rastogi (1962) studied the enhancement of the
diurnal range of the horigzontal component (H) of the earth's
megnetic field over the magnetic equator in different

longitude zones.

viz. (a) American zone with Huancayo as refe-

rence observatory,
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{by African zone with Ibadan as refe-
rence observatory.
(¢} Indian zone with Kodaikanal as

reference observatory.

For each zone he plotted ratio of H range at temporary
station to reference station against dip magnetic latitude,
and made a comparative study of enhancement of the range

over magnetic equator. He found enhancement of the range

(Refer Fig.l.)
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over the magnetic equator most pronounced in America, less
g0 in Africa and least in India. Price (1964) studied the
quiet day magnetic veriation during the IGY which showed the
great enhancemnt of 39(H) in the immediate vicinity of the
dip equator, His results are tabulated below.

Renges of Sq(X) gamma for stations near the dip

equator:

_Station '~ Dip latitude J-months E-months D-months
Muntinlupe, 7429 88 94 79 -
Chidambaram 2.7° 111 - 137 91
Jarvis 1.1° 116 164 170
Huancayo 1.0° 164 214 177
Koror 0.0® 161 198 160
Trivandrum -0.3° 145 188 120
Addis Ababa -0.5° 136 177 128

Bangui -7.0° 81 95 T

The table indicates taat the jet intensity is greater in
South limerice than clsewhere in agreement with conclusion
reached by Rastogi (1962), The above table indicates another
longitudinal effect, at Huancayo and Jarvis island the range
of 8q(X)._is grcater for the D-months than for the J;months.
Lt Koror the ranges arc about equal ard at Trivandrum and
LAdis Ababa the range for D-months is less than for the

J-months,.
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Studying the SC(H) occurring during the

period 195161, Rasbtogi [1963) showed that the day-time
enhancement of SC(H) is

much weaker at
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Sugiure and Coin (1966) determined crogs—
sectional conductivity profiles for various longitudes
along the dip cquator using a set of 48 gauss coefficients
for the earth's magnetic field., They found electrojet
profile varying apprcciebly with longitude and stated the
reason could be duec to the asyrmetry of the magnetic
field. The maximun currcnt density for 280°E longitude
(Peru) was found to be much more than that for the longi-~
tude 80°E (India)., Their theoretical estimations were

in agreement with the observations.

2.2 Sudden changes in the geomagnetic field near

the dip equator

Many investigators heave shown a close associa~
tion of electrojet current system with the normal Sq current
éystem.A The day-time electrojet is essentially due to the
westward flow of elccirons. The magnetograms give no
indication of night-time ¢lectrojet current, Theoretically
westward flow of clectrojet current should be present.
However experimental verification of night-time current
flow is not available exccpt recent report by Balsley (1966).
It could be dGue primerily to the decreased night-time
electron density or the electrojef phenomenon might be

manifestation of an cnomalous decrease in ilonospheric con-
¢ .

ductivity during night hours which disappear around midday.
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These poséibilities could be tested by the study of short
time changes such s sudden commencements, sudden impulses,
solar flare effects or short time fluctuations in the geo-

magnetic field.

Sugiura (1953) was the first to suggest enhance-
ments of amplitudc of suiden commencements of magnetic
storms at Huancayo during the daylight hours. ZForbush and
Vestine (1955) suggested that the current system causing
the day—time énhancement of the size of SC at Huancayo is
closely associated with the electrojet effect responsible
for large diurnal variation in H at Huancayo. Forbush and
Casaverde (1961) showed for the first time that the ampli-
tude of sudden c\mmeﬁcements in H at midday hours at the
equatorial stations in Peru varied with latitude in a
manner similar to variations at the places of all solar
daily range in H. Rastogi (1963) showed that the average
night;time values of SCs were not significantly different .
~ at Huancayo and Kodaikanal, but the average day-time value

was 120 ¥ at Fuancayo and only about 70 ¥ at Kodaikanal,

Thus these properties of sudden commencements
of amplitudes seemed very analogous to that of normal solar
diurnal variation itself and prompted to study the
variation of suddcn commencements of amplitudes with the
time of the day, latitufe and longitude in greater detailg

During the IGY period a chain of magnetic observatories was
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estabiished in the equatorisl electrojet region in South
America. Ih the Indian zone in the néighbourhood of the
magnetic equator standard maénetic qbservatories were in
operation from quitec few years time, This gave an ideal
oﬁportunity to study sudden changes in the geomagnetic
field_simultanoously in +two zones approximately 180 degrees
apart.) The stations considered in the study are listed

belows:~

Station Dip

Huancayo 1.9W
Yauca 4od B
Chimbote 6.4°N
Chiclayo 9.8°N
Talara 12.6°N
Paramaribo 3%3°N
San Juen 52°N
Trivanadrum 0.7°8
Kodadikanal %,6°N
Annam~l oinagar 5¢3°N
J1ihag 24 ,6°N

Besides storm sudden conmcncements, sudden impulses,
solar flare effects and short period filuctuations are
also included in the study to ensure the reliability of

the results.
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The results from the above mentioned study
are described below. The results are bagsed on the papers
attached at the end. The papers are_assigned numbers
according to the ohronoiogical order. In the description

of the results the papefs are referred by the numbers assigned

to them,

(1) The average character of the decrease of
sudden commencement amplitude with latitude is very simi~
lar to decreasé~of diurncl range of H and thus it is con-
cluded that the latitudinal variation of the amplitude of
sudden commenccments and the electrojet strengths are

similar. (Reier paper I).

(2) The enhancement of SC amplitude at the equator
with respect to that at the mid;latitude is much stronger
for the American zone than for the Indian zone which ig
similar to the longitudinal variation of electrojet strength.

(Refer paper 1I).

(3) The latitudinel variation of solar flare effects
in H is very similar to that of Sq-H range suggesting
electrojet effects. This effect is again more enhanced

in the Americm zone than in the Indian zone. (Refer

paper II).

(4) For any particular zone, the enhancement of

the solar flare effects are stronger than that of sudden
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commencements and it has been suggested that the current
systems for solar flarec cffects are located at lower
heights than that for thc sudden commencements. (Refer

paper II).

(5) In the Indisn zone there has been no syste;
matic latitudinal variation of sudden commencements which
occurred during the night;time hours indicating the absence
of any concentrated electric currents at the equator in the

Indian zone during the night hours. (Refer paper ITI).

(6) In the fmericen zone, the sudden commencements
amplitude during the nighttime have an equatorial enhance-
meht though much weaker than the same for the day-time
indicabing that there is some remnant electric currents
flowing even'during the night hours in the American zone,
Electrojet currents during night-time are stronger in the

American zone compared to the Indian zone.{(Refer paper III).

(7) ) The ratio of fluctuations at any station with
respect to station of thc magnetic equator showed the
decrease with latitude éimilar to that of electrojet currents
indicating that besides sudden chanrges, even fluctuétions,

of the order of 5 to 30mta. periciare also affected by electro-

jet currents. (Refer papcr IV).

(8) The ratio of these fluctuations at equatorial

and non-equatorial stations shows pronounced longitudinal

variation similar to that of electrojet currents. (Refer

paper IV).
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(9)

minimum during the night hours. The mean ratioc for the

This ratio is maximum at the noon hours and

I
t
i
I
i
i

night hours?in the Indian zone is almost equal to unity
suggesting %he absence of equatorial enhancements ﬁhile in
the Lmericen gone the retio is statistically greater than 1.0
suggesting ﬁhe’existenoe of weak electrig currents even

during the #ight hours. (Refer paper IV).

(10) gTbe changesin H due to solar effects is maximum
very close %o the magnetic equator and changes in Z alter
its sign ve#y close to the equator suggesting that the
current sysfems are very approximately to that suggested

by Chapman @ethod due to sheet of thin currents at the

height of about 110 km. (Refer paper IV).

t
(11) ‘The latitudinal veriations of H and 7 at the
equatorial stations during the daytime closely resemble
the curve e#pected from the idealised current system

|
approximating the thin sheet model.

(12) EThe sudden commencenents occurring'at the
night-time in the imerican zone produce changes in % com-
ponent altering its sign at a latitude significantly away
from the maénotic equator and the variations of H and Z
during the night-time SCs cannot be explained by simple

current sysﬁem. (Refer paper V).

d

(13) éThe sudden commencenents occurring at the

night-time in the Indian zone produce changes in % compo-

|
1
1
:
|
i
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nent alteri?g its sign =t awlatitude significantly away
from the m%gnctio eqguator and the variations of H and 2
during.the'gight—time 3Cs cannot be explained by simple
current sy%tom, In the Indian zone even during the daytime
the change bf SC(Z)y sign does not take place at the magnetic
equator. T?e changec—ovel point is slightly north to the

|
magnetic equator. (Rofer paper VI).

(14) ;The latitudinal cnhancement of SCs or SIs at

the equatorﬁal stations in the imerican zone and the Indian
zone for ei%her the daytime or for the nighttime hours were
found to be;identical suggesting that the mechanism for the

occurrence of sudden commcncements or sudden impulses are

|
probably the seme. (Refer peper V).

(15) | The daily veoriation of enhancement ratio at

low 1atitud; stations in the American zone showed élight
differencesébotwcbn oC and SI. The curves for SC gre almost
_symmetrioal%about the locel noon whereas those for SI. are

having the-ﬁaximum,hours before the noon. (Refer paper V).

EThc above meutioned results are discussed in
greater detail in the pepers published. The list of
publioatioh% is given belovig—

I. "Some rélat;ons between the sudden commencement in H

and the!equatorial clectrojet", Journal of Atmospheric

and Teriestrial Phyeing, 1964, Vol. 26, pp. 771-776.

|
|
|
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"Sola% flarc crochot and sudden commencement in H
withiﬁ thc equatorial electrojet region®,
Journal of fLtmosphoric & Terrestrial Physics, 1965,

Vol. 27, pp. 663%-668.

III. “Nightftime sudden commencements in H within the equea~

Iv,

V.

vI.

torial clectrojet —eglon"™, Journal of Atmospheric &

Terrestrial Physics, 1966, Vol. 28, pp. 131-136.
|
"Nigh&-time disturbance fluctuations in geomagnetic

fieldiat ecquotorial stations", Journal of Atmospheric

& Terrestrial Physics, 1966, Vol. 28, pp. 303-310.

|

"Studics of the sudden changes in H at equatorial
t

stations in the American zone®, To be published in

Annalés dc Geophysique in September 1968 issue,

t

|
"Studies of the sudden changes in H and Z at equato-:

rial stations in the Indian zone", To be published
| -
in fnnales de Geophysigue in fourth issue of 1968,
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Some relat';ons between the sudden commencement in H
and the equatorial electrojet

(Recewed 14 April 1964)

TaE sunilarity in the solar diurnal variation of the average size of sudden commencement (SC)
in H and of H 1tself in the equatorial region was shown by FERRARO and UnrHANE (1951).
"Comparing the sizes of SC m H at Huancayo and Cheltenharm, stations on the same meridian
but at different latitudes, SucTuRA (1953) noted a considerable enhancement in the size of
daytmme SC near the geomagnetic equator. FERRARO (1954) found that apart from Huancayo,
other stations e.g. Cheltenham, Tucson, San Juan, Honolulu and Watheroo did not show any
exceptional daytime enhancement of §C. Later the enhancement of SC was found at other
equatorial stations (SRINIVASAMURTHY, 1960; MaTsusHITA, 1960 and MaEDA and YAMAMOTO,
1960). ’

ForpUsE and VEsTINE (1955) suggested that the current system causmng the daytime
enhancement | of the size of SC at Huancayo is closely associated with the electrojet effect
responsible for large dirnal variation m H ab Huancayo. Forsuse and Casaverpr (1961)
showed that the amplitude of SC at the equatorial stations m Peru varied with latitude exactly
I a similar way as the solar diurnal range of H at these stations.

Rastoc1 (1962) has shown pronounced longitudinal mequalities in the strength of the
electrojet, being strongest m the American zone and weakest 1n the Indian zone. Comparing
the sizes of SC observed at Huancayo and Kodeikanal during the period 1951-1961, RasToG:
(1963) showed that the average night-time values of SC were not significantly different at the
two stations, but the average daytmme value was 120 y at Huancayo and only about 70 y at
Kodaikanal. This indicated a longitudmal effect m SC amplitude along the magnetic equator
simmlar to that of the strength of equatorial electrojet.

To elucidate further the relations between the SC size and the electrojet, 1t was felt useful
to compare the equatoral enhancement of the amphitude of S8C during the daylight hours at
stations m the American and in the Indian zones.

In the American zone, a chain of five magnetic observatories in Peru, between the magnetic
latitudes of —2° to -+ 6°, were operative durmg 1.G.Y. and 1.G.C. Similarly, since October 1957,
there have been three equatorial magnetic observatories in India having the magnetic latitades
of —0:3° to +2-7°N.

The amphtudes of the SC at all the Peruvian stations occurring between 1000-1400 hours
L..M.7T. were read from the microfilm copies of the magnetograms obtained through the courtesy
of W.D.C. (A) for the Tonosphere and airglow at Boulder. The variations of H at the various
stations during the period following the 8.C. were found to be very similar to each other. Every
movement or mapulse in one of the magnetograms was easily identified with similar movement
n obhers. Care was taken to measure the amplitudes of S8C between the identical points in the
magnetogram of all the stations. The amphtudes of SC in H at the American stations are given
m Table 1.

The amplitudes of SC at the equatorial stations in India which are mamtamned by the India
Meteorological Department were read from microfilm coples of the magnetograms supphed
by W.D.C.(A) for Geomagnetism 1n Washington D.C. There are some differences between the
values measured by the anthors and those published by the observatories n the 1.G.Y. Bul-
letms. Such differences were specially noted durmg the 8.C’s having a small negative unpulse
followed by the mam positive impulse or in SC’s having series of impulses closely following the
first one, and seem o be due to different points being taken to constibute the amphtude of SC
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by differant observatories. For the present study neglecting the preluminary negative impulse 1f
any, the amplitude of SC was taken as the first positive impulse only. It was found that for
Indian stations also, the rapid variations in H at Trivandrum, Kodaikanal end Anramalamagar
were very similar to each other except for the SC at 1302 hours 75° E.M.T. on 15 July 1959
when the H variation at Trivandrum was not sirilar and abnormally large compared to those
at Kodaikanal and Annamalainagar. '

Figure 1 showsthe tracings of the SCon 9 April 1959 observed at Huancayo, Yauca and Chim-
bote as well as another SC on 29 June 1959 at Trivandrum, Kodaikanal and Annamalainagar.

9 APRIL 1959 " 29 JUNE 1959
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Fig. 1. Tracmgs of H magnetograms during the sudden commencement at the
equatorial stations in the American and the Indian Zones.

Similarities in the movements of the H-traces at all the three stations in the same longitude zone
is clearly seen in the dhagrams.

Further the amplhitude of SC is largest at Huancayo in the American zone and at Trivandrum
m the Indian zone mdicating the enhancement of the amplitude over the magnetic equator.

The SC is listed in Tables 1 and 2 are shown in Fig. 2 as amphtude versus magnetic latitude.
The points for the same SC are joined by a line bearing a number corresponding to the serial
number of the SC mn the corresponding Table.

Considerirg the SC at American stations is is seen that each of the ten SC’s observed near
midday hcurs of L.G.Y. and 1.G.C. has the largest amplitude at Huancayo, less at Yaueca, and
still less at Chimbote. The mean amplitude was 166 y at Huancayc, 131 y at Yauca and 104 ¢
ab Chimbote. The decrease of the amphtude with latitude even within 8° from the magnetic
equator is distinet and definite, mdicating a pronounced enhancement of the SC amplitude over
the magnetic squator.

Considerig the SC at Indian stations the above features are present but to a lesser degree.
The SC ampltude at Trivandrum is only slightly larger than that at Kodakanal. The SC
amplitude at Annamalainagar is always less than that at Trivandrum, but in a few cases it 1s
comparable or slightly higher than that at Kodaikanal. Excluding the SC at 1302 hours 75°
E.M.T. on 15 July 1959, the mean amphtude of 8C was 81 y at Trivandrum, 74 » at Kodaikanal
and 72 y at Annamalanagar. The average amplitude of SC having 166 » at Huancayo and only
81 y at Trivandrum for the same period confirms an earlier suggestion (Rasrocs, 1963) about this
longitudinal inequality in 8C amplitude over the magnetic equator. Further the change of SC
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amplitude within 3° from the magnetic equator is only about 10 y 1 the Indian zone as compared
to about 60 y within the same latitude range in the American zone.

To compare the relative enhancements of the SC amplitude over the magnetic equator
ratios were found of the average amplitudes at any station with respect to the station closest
to the magnetic equator viz. Huancayo for the American zone and Trivandrum for the Indian
zone. The latitudingl varations of these ratios are plotted in Fig. 3. The analysis of other
stations e.g. Chiclayo and Talara m American zone and Alibag i Indian zone afe also included
in Fig. 3 to compare the latitude variations over the whole equatorial electrajet region. The
curve for the American zone 1s much sharper than the same for the Indian zone. These curves
are analogous t¢ the curves given for the enhancement of the solar diurnal range of H m the two
zones (RasToar, 1962). ‘

Thus there 1s & more pronounced enhancement of the amplitude of SC in H at the American
stations, analogous to the strongest enhancement of the solar diurnal range of H in the same
zone. Ibis cancinded that the equatorial enhancement of the amphtude of SCin H 1n a particular
longitude zone is associated with the strength of the equatoral electrojet in the same zone and:
there exists definite longitudinal differences in the amplitude of the sudden sommencement,
boing on the average largest 1n the American zone and weakest m the Indian zone.

Aclnowledgemens—QGrateful thanks are due to the Directors of the Instituto Geofisico del Peru,
the Colaba and Ahbag Observatories and the Astrophysical Observatory Kodaikanal for per-
mission 0 use the data collected by their staff and to the World Data Centres in Boulder and
Washington for supplymg the microfilm copies of the magnetograms. Thanks are also due to
Mr. B. N. Bearzava and Mr. K. N. Rao for giving useful additional mformation and to Prof,
K. R. RamMaraTsaw for stimulating diseussions and suggestions during the course of the study.

Physical Research Laboratory R. G. Rasroar
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Solar flare crochet and sudden commencement in H within
the equaforial electrocjet region

(Received 11 Auguss 1964)

AN ENEANCEMENT of the amplitude of sudden commencement (SC) of magnetic storms in the
horizontal component, H, of the earth’s magnetic fleld, during daylight hours has been found
at equatorial stations (SUGIURA, 1953; FERRARO, 1954; SRINIVASAMURTEY, 1960; MAEDA and
Yamamoro, 1960). ForBUsH and CasavERDE (1961) showed that the amplitude of SC in H
during mid-day hours at the equatorial stations in Peru varied with latitude m a manner very
similar to the variation at these places of the solar daily range of H. RasTocr ef al. (1964)
showed that the equatorial enhancement of SC in H is stronger in the American zone than in
the Indian zone which is similar to the longitudinal variation of the electrojet. ForBUsE and
VesTINE (1955) suggested that e.m.f’s generated in the polar regions durmg SC mmpel the
dynamo current to flow over a large part of the earth, some of which is concentrated along the
narrow electrojet belt of high electrical conductivity at a height of 100-120 km over the
magnetic equator. .

One of the effects of a solar flare is to cause a short-hved increase in H in the sun-lit hemi-
sphere. The amplitude of these magnetic “crochets™ in H at Huancayo has been found by
NacaTa (1952) to be abnormal compared to those at other low latitude stations. ForBUSH
and CasaveRDE (1961) showed that the amplitude of magnetic crochets in H at Peruvian stations
varied with latitude in a manner smnilar to the diurnal range in H and that a band current
with the same geometry as that presumed to be responsible for the equatorial electrojet could
also account for the crochets. Krrison (1955) suggested that the currents causing the crochets
at the time of solar flares may be located at a lower height, about 60--70 km, than the current
system responsible for the diurnal variation. Vorrano and TauBeEnmEEIM (1958) found a
systematic phase difference between the S, and crochet current system and estimated that
both E-layer and D-layer contribute equally to the geomagentic s.f.e.

In this article, we have studied the amplitudes of solar flare crochets and SC’s in H occurring
during daylight hours (0700-1800 hours L.M.T.) at the Peruvian and the Indian stations
operating durmgI.G.Y.and I.G.C. These amphtudes were read from microfilm copies of magneto-
grams of these observatories obtained through the courtesy of World Data Centres for Yonosphere
and Awrglow at Boulder U.8.A. and for Geomagnetism at Washington D.C. The occurrences of
crochets or SC’s were checked against lists published it JAGA. Bulletin Nos. 12e, 12m, and 12n,.

In Fig. 1 are shown the amplitudes and the local time of occurrence of individual crochet in
H observed during I1.G.Y-L.G.C. at Huancayo and Trivandrum. It is seen that at either of the
two stations the larger amplitudes are found in the morning than m the afternoon hours. As
the two stations are about 150° apart in longitude, the above effect cannot be attributed to any
Universal Time Effect of the occurrence of stronger crochets. The diurnal curve of the mean
amplitude is asymmetric with a peak occurring earlier than the local noon. There is no sig-
nificant difference in the probability of occurrence of crochet at different times of the daylight
hours.

In Fig. 2 are shown the amplitudes of the crochets observed near noon hours simultaneously
at the three stations near the magnetic equator viz. at Huancayo, Yauea and Chimbote for the
American zone and at Trivandrum, Kodaikanal and Annamalainagar in the Indian zone.
These crochets are listed in Table 1. The numbers in Fig. 2 on the line joining the points for
the same crochet observed at three stations are the serial number of the crochets listed in Table 1
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Table 2. Amplitude of solar flare crochets and sudden commencement in H
curing I.G.Y. and I.G.C. at equatorial stations in American and Indian zones

Sudden
Crochet in H comraencement in H
Magnetic Mean Mean
Station dip amplitude mean ratio amplitude  Mean ratio
4 V4
Huaneayo 2:0°N 43 1-00 4- 0-00 154 1-00 4 0-00
Yauca 4-4°8 32 0-75 + 0-05 121 0-80 + 0-05
Chimbote 64° N 21 052 + 0-07 86 0-62 4+ 0-03
Chiclayo 9-8° N 13 0-31 + 0-07 71 0-49 + 0-05
Talara 12-6° N 10 0-25 - 0-06 58 0-39 + 0-06
Trivandrum 0:6°8 26 1:00 + 0-00 75 1-00 + 0-00
Kodaikanal 34°N 24 0-86 4 0-07 70 0-93 - 0-08
Annamalainagar 5-4° N 21 0-82 4+ 011 68 0-90 L 0-07
Alibag 24-5° N 9 0-39 4 012 35 047 + 0:15

for the corresponding zone. It is seen that the amplitude of crochet in H decreases in all
cases as one proceeds from Huancayo, Yauca to Chimbote within about 2-3° in magnetic
latitude. Similarly for most of the cases the amphtude decreases progressively from Trivandrum,
Kodaikanal to Annamslainagar. However the decrease seems to be larger in the American than
in the Indian zone for the same change in latitude. To elucidate this point more clearly for a
particular event a ratio was found between the amplitude at any station to that at the station
nearest to the magnetic equator viz. at Huancayo for the American zone and Trivandrum for the
Indian zone. In Table 2 are listed the mean magmitude as well as the mean ratio together with
its standard deviation of the amplitude of solar flare crochet and sudden commencements in
American and Indian zone for the period L.G.Y.-I.G.C. The mean ratios for the amplitude of
solar flare erachet normalized to the value of 1-0 at the magnetie equator are plotted against
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Fig. 8. Variation with magnetic dip of the amphtude of solar flave crochet in
H within the equatorial eclectrojet region of the American and Indian zones.
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the magnetic dip angle in Fig. 3. It is clearly seen that the decrease of the amplitude of crochet
with inereasing dip from the equator is much faster for the American than the Indian zone or
in other words the equatorial enhancement of the amplitude is more pronounced in the American
zone. Rasroar (1962) has shown that the daily range of H at equatorial stations decreases
with increasing dip angle at a faster rate :n the American than in the Indian zone. Thus the
longitudinal differences in the latitudinal variation of the amplhitude of crochet in H and the
strength of electrojet currents are in good eorrespondence.

In Fig. 4 are compared the latitudinal variation of the ratios of crochets and SC’s for the
two zones separately. It is seen that the ratio &t any station is less for crochet than for SC.
This difference is statistically significant for the American zone but for the Indian zone the

vol IGY~16C

G-8f-

- AMERICAN ZONE

RATIOS OF SC AND OF CROCHET IN H

1 | I |
0 5 10 15 20 2
MAGNETIC DIP °N OR %S

Fig. 4. Variations with magnetic dip of the sudden commencement and solar
flare crochet in H within equatorial electrojet region of the American and Indian
ZOnes.

difference in the ratios of crochet and SC is smaller than their standard deviations and so should
be considered with some caution. However, it 1s quite evident that the equatorial enhancement
of the amplitude is stronger for crochets than for SC’s

Thus the comparative study of the amplitudes of solar flare crochets and SC’s at low latitude
stations suggests that the current system for these two phenomena may not be identical. The
‘stronger equatorial enhancement of the crochets than of SC’s indicate that the solar flare current
system is situated at lower height than the SC current system.

CONCLUSIONS

The mean daily variation of the amplitude of solar flare crochet in H is asymmetric about
noon, the maximum being in the forenoon hours.

The equatorial enhancement of the amplitude of solar flare crochet in H is more pronounced in
the American than in the Indian zone, corresponding to similar variation of the electrojet
current strength.

For a particular zone the equatorial enhancement of the amplitude of solar flare crochet in
H is more pronounced than that of sudden commencement of magnetic storms.

The current system for solar flare crochets and SC’s seem to be qualitatively similar but
located at different altitudes, the one for crochets beirg lower.
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SHORT PAPER

Night-time sudden commencements in H within the eguatorial electrojet region

R. G. Rasroez, N. B. Trivep: and N. D. KausHIRA
Physical Research Laboratory, Ahmedabad-9, India

(Received & January 1965)

Abstraet—It is shown that during the night the change of H a,ccompa,nymg a SC 18 greater at small
magnetic dips than at large magnetic dips m the American zone but that this difference 1s not so clea,rly
marked in the Indian zone.

AN ENHANCEMENT of the amplitude of sudden commencement (SC) of magnetic storms in the
horizontal component, H, of the earth’s magnetic field, during daylight hours has been found at
equatorial stations (Sucrura, 1953; FERRARO, 1954; SRINIVASAMURTHY, 1960; Marpa and
Yamamoro, 1960). ForBusE and CAsAVERDE (1961) showed that the amplitude of daytime
SC in H is enhanced over the magnetic equavor in the same way as the daily range in H itself.
RasToc1 e al. (1964) showed that the enhancement of SC amplitude in H occurring arcund noon
is more pronounced in the American than in the Indian zone. It was concluded that the equa-
torial enhancement of noon time amplitude in H is very closely associated with the strength of
the electrojet in that particular zone. It was felt necessary to study the latitudinal variation
of SC amplitude during night-time when the ionospheric E-region conduectivities would be
extremely low and hence the electrojet currents would be very weak. The amplitude of SCin H
occurring between 2100 and 0300 hours L.S.T. at the magnetic observatories in the American
and Indian zone operating during I.G.Y. and 1.G.C. were read from the microfilm copies of the
magnetograms as described in (RasTogI ef al., 1964).

In Fig. 1 are shown retraced portions of the magnetograms of the S3Cs during the mght-tlme
on 17 August 1958 and 19 August 1959 at the American stations. It is clearly seen that the
fluctuations at all the stations are very similar but the amplitude of SC progressively decreases
from Huancayo to San Juan indieating an enhancement of the amplitude over the magnetic
equator.

In Fig. 2 are shown the retraced portions of magnetograms of the SCs during the night-time
on 17 July 1959, 21 July 1958 and 31 May 1958 at the Indian stations. The fluctuations at these
stations are also very similar to each other buv the amplitudes of SCs do not show any systematic
variation with latitude.

For any particular SC a ratio of the amplitude at each station was found with respect to the
game at the station closest to the magnetic equator in that longitude zone. The reference
stations being Huancayo for American zone and Trivandrum for the Indian zone. A mean ratio
together with its standard deviation was found separately for the SCs occurring between 1000
and 1400 hours and between 2100 and 0300 hours L.8.T. for each station of the American and
Indian zones.

Tables 1 and 2 give the night-time SC amplitudes in gammas and the amplitude ratio with
respect to the corresponding reference observatory for the American and Indian zone, respec-
tively. The values of amphtude ratio of the daytime SC, are also given for comparison. These
amplitude ratios are plotted in Fig. 3.

Within the American zone, the ratio of SC amplitudes shows a distinet maximum over the
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magnetic equatcr during the midday as well as midnight hours, the former being more pro-
nounced. The amplitude of night-time SC in H at Talara (magnetic dip 12-6°N) decroases to
& value of 0-69 t-mes the same at Huancayo (dip 1-9°N), consequent of the decrease of magnetic
latitude by about 5-0°. Thus the enhancement of night-time SC (H) amplitude over the magnetic
equator in the American zone is very significant and is of the same order as the enhancement of
daytime SC (H) amplitude over the magnetic equator in the Indian zone.
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Fig. 1. Tracings of H magnetogram during the night-fime sudden commencements
in H at American Stations.

Within the Irdian zone, there is distinct enhancement of the SC (H) amplitude during the
daytime hours, the largest amplitude occurring st Trivandrum (dip 0-6°S). During the night
time hours the amplitudes of 8C (H) at Trivandrum and Kodaikanal are not gignificantly
differens from each other, the ratio ranges between 0-91 and 1-09, the mean ratio being 1-00 +
0-06. However the SCs at Annamalainagar are in general larger than those at Trivandrum or
Kodaikanal, the mean ratio being 1-21 + 0-09. The amplitudes of SC at Alibag are of the same
order as at other Indian stations, the ratio being 0:99 + 0-13. Thus it is definite that unlike
Americen zone, the enhancement of night-ttme SC amplitude over the magnetic equator is
absent in the Indian zone. Rather there seems to be small decrease of amplitude over the
magnetic equator or a small enhancement over the latitude of Annamalainagar {dip 5-4°N).

ForBusk and Casaverpe (1961) have studied four 8Cs oceurring during the night-time in
the American zons and did not find any latitudinal variation of the amplitude of SC in H. How-
ever, the deviatian in vertical field changed its sign at 8°S which corresponds ‘to the location of
cosmic ray equator ab the same longitude. They suggested that the current system responsible
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for 8C on the dark side of the earth may also flow in the upper atmosphere. ONWUMECHILLI and
OcBUEHL (1962) have studied the latitudinal variation of the amplitude of fluctuations in H
in the American zone during the daytime and night-time hours. They found the presence of
equatorial enhancement in the amplitude of fluctuation during the daytime as well as the night-
time hours. However the values of amplitude ratios for different stations given by them indicate
that the equatorial enhancement is more pronounced during the daytime than the night-time

AMERICAN ZONE
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Pig. 2. Tracings of H magnetograms during the night-time sudden commencements
in H at Indian stations.

hours. ‘Yacos and Kmanxa (1964) have shown that the equatorial enhancement of the ampli-
tude of fluctuations in H in the Indian region is distinet during the daytime hours but is absent
during the night-time hours. :

The present analysis shows that the enhancement of the night-time SC is significantly
pronounced in the American zone and rather doubtfully pronounced in the Indian zone. Actually
the night-time enhancement of the amplitude of SC in H in the American zone is comparable to
the daytime enhancement of SC in the Indian zons during the mdidday hours when the electrojet
curfent is maximum in that longitude zone. If the amplitude of sudden commencement in H is
assumed to be proportional to the instantaneous value of the electrojet current flowing in that
longitude zone, then the electrojet currents during the night hours over the American longitudes
should be almost as strong as the electrojet eurrents during the daytime hours in the Indian
longitudes. Thus it may be concluded that the electrojet currents during the night-time hours
are absent or very weak in the Indian zone but quite strong in the American zone.
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Table 2. Amplitudes of sudden commencements in H during I.G.Y.~L.G.C. at Indian
stations and their ratio with respect to the same at Trivandrum

Time Trivandrum Kodaikanal Annamahangar Albag
Sr, 75° amplitude amplitude ratio amplitude ratio amplitude ratio
No. Date B.M.T. [¢%] (O ) (42
NicrT-TimE SC (2100 to 0300 hours)
1 Nov. 6, 1957 2320 44 48 1.09 62 1-41 32 0-73
2 Feb. 16, 1958 2142 23 24 1-04 31 1-35 26 113
3 Mar. 25, 1958 2041 49 50 1-02 64 1-20 53 1.08
4 May 31, 1958 2152 44 45 102 53 1-30 49 111
5 June 8, 1958 2229 9 8 G¢-90 12 1-33 11 1.22
6 June 14, 1958 2328 22 24 1-09 28 1-27 26 1-19
7 July 21, 1958 . 2137 2 66 0-92 72 1-60 64 0-88
8 July 31, 1958 2030 22 24 1-09 28 1.27 21 0-95
9 Oct. 27, 1958 2023 13 13 1-00 15 1-23 13 1-00
10 Dec. 16, 1958 0122 15 14 0-93 17 1-13 14 0-93
11 Dec. 17, 1958 2318 41 39 0-95 45 1-09 37 0-90
12 Apr. 9, 1959 2328 35 38 1-08 37 1-06 36 1-03
13 May 8, 1959 0120 11 11 1-00 (12) _ 10 0-90
14 July 11, 1959 2125 108 96 091 110 1-04 80 076 1
15 July 17,1959 2138 155 160 1-03 179 1-16 175 112
16 Sept. 4, 1959 - 0300 34 33 0-97 40 118 34 1-00:
Meoan of midnight SC 1-00 £ 0-06 1-21 4 009 0-99 4- 0-13
Mean of midday SC :
(1000 to 1400 hours L.S.T.) 091 4 0-06 0-89 £+ 0-07 041 4- 0-11
£ INDIAN ZONE
127 $emo
2,
’
1o odg
Z .0 1GY-1GC

o

MEAN RATIO OF SC
o
@

os— N T Tt
L 7 1
o4k \I
C , MiD-pay
N U TN N NN NN TS AR M 11:
o 54 20° 30° 40° ES;
MAGNETIC DIP

Fig. 3. The variation with magnetic dip of the mean ratio of amplitude of SC in
H occurring during the midday and midnighs hours at American and Indian zones
during the 1.G.Y., 1.G.C.

'
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This differerce in electrojet during the night-time at the two longitude zones may be associ-
ated wizh similar differences in other geomagnetic and ionospheric variations during the night

hours and require further investigations.
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Abstract—The fluctuations in horizontal geomagnetic field H, during the night-time magnetic
storms ab stations within the equatorial electrojet are studied. The mean ratio of the amplitudes
of corresponding fluctuations in H at Huanecayo (dip 2°N) to that at San Juen (dip 52°N) is
about 80 for the midday hours and about 1-7 for the midnight hours, A close similarity in the
night-time fluctuations of AH is noticed ab all equatcrial stations in Peru, the mean amplitude
having a maximum over the magnetic equator; within a distance of 6° latitude from the mag-
netie equator the amplitude is reduced to 0-8 times its equatorial value. It is concluded that the
fluctuations in AH during the night-time hours are significantly enhanced over the magnetic
equator for the American zone where the daytime equatorial electrojet currents are strongest,
and are due to the remnant equatorial current systern flowing during the night-time hours.

Ferraro and UnTHANK (1951) and Suerura (1953) showed that the amplitudes
of sudden storm commencements are enhanced at Huancayo during. the hours
of sunlight. Later the enhancement of SC has been found at other longitudes
(SEINIVASAMURTEY, 1960; MarsusHiTA, 1960; MarpA and Yamamoro, 19860).
Foreusu and CasaveRDE (1961) have shown that the latitudinal variation of the
amplitude of SC in H and that of the range in H at equatorial stations in Peru are
very similar to each other. RasToc1etal. (1964) have studied thelatitudinal variations
ofthe amplitude of SCin H at stations in American and Indian zones for the IGY-I1GC
period and have shown that the enhancement of the amplitude over the ma,gnetw
equator is more pronounced in American than in the Indian zone.

ForaUsE and, CASAVERDE (1961) have found that the deviation in the vertical
field (AZ) at Peruvian stations due to the S8C in the night-time changed its sign at
about 8°S geographie latitude and suggested that the equatorial current system on
the dark side of the Earth may also flow in the upper atmosphere. RAsTOGT ¢f al.
(1966) have studied the SC in H occurring during the night-time at equatorial
stations in the American and the Indian zone during IGY-IGC, and found that the
enhancement of night-time SC in H is significantly pronounced in the American zone
and rather doubtfully pronounced in the Indian zone. The ratio of amplitude of SC
in H at San Juan to the same at Huancayo was found to be 0-16 4 0-07 for the
daytime hours and 0-60 - 0-14 for the night-time hours. However, the ratio AH at
Alibag/AH at Trivandrum was found to be 0-41 + 0-11 for the midday and 0-99 -+
0-13 for the midnight hours. They suggested the existence of remnant current system
over the magnetic equator in the American zone even in the night-time hours.

ForeusH and VESTINE (1955) have shown that the deviations of H during the
initial phase of the magnetic storm are also enhanced over the magnetic equator.
ONWUMECHILLY and, OGBUEHI (1962) have shown that the fluctuations in H in African

3 . 303
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zone are enhanced over the magnetic equator during the daytime as well as during
the night-time. Comparing the ratio of irregular storm variations at an equatorial
and non-equatorial observatories both in the same longitude zone, CHAPMAN and
Rasa Rio (1963) have shown the daytime enhancement of the irregular storm
fluctuations and indicated that the enhancement does not continue throughout the
night. They found that the daytime enhancement was greatest for the Pacific pair
of stations and least for the Indian pair, but have not shown the same for the
American zone. Having found that the SCin H during the night-time is significantly
enhanced over the magnetic equator along the American zone even during the night-
time hours, it was felt necessary to study the irregular fluctuations in H following
the magnetic storms at stations along the American zone.

Huancayo (12-1°8, 75-3°W, dip 1-9°N) and San Juan (18-4°N, 66-1°W; dip 52°N)
were chosen as the equatorial and non-equatorial observatories respectively within
the Americen zone. There is a difference of only 37 min between the local mean
times at the two places and so no corrections are made in the observed individual
fluctuaticns at the two places. Significant fluctuations in H at Huancayo and San
Juan having close correspondence were noted and peak to peak deviations AH(HU)
and AH(SJ} were measured. Figures 1 and 2 are the tracings of H magnetograms
at Huancay> and San Juan showing significant fluctuations during the night-time
and the dawbtime hours respectively. It was found that most of the night-time
fluctuations have very close correspondence at the two stations as seen in Fig. 1.
‘During the daytime hours, very large and frequent fluctuations were observed at
Huancaye many of which were not reproduced in San Juan. Further very large
daily variation in H at Huancayo causes large error in measuring the peak to peak

value of the fluctuations caused by only the storm effect. So only sharp fluctuations -

of duration I2ss than 30 min were read. Consequently comparatively fewer observa-
tiona could ke obtained for the daytime fluctuations having correspondence between
the two places. The ratio AH(HU)/AH(SJ) were computed for each fluctuations
and 427 such ratios were obtained spread over all hours of the day -and night. These
ratios were grouped according to the local time of the peak at Huancayo. The mean
value AH(HU)YAH(SJT) was calculated for each hour and is shown in Fig. 3. The
diagram also shows the standard deviation of each of the mean ratio.

Tt is interesting to note that only 17 out of 427 cases were found when the ratio
AH(HU)/AH(SJ) was equal o or less than unity. There is a distinet enhancement
of the fluctuations during the daytime, the smooth curve passing through the points
for the individual hour is asymmetric abont noon. If the local time difference were
taken into account the maximum of the ratio should be shifted at a time later than
noon, while he observed maximum is earlier than noon. Similar curve given by
Crarvax and Rasa Rao {1985) for Jarvis/Honolulu pair clearly indicates the peak
at 11 hr. Tt may be noted from RasTocI ¢ al. (1965) that the mean daily variation
of the amplitude of solar flare crochet in H at equatorial station is asymmetric about
noon, the maximum being in the forenoon hours.

The individual values of the ratio for midday hours varied over:a large range due
to reasons mentioned earlier, giving rise to large standard deviation of the mean
ratio. The mean value of the ratio for 9-13 hr is 8-00 X 3-4 for Huancayo and
San Juan pair. The mean value of the ratio over 9-13 hr derived from the curves

f
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Fig. 3. Variation of the ratio of AH at Huancayo to the same ab San Juan at

different times of the day.

giver. by Chapman and Raja Rao is 4-3 for Jarvis/Honolulu pair; 2-7 for Koror/
Muntinlupa pair and 2-3 for Trivandrum/Alibag pair. Rastocr ef al. (1966) have
found the ratios of midday SC (H) amplitude to be 625 for Huancayo/San Juan
pair and 244 for Trivandrum/Alibag pair. Thus the daytime enhancement of storm
fluctuations in H is greatest along the American zone, and least along the Indian
zone and intermediate along the pacific zone. This is very similar to the longitudinal
variation of the daily range of H along the magnetic equator (Rastocr 1962). Thus
the daytime storm fluctuations in H are enhanced over the magnetic equator and
are further related to the strength of the normal electrojet in the particular longitudes.

The mean ratio of AH(HU)/AH(SJ) for storm fluctuations during the night-time
hours vary.between 1-50-2:20, the mean value over 2200-0200 hrs 756° W.M.T. is
1-73 4 0-66 and hence is significantly greater than unity., The corresponding value
derived from the curves given by CEaPMAN and RaJ Rao (1985) are 1-18 for Jarvis/
Honolulu pair, 0-80 for Koror/Muntinlupa pair and 0-95 for Trivandrum/Alibag pair.
Rastoar et al. (1966) have found that ratio of miduight SC in H to be 1-67 for
Huancayo/San Juan pair and 1-01 Trivandrum/Alibag pair. Thus it may be con-
cluded that during the night-time the storm fluctuations are enhanced over the
magnetic equstor along the American zone, to lesser degree along the Pacific zone
and the effect is not evident along the Indian zone. This behaviour is again analogous
to the longitudinal variation of the electrojet strength.

Te further check the electrojet effect in the storm time fluctuations series of
magnetograms at closely spaced observatories in Peru viz. Huancayo (dip 1-9°N),
Yauca (dip 4-4°S), Chimbote (dip 6-4°N), Chiclayo (9-8°N) and Talara (dip 12-6°N)
during two post-storm fluctuations have been reproduced in Fig. 4 for the daytime
hours and Fig. 5 for the night-time hours. Referring to Fig. 4 one sees that the
fluctuations are very faithfully reproduced in all the five magnetic observatories.
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A gradual and distinct decrease of the amplitude from Huancayo to Talara is clearly
noticed. Further the enhancement of the amplitude at Huancayo in relation to the
same at other observatories is more pronounced for the hours around noon than for
the evening hours.

Referring to Fig. 5 one sees a remarkable similarity in the fluctuations at indi-
vidual observatories. A close examination of the relative amplitudes indicate that
the amplitude decreases steadily from Huancayo to Talara. The mean ratio of the
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Fig. 4. Tracings of H magnetograms at equatorial observatories in Peru during
the daytime disturbances.

peak to peak fluctuations at each station with respect to the same at Huancayo
have been computed and are plotted against the magnetic dip in Fig, 6. There is a
distinct maximum of the ratio over the magnetic equator. The ratio rapidly falls to
about 0-6 at Talara which is about 6° away from the equator. Beyond Talara the
ratio decreases very slowly, it decreases from a value of 0-65 at Talara to a value of
0-57 at San Juan (Geog. lat 18-4°N). Thusitis concluded that the night-time storm
fluctuations in H are sharply enhanced over the magnetic equator similar to various
other phenomena associated with the equatorial electrojet.

If the enhancement in the amplitude of storm-time fluctuations of the horizontal
component, AH, over the magnetic equator during the night-time is due to the
remnant night-time equatorial electrojet then one would expect the corresponding
variations in the vertical magnetic field, AZ, also to be controlled by the equatorial
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electrojet. Variations of AH with latitude during sudden commencements and solar
flares have been described in earlier papers Rasroaci ef al. (1963, 1966). The mean
ratios of AH,/AHyand AZ,/AH,; where H, is the change in H at Huancayo and
AH, and AZ, are the corresponding changes in H and Z respectively at any other
‘gtations, are calculated for daytime sudden commencements, solar flare effects and
night-time sudden commencements at all the Peruvian observatories. The latitudinal
variation of AH,[AH, and AZ,/AH, for these three disturbances are shown in the
Fig. 7. ' : ’
It is seen from Fig. 7 that the maximum value of AH, [AH, during S.F.E. or SC
occurs close to Huancayo. The AZ, {AH, also changes its sign at Huancayo which is
about 1° north of the dip equator. In the case of night-time 8C’s the maximum value
of AH,JAH, occurs close to Huancayo but AZ,fAH, change sign somewhere between
Chimbote and Chiclayo. :
Assuming the electrojet to be confined in a band of uniform current density and
having a;certain width flowing at a certain height above the surface of the plane
earth one expects that there. would be maximum H at the centre of the electrojet
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where AZ wauld change its sign (Crapman, 1951; OnwoMmecHILLI, 1959). If the
observed charges in H and Z are due to the super-imposition of the electrojet effect
over the effect due to normal S current then the peak in AH and zero value of AZ
would be shifted from the position of the dip equator by an amount depending upon
the amplitude and phase interaction between the electrojet effect and the normal
variation. . ‘

Along the Peruvian longitudes the dip and dipole equators are respectively at
13°S and 11°S geographic latitude. The centre of the electrojet, at Huancayo is
midway between these equators. Still the existence of the peak AH at Huancayo
and minimum |AZ| near Chimbote for the night-time SC’s is not clearly understood.

CONCLUSIONS

The daytime storm fluctuations in H are enhanced over the magnetic equator
and are related to the strength of the normal electrojet.in the particular longitude
zone. 4

The night-vime storm fluetuations in H in American zone is enhanced over the
magnetic equator similar to various other phenomena controlled by the equatorial
electrojet, suggesting the existence of a remnant equatorial electrojet current during
the night-titne. No such enhancement is seen for the Indian zone.

1
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2.3, X Studies of the sudden changes in H at Fqua-

torial stations in American gone

/

Summary

The storm sudden commencements (SC) and sudden
impulses (SI) in H at ecuatorial stations in American zoﬁe
during IGY/IGC are discussed. The occurrence of SI is
most frequent around midday whereas distribution of SC
frequénoy with local time is uncertain., The amplitude of
both SC and SI at the equatorial stations are enhanced
during daylight hours. A%t any particular hour the ampli-
tudes are enhanced only over a narrow gone over the magne-
tic equator. The enhancement is identical for SC and ST,
It is suggested that the mechanism for equatorial enhance;

ment for S8C and ST is same,

Introduction

A significent difference in the daily variation
of the amﬁlitude of sudden commencement (SC) of magnetic
storm at the équa&orial station Huancayo and at other
stations was first‘pointed out by Ferraro and Unthank (1€ .1);
the maximum ampiitude at Huancayo occurred around noan |
while at other gtatione it had a tendency to occur around
mid;night. The maximum amplitude at Huancayd was considera-

bly larger than at other etations. Similar noon-time

o‘}n
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maximun of the SC and SI amplifude have been reported for
equatorial stetions by other authors (Sugiura, 1953,
Srinivasa Murthy, 1960, Matsushita, 1960, Maeda and
Yamamoto 1960a, 1960b). Comparing the amplitudes for the
same SC!'s in H at ecuatorial stations within the same
longitude zone, Rastogi et al (1964) showed an enhance-
ment of the amplitude occurring around 10-14 hrs. L.M.T.
over the magnetic equator very similar to the latitudinal
variation of the deily ronge of H, TLater Rastogi et al
(1966a and‘b), pointed out that, during night;time at
stations in the American zone, the amplitude of SC in H
was slightly enhanced ovor the magnetic equator (although
not comparable to the midday enhancement) and that the
fluctuations in H were also slightly enhanced. Therefore
it seemed worthwhile %o study in detail all the sudden
changes in H at equatorial stations, The present paper
discusses the daily variatiorn in amplitude of storm sudden
commencements (SC) and sudden impulses (8I) in H at

American stations during IGY/IGC.

The stations studied and their coordinates are
given in Table 1. The wmoplitudes of sudden changes (SC or
ST} were read from the microfilm copies of the magnetograms
obtained through the courtesies of W.D.C. for Geomagnetism
in Washiﬁgtom T.C., U.S.h. Occurrence of SC .or SI were

checked with the lists published in IAGA bulletins Nos.

o a
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The geograp.lc coordinates and magnetic dip

angle of the stations studied

Table-1.

Station Dip Geog. lat. Geog. long.
Huancayo 1.9°N 12°903%S TH920'W
Yauca 4,4°5 1503213 TACLOYW
Chimbote 6,4°N ge06's 789361 W
Chiclayo 9.8°N 64818 T9°48'W
Talara 12.6°0 4°3818 81°18'w
Paramaribo 33N 5°49'N 5Hh°131Y
San Juan 52°N 18°01'N 66°09'W

121, 12m@ and 12n2 giving list of rapid variations for the
years 1957 to 1959, The sudden changes in all the three
components of the magnetic field occurring at the same
time which were precedec by a quiet condition and followed
by disturbed comdition werc designated as SC, while others

were designated os sudden impulse SI, The amplitudes of §C

ct

or SI were read as those hetwsen the predisturbed level to
the first major peak following the sudden change., Care was
taken to measure the emplitude between identical points on
the magnetograns of different stations, and only those

events were utiliescd in the analyses which were identified

o
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at all the stations.

Ls described by carlier authors (Ferraro et al,
19513 Beagley, 1952) the SC or SI may have major positive
deviation or major negative deviations, and at times these
may have preliminary ‘small deviations in a direction

reverse to the main on.. Following lLkasofu and Chapman

(1960) these are demoted as SC(+), SC(-), SC(+ =) or

s¢(~- +) indicating the sign of the change (S) in H and also

their order, when therc are changes of more than one sign,

Few examples of SC and ST observed at Huancayo are shown

in Fig. 1. The mognetogrens contain normal recordings of

HUANCA YO ]l
=11 = |
2s MAR 58 ( } 23 AUGSS \
; ! ! w ,mbv,\ sct !
/uxé; Y |
_//‘ ..__,L/""""‘ o ‘
. 23 229 4 G2 MR
—+ 117 =
+s~
3ocY sa ‘ ; 14 “AR 58 ] j
AN e
BN ]
i : ; |
, NE AT
06 08 10 12 14 |5 ge ;z ‘ann |
75 WM, |

Fi-ure.,1,.
H, Dy, 7 as well as insensitive recording of H., The Figs,
1(a) and 1(b) show conventional SI+ and SC+ respectively
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consisting of>on1y positive rain deviations of H, Simul-
taneous deviations in » and % components are also seen,

‘Fig. 1(c) shows an example of SI consisting of a small
positive deviation followed by a major negative deviation

in H (SI+ -). TFig. 1(d) shows the example of SC= + consiéting
of main positive devieation preceded by a small negative

deviation.

The disgtributions of the number of occurrence
of SC and SI ot Furncoyo with the local time are shown in

Fig, 2 for the IGY/IGC period and for the period 1951-61

HUANCAYO
Sd. s.C.
- T 1
1951 . 1961
EXCEP™ 16Y= IGC ;
!

1GY-1GC

PERLENTAGE | OCCURRE ‘Lt

12 18 -2‘ o0 06
TIME 75 WM T

Figvre.2,.

excluding the IGY/IGC. Referring to SC histograms,
during the IGY/IGC the occurrences were more during night
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than during day. During 1951-61 there is no definite
variation except a marimum sround 19 hr. Referring to SI
histogram, during IGY/TGC —She number of occurrences were
maximum around midday and mirimum near sunrise and sunset
periods. During 1951-61, the daytime peak is slightly
earlier and the sunrise and sunset minima are not clear.
The ST are seer to be most frequent around midday hours.,
Ferraro et al, (1951), also found that the daily variation
in the occurrence of SC in H was very small while that for

oI showed marked varisztion with the time of the day.

Pig. 3 shows the tracings of magnetograms

1 T - San L asid
St b3 R &~ Sl ~
| ZEMARES IOMAY 59 (27 27A0CT 58 | [2106FEs ]
| HUANCAYC:
| ] ] 4 ﬁz/ﬂ”
! L
H
YAUC, /f/\w ’ﬂ“%
kR g

R

CHIBOTE JJJ\Nv/\/\
' lcHICLAYO
TALAR,
| || AkATS ./Jn\”“\ L

L ! - |
4 to 2 [ 14 & 2]
| HOURS 72° w.M.T

H —— = JR—

ot

Figure,3,
showing different types of SI recorded at the equatorial

stations in Peru, South imerica., It is seen that the
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fluctuations in H at all these stations are remarkably
similar, While reading the amplitudes of SC and SI at
ali these stations, carc was tsken to measure the distance
between identical points of a particular event at different
stations. It is also clearly seen from Fig. 3 that the
amplitude of SI progreseively decreases from Huancayo to
Talara.

The mass plot of the amplitude and time of
occurrence of all SCG+, SI+ and ST:'é%w%BEWéquatorial station
Huancayo and the mid-latitude station San Juan are

separately shown in Pig. 4. It is clearly seen that
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Tigure.4.
5C+, B8I+ or SI- at Hnancayo show an enhancement of the

amplitude arounda noon, while there is no clear diurnal
¢ls



variation of the different types of sudden changes in H at

San Juan.

The emplitude distributions of SI+ and SI- at

each station are similer and therefore both SI+ and ST-

are grouped together and designated as SI hereafter.

Fig. 5 shows vhe mass plot of the amplitude
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Tguare.5,
of occurrcnce ¢f 8C in H at all the seven stations

The midday enhancement of SC amplitude is

regtest at Huancayo and thers is systematic decrease of
¥ y

the midday amplitude of SC from Huancayo to Talara. At

Paramaribo and San Juon there is no day-time enhancement

of the amplitude, Similcor features are seen in the case
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of SI amplitudes shoun in Fig. 6.
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Iigure.6,
Lt any particular hour the range of amplitude

of 8C or SI is fairly large due to the different intensity

of solar disturbances causing these. Theaverage diurnal’

variation of smplitudc of 8C or ST is therefore difficul?
to be drawn. To dctermine the daily variation of SC or
ST amplitude, the retio of a particular SC or SI at any
station to the amplitudc cf the seme SC or SI at Huancayo
were calculated. The variation of this ratio with the
gsolar time at diffcrent stations are shown in Pig. 7 for

SC¢ts and in Fig. 8 for 51's.

Referring to Fig. 7 one sees that the normalized

9
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SC amplitude et any of tus stations shows a distinct
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Pigure.T.

diurnal variation with ~ minimum around noon and a constant
value during the nisut, The daily variation curve for
normalized SC amplitudcs at any of the stations is fairly
symmetrical cbout moon. Lt San Juan the SC amplitude are
reduced to 0.7 times that at Huancayo during the night~

time and less than 0.2 times that at Huencayo during the
day;time hours. Thus the increase of 8C amplitude with

decreasing latitude in 1ost pronounced at noon.

Referring tc Fig. 8 showing normalized SI

amplitude one finds similar daily variation as for SC

:10¢



except that the curve ot ony staetion is significantly un-

gymmetrical about nocn, the minimum being around 10 hr.
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rigure.8,.
Further the normalizel anplitude increases progressively

from San Juan to Yeuce si¢ increase being smaller during

night than during day.

In Fic. § oie shown the 1atitudinal variations

of normalized smplitudc of SC and ST for the daytine

period (1000-1400 hr.) «nd for the night-time period

(2100-0%00 hr.). @“he - 7erage value of normalized amplitude

of SC and ST ~mpl budes with 1its standard deviation are

given in Tablc 2. The dcereasc of normalized amplitude

with latitude is identical for SC and for SI. The
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1gtitudinal variation of SI or SC near the equator is very

NORMALIZED AMPLITUDE

-]
&
T 'El

2 3

(J

T T T 1T

I

(=

2

similar +to that of the

Table—=2~.

LVCY T 2o ah
R e e e D

PraRh

-

ar deily range of H.

Thus the

plitude of sudden changes normelized

to_thei ot Huspcoye for Gay—time (10-14 hr.) and

aae

for nisnt-tire (21-0% hr.).

& e S

Station

Huancayo
Yauca
Chimbote
Chiclayo
Talara
Paranaribo
San Juan

S.C.Dluy

1.00

0.5040.05
0.62+0 .06
0.48+0.05
0.37+0.04
0.25+0.07
0.1620.07

5L Tuday S.C.Night S.I.Night

1.00 1.00 1.00

0.8240.14 0.9140.08  0.95+0.12
0.56+0,11 0.8640.06  0.85+0.71
04440.12 0,75+0,05  0.77£0.09
0.26+0.09 0.69+0.07 0.67+0.15
1.2240.06 0,63+0.10  0.60+0.17
0.15+0.11 0.60+0.14  0,4840,16
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enhancement of the amplitude of SC or SI are definitely

associated with the equucorial electrojet currentse.

It is furtaer seen that during the night-
time also both SC end ST chow the enhancement near the

magnetic equaior.

Thegse vesults indicate the essential simila-
rities in the nmecharisce of both 8C and 8I recorded at

ground nmagnevonctoer,

Lscelmowledpenents

Luthors erc thankful to Professors K.R. RAMANAT?AN
and P.R. PISHLROTY for d¢iscussions and suggestions during
the course of work.
References

Akaéofu S.1. and Chapmeu 3. 1960 The sudden commencements
of geomagnetic storms,
Variana, No. 250.

Beagley J.Wq -1952 Geomagnetic sudden
commencement analysis -
Amberley, New Zealand,
J. Sci. and Technology,

' 3%B, 460-470.



Ferraro V.C.L., Parkinsor

and Unthank H,V.

Perraro V.C.h.

Matsushita S.

Maeda H. and Yomowmoto I,

Mseda H. and Yanoiioto M.

i

"W

14

.0, 1951

and Urnshers HW.1951

1960

Sudden commencements
and sudden impulses

in geomagnetism, J.
Geophys. Research., 56,
177=195.

Sudden commencements

and sudden impulses in
geomagnetism, Geofis.
pura e appl., 20, 3;6.
Studies on sudden
commencements of geomag;
netic storms using IGY
data from U.S. Stations,
J. Geophys. Research, 65,
1423=1435.

1960a A note on daytime en-

hancement and the ampli;
tude of geomagnetic
storm sudden commence-
ments in the egquatorial
region, dJde. Gedphys.
Research, 65, 2538~-2539.

1960b Day-time enhancement of

the amplitude of geo-

magnetic sudden impulses



Nishida A.

ey

and Jacows

W
s € s &

Rastogi R.G., Trived:

and Kaushika N.D.

Rastogi R.G., Trivedi H.3,

and Kesushika ¥.D.

_ Rastogi R.G., Kaughika .0,

and Trivedi N.B.

Sugiura .

LY

1962

1964

in the equatorial region,
Rept. Ionosphere & Space
Research, Japan, 14,

443444,

World-wide changes in the
geomagnetic field, J.
Geophys. Research, 67,
525=540,

Some relations between
the sudden commencement

in H and the equatorial

~electrojet, J. Atmosph.

19664,

19660

1953

Terr. Phys., 26, 771=776.

Niéht—time sudden commen-
cements in H within the
equatorial electrojet
region, J. Atmosph. Terr.

Phys., 28, 131-136.

Night-time disturbance
fluctuations in geomag-
netic field at equato-
rial stations, J. At-
mosph. Terr. Phys. 28,
303;310.

The solar diurnal varia-
tion in the amplitude of

sudden commencements and



geomagnetic storms at
geomagnetic equator, J,
Geophys. Research, 58,
558-559.

2.3.F) tuiies of sudden changes in H and 7 at egua-

rel svetions din the Indian zone

The storn tinc commencenents (8C) and sudden
imbluses (SI) in H and 7 =t chuatorial stations in the
Indian Zone during IGY/IGC ars discussed. The amplitude
of both SC and SI in H at the eguatorial stations are
enhanced during the :aiddc r hour. Lt any particular hour
during the day-time the militudes are enhanced over a
narrow zone over the unsn.vic equator. There is no distinct
latitudinal enh-mcericit o5 8C or SI during night-time but
The amplitudes orc significansly higher at Lnnamalainagar,
The latitudinal voriation of She amplitude of SC in % in
Indian zone do not confosr to the‘simple thin sheet model
of the electrojct end the interpretation should be sought

in the abnormel incuced corrents,

Introductions- The enhancement of the amplitudes
— s o o o (]

of sudden chenges in the horizontal component (SC or SI) in H

have been shown at stations close to the magnetic equator by



various authors (Sugiura, 1953%; Srinivasamurthy, 1960;
Maeda and Yamomoto, 1960z, b and Rastogi, 1963). Forbush
and Vestine (1955) suggcsted that the daytime enhancement
of the sizes in SC(H) =are closely associated with the
current system responsibie for large diurnal variation in

H viz. equatorial clectiojet currents.

The enbencer-at of the midday values of SC, SI
and crochet over tle magnetic eguator was shown first by
Porbush and Casaverde (19C1) and it has been studied in
detail by Rasbtogi et al (1964, 1965) for both the American
and Indian zones, The v:xriations of the amplitudes of day-
time SC in H and 7 ot the American station were found to be
similar to that expected from a thin current sheet model
of the electrojct (Torbush énd Casaverde, 1961, and
Rastogi et al, 1966b), The study of SC in H during the
night-time houvrs showed that there is a significant equa~

torial emhancemen’ in /i-:rican zone (Rastogi et al, 1966a).

Chapman ané “nja Rao (1965) have shown that the
ratio of the storm time “Lluctuations in H under electrojet
and non-electrojet stationg indicate a daytime enhancement
in the Pacific,. Atlantic and Indian zones. The enhancement
did not continue during whe night-time and it was suggested
that this wes Gue to depietion of E layer ionisation and
the absence of clechrojut currents. However Rastogi et al,

(1966b) showed thet in the American zone the fluctuation

AT,
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ratio betweer Huanceyo snd San Juan is 8.0 + 3.4 for the
day-time hours anc 1.73 + 0.66 for the night;time hours.
The ratio was significontly greater than unity and was

suggested due Vo rcmnant cleectrojet currents flowing in

the night-time in the American zone.

In = reoent:'rtiéle Rastogi and Trivedi (1968)
had studied in deteil the sudden changes due to SC or ST
in H at different hours ol tae day at all low latitude
stations in the Amcricen .one, during the period IGY/IGC,
The midday enhancemcnts ov the equatorial enhancements
were found to be identical for SI and S8C. It was suggested
that the mechanism for eguatorial enhancements of SC and
8T is the same. The present paper describes similar
gstudies carried out for Indizn statibns for the perioad

IGY/IGC. The coordinaics of the stations are given in

Table 1. It is secn thot the three observatories - Trivandrum,

Peble-1. Coordinates of the stations

Observatory Geographic  Geographic  Geomagnetic  Dip
latitude longitude latitude

Trivandrum 8.5°N 77.0°B 0.9°8 0.7°8

Kodaikanal 10.2°0 T745°B 0.7°N 3,6°N

Annamalainagar  11.4°HW 79.7°E 1.4°N 543°N

Alibag 18.6°N 75.9°E 9.5°N 24.6°N

Kodaikanal and Annamalainager are within the equatorial

:18:



electrojet zome while Alibag is outside. The amplitudes
of SC or SI were directls reead from the microfilm copy

of the magnetograms and cxtreme care was taken that they
corregponded to idenliccl peints for different stations.
The amplitudes were neasved from the pre-disturbed value
to the first mcjor cuculion and reverse minor excursions

At

before the main onc were not teken into account.

Fig. 1 shows the mass plot of the amplitude

AMPLITUDE IN GAMMA
3

Fiours,1. _
vergus locel time for S0, SI+ and SI- at the equatorial

station (Trivandrum) an: non-equatorial station (Alibag).
It is clearly secn that JC+, SI+ or SI- at Trivandrum show

an enhancement of the auplitudc around noon whereas there

19 ¢



is no clear diurnal varicilcn of the amplitude at Alibag.
Further it is seen that the daily variation of SI+ or SI-
are identical and these ere grouped together and designa~-

ted as ST hereafter, in later descriptions.

Fig. 2 show: the mass plots of amplitude versus

'*?i

S§C 1960-66 SC 1957-55 SI+& SI- PB57-55
TRIVANDRUM

- .

ORI
L)

KODATKANAL

AMPLITUDE AH IN GAMMA

Tizure.2,
local time of S8C ond SI during IGY/IGC at each of the
observatories. The maes plots of SC(H) during the period
1960-66 are also ghown for comparison. It is seen that
during the IGY/IGC therc ig a distinct midday enhancement
of the amplitude of 3C o well as SI at equatorial electro-
jet stations though the onhanoementé decreage from

Trivandrum to Annamalaincgar, The enhancement was rather

s20
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less distinct during the low sunspot period, 1960-66,

probably due to femer severe magnetic disturbances.

The mase plots described in previous peragraphs
would not show the true diurnal variation due to tre wide
variations in the intensity of individual magnetic storm,
Therefore to c.buormine ths latitudinal variations of the
sudden changes in H, it was thought proper to normalize
the individual amplitudes at any particular station with the
emplitude of the same cvent 2t the equeatorial station
‘which in the present crnee has been taken as Trivandrum.

The mass plot of this normaligzed amplitude versus local
time for the SCs during 1357-66 and in ST during ths

period 1957-59 are showu in Fig. 3. It is seen from the

$C 1957-66 St 1957-59
KODAIK ANAL

SR .
S

AH AMPLITUDE NORMALIZED TO TRIVANDRUM

©

o8 3 ) 24 00 3 I3
TIME 75° £ MT (HOUR)

| 78 emr

FPigure.3,




Figure that this retio for aay station is minimum around
midday hours and the middoy depression is more at higher
latitudes, This iﬁdicatas the enhancement of the S3 and
SI emplitude during the widday hours over the magnetic
equator. Refevring to Xodaikanal diagrams the values are
mostly less thea 1.0 for she deytime and greater than 1.0'
for the night—time‘iﬁdiqa:ing that amplitudes during the
night-time are slightly :rueter at Kodaikanal than at
Irivendrum, This is muc!i more clear for Annamalainagar
Where’the ratio is 1.2 to 1., for night;time. Referring

to Alibag diagrams, the diurnal variation of the normalized
amplitude secms to be fairly symmetrical about local noon
and thus it is slightly different from similar diagrams for
the Lmerican zone wherc the SI was found to have~a minimum
value -at few hours before nocn. Enhancement seems to start
almost with sunrisc 1s  meximum around noon and vanished
by sunset, and is cleariyv associsted with the development

of the electrojet currert systems.,

To dotermine the latitudinal variations of the
amplitude, the data were grouped into day-time pericd
(10;14 hrs.) and the nighi-time period (21-03 hrs.), The
average veluc of normalizo@ amplitude of SC and SI with
its standaerd deviation arc given in Table 2 whereas these are
plotted against dip cngle in Fig. 4. It ig seen that during

the day-time both SC andé SI show distinet enhancement at
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the equator. The Jiugr.m inlicztes that the enhancement

~0f 5C is slightly more than that for SI. At the American
zone, no such difference is Cetected between the enhance;
ments of SI and 3C., Referring to the SC or SI amplitudes

in the night-time it is Zcund that the amplitudes are aslmost
the same at Trivendrum, lodaikanal and Alibég wherees at
Annamaleainagar the a.pliftuvues are about 1.2 times that at

Zeble 2.

Averesze amplivude of sudden changes

I TR e s e ey Wt o VR, e ne . Wr—

pormalized %o tHet of Irirendrum for day-time (1000 %o
1400_hrs,)_and or nisht-time (2100 to 0300 hrs.) during

1GY/IGC.

¢ Dy SI Day SC Night  SI Wight

Station
Trivandrum 1.00 1.00 1.00 1.00
Kodaikanal 0.91+0.06 0.2840.08 1.00+0,06 0.96+0.14

Annemeleinager 0.89+0.07 C.78+0.17 1.2140.09  1.14+0,18"
Alibag 0.4140.11  “+.32+0.11 0.99+0.13%  1,0240,18

other observatories. Thic could be interpreted as the
absence of eguatorial enuancement with abnormal value at

Annamalainagar, or ae the shift of the latitude of

~fs R e
¥ e L



enhancement at Amamalainagar during the night. With the
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of the amplitudc of SC i: H and Z normalized to the same

at Trivandrum for the cvent occurring during the day;fime

as well as the night-tinc., The dats for the period

1960-66 also have been aiced fTor comparison with the results
for IGY/IGC period. During the day-time the SC(H) shows

the maximum at the cquator and reverse their sign between

15 to 20° dip whorcas the theoretical considerations on the

basis of thin current sho.+ model of the electrojet requires
the reversal in 7 component to occur at latitude very close

to the equator. The chanves in Z due to SC and ST during

the night-time are very similar to that fof the day-time,

in additional magnetic observatory was
established at Hydcrabad (Geographic latitude 17.4°0,
longitude 78.6°E and dip 20.5°) around middle of 1964,
During 1965-66 very few cudden commencements occurred due
to low solar aétivity. Lascd on available published data,
the mean ratios of 3Cg in H and 7 were computed and indi-
cated as a closed triangle in Pige 5., It is seen that
normalized ratio for 3C(H) falls within the curves based
on the results of Lnnamal~inagar and Alibag, Regarding the
ratio of SC(2Z) the anplit «es are found to be very sﬁall of
the order of 2 or 3 aﬁd v.cre some time positive and some
time negative confirming our earlier conclusions that =

change over in the sign of sudden commencements in H during

the day-time in the Indian zone occurs at latitude close

L
N -



close to the equator. In the American zone it was found
(Rastogi and Trivedi, 1968) that during the daytime SC(Z)
changes its sign at dip closed to 2° while in the night

this change over region changes to about 8° dip. In the
Indian zone this change over happens close to Hyderabad
latitude i.e. around dip of 20°. Any explanation of these
abnormelities in the Indian zone should be sought in

abnormal induced currents inside the earth which would
greatly affect the variations of %, both the daily variations

28 well as the short time variations.

To study the variations in sudden changes with
respect to the electrojet it was considered desirable +to
check the latitudinal variation of the normalized solar

daily range of H and Z at the equatorigl stations and these

sre shown in Pig. 6. The range of H is found to decrcase
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o IGY
+0+8
+0.6
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systematically from the equator with the increase of

Gip angle. Renge in Z changes fronm positive to negative
value at the latitude, very close to the equator. Its
meximum negative value is arcund 5 to 10° dip, and it
decreases with further incresse of latitude, Chapman (1951)
has shown that if the electrcjet is assumed to flow along

a band of infinely small thickness and width 2¢ ( in +the
N-3 direction ) at height h +then the 7 component would

be zero at band axis centre end attains its maximum value
at e distance of\]hz + G? from the axis., Thus so far as
the daily variations of H or 7 is concerned, the thin sheet
nodel of the electrojet current is fairly valid for the
Indian region, However the latitudinal variation in the
sudden chenges in Z are different &and do not conform to

the éimple band model of the electrojet.
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3.1 Introduction

3.2 Method of analyses of lunar daily and monthly
oscillations

3.3 (1) - Lunar tide in H at Kodaikanal during periods

of low and high sunspots.

(2) Lunar tide in D at Kodaikanal during periods
of low and high sunspots.

(3) Lunar tide in Z at Kodaikanal during periods

of low and high sunspots.

(4) Summary .
3.4 Lunar tides in H at equatorial stabtions during
IGY/IGC.
(a) (1) Trivandrum

(2) Addis Ababa

(3) Koror

(4) Jarvis

(5) Huancayo
(b) Sumrary.

345 Conclusions,
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3.1 Introduction

The occurrence of transient changes'in the
geomagnetic field was recognized more than two centuries
ago. Graham in 1722 reported these regular daily varia-
tions in the geomagnetic field based on his observations of
the small movements of a compass needle. Tater in 1740;41
Celsius and Graham showed that the magpetic disturbance
was often simultaneous at two stations. Celsius also
correlated asurora with magnetic. disturbance. In 184%
Schwabe reported the intensity of magnetic disturbance
varying with sunspot cycle., About this time, Kreil of
Prague wag seeking regular periodic variation in the geo-
magnetic fieldhdepending on tﬁe lunar hour angle. Only
by 1850 Kreil could establish 1unaf variations with
certainty. Airy, one of pioﬁeers of the study of lunar
effects in the geomagnetic field determined S and L for
each magnetic.element at Greenwich for the period 1848-1857.
Airy's results were based on measurement of the magnetic
elements at each solar hour and each lunar hour? and were

the earliest reliable determinations of T.

i

Before describing the methods for determining
L it would be useful to describe some details regarding
the motion of the moon around the earth. In such studies

it is considered that th¢ moon revolves round the earth
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with a uniform angular spzed, i.e. all the data reduction
are made Qitb reference to the mean moon. Mean lunar
time ( T ) is defined, by analogy with mean solar time (t).
At a lower transit of the mean moon T = 0 lunar hour
or 0%, while at the upper transit of the moon T = 12
lunar hour or 180°., The time interval between two successive
lower transits of the moon i.e. the length of one lunar day
is 24750.47™ in solar tims or 24 lunar hours. The moon's
sideresl period of rotation sround the earth is 27%7%43%,
The time between two successive crossings of the meridian
half plane containing the suan is 29.%%06 days, a period
called a lunation, lunar month or synodic month, The moons
phases depend on the angls between the meridian half planes
containing (mean) sun and (msan) moon. The angle is
measured positive when ths moon is east of the sun, and is
called lunar age denoted by W . The lunar age 2 can
be expressed as O to 360 degrees or as O to 24 lunar hours.,
At New Moon the sun and the moon are in the same meridian
plane and the lunar age 2 is faken ag 0° or O lunar hour.
Similarly at full moon Y = 180° or 12 lunar hour. In

the course of one synodic month & changes from 0° to 360°.

T
The solar ( & )} and lunar times are related by

the equation

E=T+p

where £ , T and M may be reckoned in degrees or
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in hours, BSome years back, p=ople used gtreight astro-
nomical data of the position of the moon for such analysis
and the relative position of moon with respect to the sun
was described by lunzr phase M4 which is related to the

lunar age by the equation

M =24 ~ Y (hr.) or 360 -Y(degrees). Bartels
and Fanselau (1937,19%8) have given the formulae and tables
for calculating M for the Gresenwich noon for any day
between 1850 to 1970. Recsntly Sugiura and Fanselau (1966)

have published ' ) ' tables for the years 1850 to 2050,

The periodic lunar daily variations were found
to chaﬂgé in a cefinite way, in the course of the change
of the angle Yetween sun £ad moon from 0 to 2Was viewed
from the earth -~ i.e. in a time of whole lunation. In
1874 Droun studied the lunar daily variations of the Dec-
lination of the geomagnetic field at Trivandrum for the
period 1854 to 1864. He discovered that simple semidiurnal
character of L variations is an aversge picture of the lunar
daily variations determined from a number of lunations.
4t any particular epoch in the lunation, the lunar
daily varieation does not show a perfect semidiurnal
character., DBroun determined L from the data of =
large number of days having the same lunar phase. He

calculated average lumar daily variation for three days
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centered on new moon and similarly on seven other groups
of days centéred at one eighth phase, first quarter,
three eighth phase, full moon aﬁd so on. The lunar daily
variation for each epoch showed approximately two waves
of unequal amplitude. Ths part of the curve showing
greatest movement occurred earlier and earlier in the lunar
day as the lunation progressed., The part with the greatest
movement in the curve is also found to take place during
day-time, Chambers (1887) got similar results. Moos
(1910) while studying lunar variations in geomagnetic field
at Bombay, made a significant suggestion that a luni-
gsolar variation may be regarded as a simple lunar variation
the amplitude of which is enhanced during day-time hours.
Moos expressed this idea mathematically taking the whole

lunation mean curve by an equation

L =0¢ Cos (2T +e ) vevssonaslT)

where T  denotes lunar time. - The amplitude factor C was
replaced by another constant 'C' whose amplitude varies
with solar time such that it is maximum at middsy and

minimum at midnight; expressed by the equation

¢t = ¢ (1-a cost) cececnanns (2)
At midday € =12 hr. =TT, ¢' = C(1+8)
At midnight €= 0 hr, = 0°, ¢' = C(1-a)



@0

1
(@]
©o

For simplicity Moos took a = 1,

Substituting (2) in (1) one gets
L =c (1-a cost) cos (27T + e ) voeceaa(3)

The values of C and < he took from the lunar daily
variation dﬁrves. The curves obtained from the equation
turned out to be similar to the observed lunar variations
confirming Moos's idea that the daily variation is produced

by the moon but that its amplitudes depend on the sunm.

By this time, Balfour Stewart (1882) had
already proposed a "dynama theory" to account for the daily
variation in the geomagnetic field., He stated that the
magnetic variations at the ground must arise from electric:
currents flowiné in the upper atmosphere., Schuster (1908)
developed "dynamo theory" guantitatively., It is now gene~'
ra}ly accepted that the daily magnetic variations are
caused by the movements of the ionised layers of the
upper atmosphere and that D and E regions of the ilonosphere
are the main seat of eleqtric currents préducing solar (S)’
and lunar (L) variations. The current systems of S and
L may be the resultant of motions in different levels of
the atmosphere., The horigzontal conductivity of different
layers depends upon the electron density, composition of
the ionized gas and the restrictions to ion movements
in presence of the geomagnetic field. The net current

contribution of the dynsmo region depends on its integrated
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horizontal conductivity and the average velocity of
motion of ions and electrons. For the S variations, the
motlons in the air are generated by pressure gradients due o
temperature differences whereas the L variations must be
generated by the action of the lunar air tide acting

on the upper atmosphere,

The dependence of the conductivity of the
dynamo region on the position of the sun could be trans-
lated in the lunar daily variation as the lunar variation
being more during day light hours compared to night-time.
Chapman (1913) showed that lunar daily variation must
include harmonics arising from the verying ionigation
caused by the sun. He extended the expression (3) given
by Moos to describe L. Chapman replaced the term of

solar time t in eguetion {3) by T+ ¥V .
_The expression {3) becomes

L

]

¢ % ’l;acos (T + Yy } cos (2T+y )%.'(4)

oxr

L:%Cé—a cos ( T+ - ) + 2 cos ( 2T+e<)

-8 CO8 ( 32’—{- < + 2 ) socassvoa (5)

This expression showed the presence of three harmonic
components in L. The amplitudes of the first and third

harmonics are shown to be nearly the same with their
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phase angles “IT + o€ ;J) and T+ ¢ + 2 . The
sémi~diurnal component éhows a constant phase angle. It
is seen from the above that as M changes by 2T during
a lunation, the phases of the first and third compbnents
respectively decrease and increase by 2Tl per lunation.
Chapman analysed the inequalities given by Broun, Chambers
and Moos and confirmed the formula for T given by Moos.
Moreover Chapman empirically discovered the fourth harmo-
nic component which changed by 4T during the whole
lunation. Chapman gave an expression for T in any element .
(up to fourth harmonic) s

4
L-—‘T- 21 Cn Sin%n’t +(n—2)”+¢cn30.-.<6)
n=

The letters ¢ and ¢ in the eguation (6) are the ampli-

tude and phase of the lunar variation L.

The lunar tide being a function of two
variables solar time £ and lunar age M , two ways
are possible for the computation of lunar tides.
(1) PFixed lunar age » method (Broun's
method) studies lunar daily (L) variations.
on days with fixed lunar ages.
(2) Fixed solar hour method (Van'der Stok's
method) studies lunar monthly (M) varia-
tions at fixed solar hours.

Chapman and Miller (1940) have presented fixed age method
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in detail. Ts-chu (1949) has described the practical
use of Chapman and Miller method for the determination
of lunar and luni-solar daily variation in any geophysical
element. Bossolasco (1937), Rooney (1938) and others
have used fixed hour method, Usually the mean lunar
daily variation is determined despite the fact that the
effect of the moon on the geomagnetic field is different
during the hours of day light and night hours, In the
present study lunar daily (L) variation and lunar monthly
(1) variation are determined using both fixed age and

fixed solar hour methods respectively.

The lunar tidal oscillations in the borizon;
tal magnetic field 'H' have been shown to be abnormally
large at equatorial stations viz. Huancayo (Bartels 1936},
Tbadan (Onwumechilli and Alexander 1959) and Kodaikanal
(Raja Reo and Sivaraman 1958). It has been also shown
that the latitudinal as well as longitudinal variations
of the amplitude of lunar tidel oscillations in the solar
daily range of H at the equatorial stations is very
similar to the corresponding variations of electrojet
current itself, suggesting that lunar tides in the
magnetic field at equatorial stations w%re closely asso-
" ciated with the electrojet current (Ras%ogi 196%, 1964,
1965) . Recently lunar diurnal as well as lunar monthly

variations in H at Huancayo have been described in detail



for the low sunspot periol 1951-55 and for the high sun-
spot period 1957-59 (Rastogi 1968a, b). As the strength
of the electrojet currents in the Indian zone is found

to be much weaker than that in the American zone (Rastogi
1962, Maynard and Cahill 1965a, b), it was thought
desirable to compute the lunar tidal oscillations in the
magnetic field at equatorial stations in the Indian gzone
and compare the results with tbose‘at equatorial stations
along different longitudes., These results are discussed

in the following chapter.,

%62 Method of analyses of lunar daily and monthly

ogeillations

The periods of § and L are nearly the same
and the magnitude of L is much smaller than that of §
which makes the determination of L difficult. It is
necessary to have a large volume of continuous data for
the computation of L, Most cf the available results on
lunar tides refer %to mean lurar daily variation despite
the fact that the effect c¢f the moon on the geomagnetic
field is different during the hours of daylight and
night hours. In the present study, lunar tides in geo-
magnetic fileld are cglculated bdth by fixed age method
as well as by fixed golar time method. The method of

computation of I is illustrated Ty the following analysis



of Kodaikanal H data.

Kodaikanal magnetic data used in this study
were obtained from the "Kodaikanal Observatory Bulletins"
published by the Indian Meteorological Department of the
Govermment of India. The coordinates of the Kodaikanal

Magnetic Observatory are:

Geographic latitude = 10°.2N
Geographic longitude = TT°.5E
Geomagnetic latitude =+ 0,6
Geomagnetic longitude = 147.1
dip = 3.4°N.

The Xodaikanal Observatory is equipped with
Watson variometers recording H, D and Z elements of the
geomagnetic field., The ebsolute observations of H.F. and
V.F. are made with a Kew magnetometer. The inclination
is measured by an earth inductor. The tables of H, D
and % list 24 entftes of 24 hourly values per day. The
units usged for H.F. and V.F. are gamma (1O5Y = 1 gauss)
ana for D the unit is minutes of arc. Each hourly value
is the average for sixty minutes centered at full hours
of .G, M.,T, - The data used for the present study are 1951
to 1960, The data are continuous and with almost no
failures. Certain missing vdalues, values one or two in

a whole day, were interpolated.
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The geomagnetic field variation consists of
S8q + L + (other disturbances}. The magnitude of L being
small, it is not easy to separate L variation from Sq.
It becomes still more difficult in presence of other
disturbances besides normal Sq. Therefore, the magneti-
cally disturbed days are not utilized in the computation
of L, and only the days with Cp  index less than 1.2
are taken into considerations. The number of days having
Cp 7 1.2 are listed below for each year which have been
considered for the analysis of lunar tides in the

Kodaikanal Beomagnetic field.

Year No., of days CP ® 1.2
1956 ' 72
1957 82
1958 84
1959 ' 97
1960 103
POEAL o r v vennennsanann 4738

ma———

Tt is seen that about 20 per cent of data are discarded
from the entire data to remove the irregular disturbance

effects.

The computations are made on IBM 1620

electronic computer. The tzbles presented are the listing
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of the computer output. The form of the basic magnetic
data used in the lunar tige computations is shown in
Table 1. The data for each day are punched on a card.
The first eight places on the card are assigned for
the lunar age, date, month and year and the remaining
seventy two places are for twentj—four %hree—digit hourly

values.,

The first step tgwards determining the lunar
variation should be to remove § variastion from the data
utilized, By adding =ll the values in each column and
dividing by the total number of values monthly mean
twenty-four hourly values are obtained, These twenty-four
values represent the average variation over 2 month. The
average S variation in subsracted from the -daily wvariation
of each day and 24 hourly deviation values are obtained
as shown in Table 2, The deviations are tabulated as in

Table 2 for all the months considered in the analysis,

These deviations contain the lunar daily variation.,

At the completior. of tables of hourly devia—
tion, the values for all the months are grouped accor-
ding to the season, viz.,

(a) D-months - Novemter, December, January
and February.

(b) B-months - March,ipril,September and

October,
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(¢) J-months ~ May, June, July and August.

For each season of 4 months, twenty tables
similar to Table 2 for the months of 5 years are collected,
Till this stage, the data are tabulated with respect to
solar date. For using the fixed lunar age method to
obtain luni-solar daily variations, it would be necessary
to comnect the deviations with luner hours. Although the

twenty-four hourly values are at solar hour intervals,

they also essentially represent lunar daily variation.

. Hourly deviation values for all the days in
a particular season are fed to the computer for further
processing. Now thé mechine i1s programmed to do the
following operation: It read s the complete data, sorts
out the days with the same ) wvalues and gives the average
hourly deviation values for the days having the same
values, Thus the average lunar dgily variation for a
complete season on different lunar ages is obtained. The
matrix in Table 3 represents the mean lunar daily variations
in terms of twenty-four solar hourly deviation values

derived separately for the days with different lunar

ages i.e. 2V = 00 to 23,

For further analysis, three consecutive days are
grouped to get the average lunar daily variation values

for days with lunar age 00, 03, 06, 09, 12, 15, 18 and
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21, The mean lunar daily variztion at lunar sges 23, 00,
01 is taken as the lunar daily variation on lunar age 00.
The mean of the lunar daily variation on lunar age 02,
03, 04 is represented as the lunar daily variation on
lunar ege 03 and likewise for luner ages 06, 09, 12, 15,
18 and 21. Table 4 is obtained from Table 3 after the

operation of grouping.

It is necessary to represent the lunar daily
variation for differegt lunar ages in terms of lunar
hoﬁrs rather than solar hours. A mean lunsr day equals
1.03505 solar days or 24750,47%, The amplitudes given
in Tahle 4 against each lunar daily age are plotted
according to solar hours and a lunar daily variation
curve is drawn. Now from this curve amplitudes are read
at an interval of one lunar hour. The lunar hour being
a little larger than a solar hour, only the first twenty
three values could be read from the above mentioned curve,
The ebove mentioned curve ig extended by one solar hour
by plotting the value at the zeroth hour és the 25th
hour. Then thé reading of the 24th lunar hour amplitude
becomes possible. This empirical method does not lead
to any serious error, Thus a new Table 5 can be prepared
representing mean lunar daily variation in terms of plotting

the lunar daily variation in terms of lunar hours.

The cumbersome procedure of plotting the
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luner deilyveriation curve and reading its amplitudes at
the interval of 1 hr is dispensed with by using an arith;
metical formula and processing it by the computer to get
Table 5. The relation between the amplitudes in terms

of solar hours and lunar hours is given by Egedal (1956)-

L(n) = s(n) + (h-1) x 0.035 E s (1) - 8 (h) %
where
h is the hour
L(n) is lunar hour

8(h) is solar hour.

Table 5 gives the nmean lunar daily variation
or a luni-solar vafiatian for lunar sges P = 00, 03,
06, 09, 12, 15, 18 and é1. As mentioned earlier, luni-
solar - _ veriation is expressed by an equation called

the phase law,

4- -
L= g 0, sin 0T + (n-2)2 + o€,
n=1 .

One can easily werify Chapman's phase law
by finding narmonic coefficients (four) using 24 values
of the periodic lunar daily variation. The harmonic
ansalysis results giving amplitudes and phases of first
four harmonics and a built up curve of mean lunar daily
variation are shown in Table 6. The lunar daily varia-

tion in Table 5 is in G.M.T, ©So proper longitude
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correction is incorporated in the programme of the har-
monic analysis otherwise phase angles obtained would be

incorrect.

Luni-solar variation is>determined using the
fixed lﬁnar age method., The lunar monthly variation
at different solar hours is determined by fixed lunar
method i.e. Van'der Stok method, In Table 3, the columns
give the amplitudes of lunar tide on days of different
lunar ages at a fixed solar hour., The plot of lunar age
( il) versus ampl;tude at fixed hour will represent lunar
monthly variation. This enables to study lunar monthly
variation at different times of the soclar day. The
harmonic coefficients are calculated for liunar monthly
“curve at each solar hour. Tadle 7 is the computer out-
put giving first and second harmonic coefficient and
a built up curve of lunar monthly variation. One gets
r1 and ro the lunar monthly and semi-monthly components
and €1 and ©y their cofresponding phase;s in terms of
lunar age. In computing the phases of lunar monthly (14)
end lunsr semi-monthly (Mp) oscillations, proper corrections
are necessary, ss the volues of lunar age ( 2 ) are
assigned with regpect to Greenwich noon. The corrections
needed cre

(1) local time correction, and

(2 longitude correction.
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*

2 = VY, - 0.03%339 x 75.3 + 0.0339 (E - 180)

In the above equation, the second term is for latitude

correction and third term is for locdl time correction.

The above equation cen be written as

Y= ¥ -0.,0%339 (L

= ¥V

where Bt is L.M,T. in degrees.

0.03%9 (

180 + 75.3)
104.7) .

1

1

The phase angle could as well be presented

in terms of lunar timeT. The relation between P and T

is known to be t=2 +T .

Table 7 can be changed

to Table 8.

Table 8.

S.hr. lunar phase - phase lunar phase phase
monthly in in semi- in in
anpli- lunar lunar monthly lunar  lunar
tude age time ampli~ age time

tude
Ry V1 T4 hy 2 T2
0

\).]-nw‘——q_p\).]l\)...\

N
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Harmonic analysis and the harmonic dial

- Periodic variations like § and L can be re-—
presented by their sinusoidal combonents as determined
by harmonic anelysis. The periodic veriations (say of
interval T) such as are discussed in the last few pages

can be represented by the series

% Cy sin ( nt+ én ) =Z@ncos nt + b, sin nt)

where n = 1, 2,..;00. and t dgnotes time reckoned in angle
at the rate.360° per intervel T, The integer n dis the
order of the harmonic, Cn and en are its amplitude and
phase. The harmonic has naximum amplitude at the time

t = (90°—-9n)/n .

The geomagnetic variations could be described
with sufficient accuracy by using only the first-four
harmonics n = 1, 2, 3, 4. The harmonic coefficients could

be conveniently calculated from the standard trigonometrical

formulee, )
! S an (1)
-a = “s e
i r ms0 r

2 23 .
an =( I‘) AHI' coSs ntr 0.000-00(2.)

n=0
2 25 . (3)
bn = (T“) i AHr sin n-tr LI I A R ] 3

n=0

r is the number of hourly values.



The actual details of the method of computing
the harmonic coefficients depend on the type of the

computing machine available,

The most conveniesnt grephical representation
of harmonics is by‘the harmonic dial, The harmo-- -
nie dial ig es%entially a vector diagram of a particular
harmonic componént, the length and direction of the wvector
representing th% magnitude and hour of maxirmum of the
particular\harm%nic component of the daily variation. In
this representa%ion the harmonic for amy hour is plotted
in cartesian coordinates with a, as the ordinate and

b, as the absr-cissa. The amplitude ¢, = \laz + 12 ig

the distance from the origin.

The phase @, = tgﬁ—1 ah/bn 3.s the angle
from the bn axis in the. counter-clockwise direction to the
line cbnnecting the line and the point. The time scale
is represented by a dial starting with +ve axis and moves
forward in a cloekwise direction each hour being 15° for

n ="M 30° forn = 2, 45° for n = 3 and so on;

The lunar monthly and lunar semi-monthly tide
can be studied better by the use of harmonic dials, The
harmonic dials can be prepared for Ty Yy, ry T, and
o Yoy Tp T, obtained from the Table 7. An illustrative

example of hermonic dial is gpresented for semi-monthly



lunar tide in H at Kodaikenal. In Fig.

WNAR SEMIMONTHLY TIOES IN H AT KODAIKANAL
AHNUAL AVERAGE

LA T
X MEAB CF ALL S0LAR KOs -

on the left side semi-monthly tide amplitude r, are
plotted on a harmonic dial in terms of lunar sge ﬂze
The plot encircles the origin. The sign cross in the

diagram shows the vectorial mean point of all the T, v 5
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points. The wectorial mean of r, amplitude in terms of
lunar age 2, is quite small. O%‘the right side of
the diagram same T, amplitudes are plotted in terms of
lunar time T, « The picture emerging out from this
plotting is not the same as the previous plot. The cross
on the diagram shows the vectorial average of Ty T o
poinfs and. it is seen that vectorial mean of s Top
points is quite large as all the s T o points have
concentrated in a narrow sector. These diagrams help us
to study how the factors lunar age and lunar time conbrol

the lunar semi-monthly oscillations.

Probable errors

-
Probable errors in the determination of the

amplitudes are calculated according to the method described
by Rastogi (1962). The determination of a particular
coefficient may be considered significant only if its
value exceeds three times its probéble error, after
Chapman (1951). The probable error estimation in the
present study is done at an earlier stage of the analysis
rather than calculating it from the harmonicg of L
variation. Here the probable error calculations are

made along with the average AH daily variation calcu-
lation for each ¥ walue ( 2/ = 0 to 23 ) are made on

IBM 1620. The procedure is as follows: As already
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discussed, the first step to determine the L variations
from the data is to remove the average monthly § varia-
tion from the data of the month. After the removal of

the average S variation from each day of the respective
month, one is left with 24 hourly H wvalues containing
lunar daily variation. Refer Table 3 for its format. The
second step described in this analysis was to compute the
average AH in daily variation for each®value., What was

obtained in Table 4 is

Y 0. cerressnaens ceeeseaass:23 solar hours.
O E% 9‘5}11’&2 ....Ql....l.c.ﬂl..’......5?123
1
2
3
4
t
1
1
1

Y]
N

After getting H values for all the 24 hours for all values,

the following are computed:

(1) @H
(2) AH where N is total number
(3) N’{pf H values @ used to get &H on

a particular P wvdlue.

From this, the probable error calculation are simple.



- 3792
(Standerd Deviaticn) € =$AH/N  SA/N
Probable error = 0.275 x 6.

The symbols gsed are listed below:

t locdl solar mean time
T local lunar mean time
Vs lunar age at Greenwich noon
» local lunar age
1l.hr. lunar hour = 1/24th mean lunar
daye.
s.hr, solar hour = 1/24th mean solar
day.
L1(H)w lunar diurnal oscillation in H

at fixed lunar age 2 .
LZ(H)V - lunar semi-diurnal oscillation
“ in H at fixed lunar zge 2 .
Cpo <Pn; <, amplitude, phase angle and
phase constant of the nJGh
harmonic of lunar daily varia-

tion according to

L = C, sin nt+ ¢, %

=Cy s?n g nt + (n-2)¥ + < 3
M1(H)t lunar monthly oscillation in

H at fixed solar time £ .



P

:80:

M2(H)t lunar semi-monthly oscillation

in H at fixed solar time [ .

A By amplitude and phase angle of
the harmonic of lunar daily
oscillation averaged over the

whole lunation.

(ry 8,) (r2 B )amplitude and time of meximum

positive deviation of M1 and

M2 oscillations respectively.
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3.3 (1) Tunar tide in H at Kodaikanal during periods of

low_and high sunspots

The lunar daily and lunar monthly oscillations
in H at Kodaikanal for the periods 1951-55 and 1956-60

are determined according to the method described in 3.2,

Annual gverage daily variation at fixed lunar

ages

The mean lunar daily variations of OB values
are derived separately for days with lunar ages 2p= 00,
03, 06, 09, 12, 15, 18 and 21 lunar hours. The whole-
year average lunar variations in H at Kodaikanal for each
of the eight lunar ages for the periods 1951;55 and 1956~60

are shown in Fig. 1. The positions of the solar midday

i
YEARLY AVERAGE
LUNAR  DAILY VARIATION OF H
AT  KODAIKANAL
1951 ~ 55 1956 - 60

LUNAR
AGE

S N A\
YA\

18 k= 3

e
N
= \T/" 21 F=3 Q;fl/’i\:/

1 A

; i——,/"\‘\’/' B 7
$ LN -

i:o'r r~ N 03 Fip == 3=

i o N | [

i S T 06 * Fig.1.

; \/, i =t == 09 Sinn e T

ml:-mv su;«su | J/\ ‘2n::>mv WJ_“U
/ mb-‘mcm st \ \;m&:sax'f st

S, | oLt ]
Husaton |

e

L L i
06 i2 18 24LHROO 06 12 8 24
LUNAR TIME 7

v
e e T v A,
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and midnight are indicate@ by the upward and downward
arrows respectively., The presence of lunar diurnal Ly
and lunar semi-diurnal L, variation is noticeable from
any lunar daily variation curve by its distinct two
peaks. Both set of curves have great similarities viz.
(a) The part of the curve having greatest movement fall
during daylight hours and is found to occur earlier and
earlier in lunar day with the progress of the lumation.
(b) The whole- lunation curve i.e. average of all lunar
daily variation curve for different lunar ages ( 2y = 00,
0% seeeeaseonceases2l) is almost a sinusoidal curve with

two peaks within one:lunar day.

The tide is slightly more during 1956-60 than
in the period 1951-55, The yearly average amplitudé of
tides is found to be 1.55Y¥ in 1951;55 and 2,01 ¥ in
1956-60.

The harmonic coefficients ( C, } and phase
constants (ocn ) of the average lunar daily variations
in H field at Kodaikanal for different seasons and the
whole year on different lunar ages according to the

equation
4 ( .
L = ng ¢, sin En’r '*"P‘n.;

where 42,1 = E <, + (n-2)Y %)

are given in tables 1a, 1b, 1c, 1d.
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The relations between ¢ and » for any

particular harmonic are shown in Fig. 2.
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It is seen from Iig. 2 that the phase angle ¢, for both
the periocvs 1951-55 and 195660 remain about the same during
a whole lungtion. AFurther the annual average values of Cm
are nearly same for the two periods. The phase angle CP,
progressively decreases by about 360° and phase angle 4)3
progressively increasesby 360° in one complete lunation.
Similarly 434 is to follow through 720° during one luv~
nation. Referring to table 1, 1t is seen that the magni-
tudes of harmonic coefficients of lunar daily variation

do not show any relationship with the lunar age and are

nearly same for all values of 2 .. During the period
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of Tow sunspots (1951-55) the annual average C1 ampli-
tude is 1.28 + 0.26 ¥ , the annual average 02 ampli~
tude is 1.73 + 0.13 ¥ . During the period of high
sunspots (1956-60) the average C, amplitude is 2.07 %
0.99 ¥ and the average Cy amplitude is 2.12 + 0.89 Y.

The higher harmonics are progressively smaller in magni-

tude.

The phase constant < 4 is 325° + 23° during
1951;55 and 334° + 18° during 1956-:60e The phase constant <5
is 196° + 14°* during 1951;55 and 184° + 18° during 1956-60.
The phase constant has nearly same values for the two

solar epochs. Unlike the phase angles 4),“ the phase

constants remain nearly the same during a whole lunation.,

The lunar daily variation averaged over a

" complete lunation is shown in Fig. 1. The harmonic coe-
fficieﬁts of the whole lunation average oscillations for
Kodaikanal during 1951-55 and 1956-60 are given in

table 3. It is seen that most significant component is
the lunar semi;diurnal one ( Ao Y and other harronics
including the.&1 are very small as they cancel out in
averaging. The lunar semi-diurnal compoﬁent AZ is 1.6 7
and lunar diumal component Ay is 0.4 ¥ for the whole
year during the period 1951-55. Similarly during 1956-60

Ly is 2,01 ¥ and ig 0,33 ¥ . Thus the amplitudes

A
1
of all components except 4, are statistically insignificant,



The phase angle PZ for the A2 oscillation is found

to be 189° during 1951-55 znd 182° during 1955-60. The
phase of the lunar tide does not seem to change with

the solar activity. The mean tide for the entire period
1951~60 is 1.8 Y with a phase angle of 185° i.e. the
maximum positive deviation would occur at—8.8 hours local

lunar time,

Annual average lunar monthly variations at

fixed solar times

Lunar tides can also be estimated by studying
lunar monthly M1 and lunar gcemi-monthly MZ variation of

AH at each fixed solar hour. Fig. 3 shows the
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annual average curves of AH at fixed solar hours 00,
O3scevecreninscececeeess2l as a function of lunar sge 2,
(at Greenwich moon) for both the periods 1951-55 and
1956-60. The coefficients of lunar monthly énd semi~
monthly oscillations derived from these curves are given
in Table 2, In the tables the phase of M1 oscillations
are presented in terms of local lunar sge 27 whereas
the phase of M2 oscillations are presented in terms of

local lunar time T .

Referring to Fig. 3 one sees similarity between
the two sets of curves for the two periods. of different
solar activity. The tide for both the periods is signi-
ficantly large during daytime hours and its amplitude
reaches maximum value near midday. During night-time,
oscillatiéns are small and insignificent. The phases of
the oscillations are roughly the same for the two epochs,
The oscillations during the day-time have a predominant
periodicity of twelve lunar hours while the night-time
oscillations have predominant twenty four lunar hours
component., However the yearly average lunar monthly
variation curves for the period 1956-60 indicate the
presence of twelve lunar hour period even during night-
time. The amplitudes of M, oscillations ( ﬁ1 } do not
show any dependence on the solar time, Its value being
between 2 to 5 ¥ for both the stations, the amplitude

of M, oscillations ( r, ) is very small for the night-



time hours, starts rising with the sunrise has a large
value around midday and reduces to a low value by the
sunset,. -It is however to be noted that the maximum
amplitude of T, during 1951-55 is about 57 and during
1956-60 the maximum r, amplitude is 9.4 ¥  at Kodaikanal.

The (921 ©, ) points for different solar
hours are plotted on a harmonic dial of lunar age and

lunar time in Fig. 4. On the harmonic dials of lunar time

it
LUNAR MONTHLY TIDES INH AT KCDAILLILL
24 198158 24
. Lo 7
Lt < / r,ga“
-’* 18
K P
)
iR 6
L %
! y) N
i 12
24 1856-50 24
7/ N 7
| € :
A B
A T
L XS
= 'o.‘l' 71° ﬂ/\ S
5.\ o]
N ~{

LUNAR AGE 2/ LuNAR TRl 7

Fig'4’e

b
A
[ ) X MEAN OF ALL SOLAR HOUGS

various ( ry ® 4 ) points for both high and low solar
activity periods move progressively around the origin

with increasing solar time and form a loop during the
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courge of one complete solar day. The vectorial average
of the amplitudes over the whole solar day is reduced

to a small velue of 0,57 ¥ whereas solsar mean value

is 1.42¥for the period 1956-60 and corresponding figures _
for 1951-55 period are 0.46 ¥ and 3,13 7 respectively,
On the lunar age dial the points (rq 2 1) corresponding
to different solar hours group themselves in & rather
narrow sector and thus vector average value of the ampli-
tude is not different from the individual velue of the
anplitude., Its vectorial mean for Kodaikanal 1956-60 is

1.17 ¥ and arithmetic mean is 1.42 ¥ and similar figures

for the period 1951-55 are 3.11 Y and 3.13 ¥ .

The améiitude and phase of lunar semi-monthly
oscillations (r2 © 2) for different solar hours are
plotted on the hsrmonic dials of lunar age and lunar time in
Figs5. On the luner age dial the;points for different
hours of the day move around the origin giving rise to a
very small value of the vector aversge from all the hours,
Cn the lunar time dial the pointe for various hours of
the dgy~time do nét move around the origin giving rise
to a very small value of the vector average from all <the
hours, but lie within a nzrrow sector and solar hour
average of the Mo amplitudes are comparable to

arithmetical (scalar) average. Lt Kodaikanal (1956-60)



arithmetical average of M, amplitude ( r, ) is 3.63 Y
and the vectorial average is 2.67 ¥ . Corresponding
figures for (1951-55) period are 2.09 7 and 1.97

respectively. The phase of maximum deviation of M, on

LUNAR SEMIMONTHLY TIDES IN 3 AT KGR KANAL E
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< 7 Y
~ ]2
AN
- '/ HF3 P
evix I
: {‘:— / 3
N
) BN b :
Figz, 5 N LUNAR AGE LUNAR  TIME

X MEAN OF ALL SOLAR MOURS

the lunar time dial is 9.4 1l,hr. for the period 1951-55

and for the period 1956-60 9.20 1l.hr.

Lunar daily varietion of H during different

geasons of Tthe year

Lunar daily variation at the eight lunar age
groups were computed separately for each season and

resulting curves were similar to curves obtained for
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the annual lunar daily variation showed in Fig. 1. For
any particular season, jhe whole lunation average curves
were also derived by averaging eight individual curves.
As described earlief for the annual average curves,
it is found that dﬁring any particular season also, the
oscillations are predominant during the day-time hours
and the pcak occurs earlier in lunar time with increasing
age of the moon. Individusl curves were harmonically
analysed for finding the coefficients Ch and <., for
Qaéh season. - During any of the seasons the variation
of the phase of a particﬁlar harmonic with the lunar age
was found as expected of Chapman's phase law., The
whole lunation average curves were harmonically analysed
end the amplitude and phases in individual seasons are

given in Table 3.

It is seen from the table that most significant
component is the second harmonic component with perio-
dicity of 12 lumer hours. JAmplitude &, (1956-60)
renges between 1,4 ¥ to 2.7 ¥ in contrast to Ay
amplitudes (1951-55) ranging from 1.4 ¥ to 2.0 7 . The
phase of '112 amplitudes i.e. B, (1956-60) is 208°
during D-months, 157° during E-months and 189° during
J;months. Thus the maximum deviation due to A2 osci-
llation occurs about 2 hours later during equinoxial

months, than D-months. In the low solar activity period



the picture was little different, the maximum deviation

due to A2 oscillation occurs about 2 hours later during
J-months than during D-months. Regarding amplitudes, one
finds that for Kodaikanal (1956-60) the maximum ampli-

tude of Az occurs during D-months (2.7 ¥ ) little less
during E-months (2.60 ¥ ) and least in J;months (1.43 Y ).
Dgring (1951-55) the maximun amplitude of AZ occur during
B-months (2.0 ¥ ) +than follows J-months (1.8 ¥ ) and
lastly by D-months (1.4 ¥ }.

Lunar monthly oscillations in H at fixed solar

time during different gecasons of the year

In Pig. © comparison is mede between diurnal
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variation of Mz(H) amplitude and normal diurnal variation

in H. The diagrem presents the picture of each season
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during the.periods 1951-55 and 1956-60. The curves
drawn with dotted lines are for the period 1956-60.

The following things stand out:-

a) M2(H) and H itself vary in a similar way
during the course of a day.

b) The range of daily variation in both MQ(H)
and H itself is greater in the period of‘higher solar
activity 1956-60 than during the period of low solar
activity 1951-55 with an exception of My(H) range in J-
months being about the same for both periods.

c) Thé range in H itself is greatest during
equinoxial months and are comparable in D;months and
J-months,

d) The range in M,(H) during 1956-60 is greatest
in E-months 1eés in D-months and least in J-months.

e) The range of MQ(H) during 1951;55 seem to be
more during J-months and'éomparable in D-months and E~

months,

The lunar monthly (M1) and lunar semi-monthly (Mz)
oscillationg in H in each of the solar hours were computed

separately for different seasons of the year.

(r2 Tz) points in different solar hours for
‘each season are plotted in the harmonic dial of lunar time in

Fig. 7. Similar curves for Huancayo (IGY/IGC) are drawn



in the same figure for comparison. It is seen that the

most of the points for the day-time fall in a narrow sector
forming a loop. In tables 4a and 4b?
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3-3 (2) Lunar tide in 'Df at Kodaikanal during

veriods of low and high sunspots

The lunar daily and lunar monthly oscill ations
in D at Kodaikanal for low sunspot period (1951-55) and

high sunspot period (1956~60) are determined.

Annual average lunar daily variations at fixed

lunar sges

The mean lunar daily varistions of Ai)
values are derived separately fcr the days with lunax
ages . Y= 00, 06, 09, 12, 15, 18 and 21 lunar hours,
The whole year average lunar variations in D at Kpdaikanal
for each of the eight lunar ages for the periods 1951-55
and 1956-60 are shown in PFig. 1. The positions of the
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sclar midday and midnight are indicated by the upward
and downward arrows respectively. The presence of lunar
diurnel Ly and lunar semi-diurnal L, veriation is noticeable
from the distinct two peaks in lunar daily variation
curves. The lunar daily variation curves for the low
sunspot period (1951-55) and high sunspot period (1956;60)
are similar in character. The amplitudes of the lunar
daily variation are greater during high sunspot period
(1956-60) than low sunspot period (1951-55). The part
of the curve having greatest movement fall during daylight
hours and is found to occur earlier and earlier in

lunar day with the progress of the lunation,

The harmonic coefficients C, and < of
the average lunar daily variations in D at Kodaikanal
are computed according to the Chapman's phase law expre-
ssion., In Table 1 coefficients of annual average lunar
daily variations in D for the periods 1951-55 and 1956-60
are presented. It is seen from the Tables that ampli-
tudes C, are independent of lunar age. The relations
between P and Y for any martievlar harmonic are
shown in Fig. 2. The Fig. 2 verifies Chapman's phase

law. The phase constants <. unlike phase angles ‘kn

remain nearly seme during the whole lunation.
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Figure,2,

The lunar daily varilation averaged over a
complete lunation is shown in Fig. 1. The harmonic coeffi-
cients of the average lunar daily wariation for the whole
lunation for the periods 1951-55 and 1956-60 are given
in Table 2. The lunar semi-diurmal component A2 is the
most prominent component, others are very small. The
amplitude of Ao is 0.046 minute and A1 is 0,02 minute for
the whole year during the period 1951-55. Similarly during
1956-60 A2 is 0,067 minute and A1 is 0,012 minutes. The
phase angle A, for the o oscillation is found to be

18%° during 1951=55 and 193° during 1956-60.
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Anmual average lunar monthly veriations at

fixed solar times

Tunar tides are estimated by studying lunar

monthly M,-and lunar semi-monthly M, variation of 4D at

each fixed solar hour.

Fig. % shows annual average Curves

Pigure.3. .
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of A D at fixed solar hours 00, 0B evseoveconanacassccll

ags a function of lunar age

2, (at Greenwich noon) for

the periods 1951-55 and 1956-60, The coefficients of

lunar monthly and semi-monthly oscillations derived

from these curves are given in table 3.

In the tables

the phase of M, oscillations are presented in terms xoi‘

local lunar age Y

and the phase of

M2 oscillations

are presented in terms of locdl lunar time T .

]

N
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Referring to Pig. 3, one sees similarity in
charecter between the two sets of curves for the two
periods of different solar ectivity. The tide for 5oth
the periods is signjficantly large during day-time hours
and its amplitude reaches maximum value near midday. During
night-time oscillations ere quite small. The phases of the
oscillations are roughly same for the two epochs. The
oscillations during the day;time have a predominant perio-
dicity of twelve luner hours while the night-time osci-
1lations have predominance of twenty four lunar hour
- components. However the yearly average lunar monthly
variastion curves for the period 1956-60 indicate the
presence of twelve lunar hour period even during night-

time.

\Tbe amplitudes T4 of lunar monthly oscillations,
are so small that the representation of ( ry Oy ) points
on a harmonic dial will not serve any quantitative purpose.
The probeble errors will mesk the pilcture. Hence ( ry Oy )
points for different solar hours are not represented on a

harmonic dial.

The amplitude and phase of lunar semi-monthly
oscillations ( r, 6, ) for different solar hours are
plotted on the harmonic dials of lunar age and lunar time
in Pig. 4. On the lunar age dial the points for different

hours of the day move around the origin giving rise to
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- & very small value of the vector average from all the

hours. On the lunar time digl the points for wvarious

KODAIKANAL [
ANNUAL
1951 - 55

i

LUNAR AGE » LUNAR TIME T

Figure.4. -
hours of the day-time trace a loop with a elongation in
a preferred direction. During 1951;55 the scalar average
of r, is 0.053 minutes and the vectorial mean of T, in
lunar age dial is 0.013 minuies and the vectorial mean
of T, in lunar time dial is 0.045 min;tes. During 1956-60
.the scalar average of T, is 0.096 minutes and the vecto-
rial mean of lunar time dial is 0.07 minutes. The
phase of maximum deviation of M2 on the lunar time dial
is 9.5 1l.hr. or 284° during 1951-55 and 9.2 1l.hr. or 275°
during 1956-60.
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Lunar dsily variation of D during different

seagsons

Lunar daily variations at the eight lunar
age groups are computed separately for each season and

the resulting curves are shown in Fige 5 and Pig. 6. The

LUNAR  DAILY VARIATIONS IN D AT KODAIKANAL
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whole lunation average curves for each season are also
crawn. In character these curves are identical to the
curves in Fig. 1, Here also Chapman's phase law is
obeyed. The harmonic coefficients for the whole lunation

lunar daily variation curves are presented in Table 2.
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It is seen that semi-diurnel component Ly 1s the most
prominent. The amplitudes of A2 range between .029

minutes and 0.86 minutes during 1951-55, in the order

D~months 0.86 minutes
E-months 0.029 minutes
J=months 0.70 minutes

The phase ‘82 is

2%2° during D-months *

162° during E—months; and

133° during J-months.’

The amplitudes of L, range between 0,062 minutes and

0.156 minutes during 1956-60"in the order

D-months 0.156 minutes
E-months 0,062 minutes
J-months 0.085 minutes.

The phase £, is e

2390 during D-months
148° during E-months

1%1° during J-months .
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Lunar monthly oscillations in D at_fixed solar

time during different seasons

In Fig. 7 and FPig. 8 comparison is made

& DOIN MINUTES

M, AMPLITUDE IN c{i,émmurss)
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Pigure,7. Figure,8,

between diurnal veriation of Mp{D) afiitude and the normal
diurnal variation in D. MQ(D) and D itself vary in a
similar way during the course of a day. The range of
daily variation in D is leass in D-months and greatest
in J-months for both the periods of low and high sunspot
number. During 1951~55 range in M2(D) is comparable .
in D and J-months and least in E-months. During 1950~60

the MZ(D) range is greatest im D-months and least in

4

———
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In Tables 42 and 4b T, 0.( T )y —=t—,
AD and probable error values for each solar hour are

given, In Fig. 9 the ( r, T, ) points in different solar

KODAIKANAL D
1951 = 55 i
D - MONTHS E ~ MONTHS J~MONTHS t
2 12 2 ’
i

-3

LUNAR TIME T

Figu_ure.9_ -
hours for each season during the period 1951~55 and

1956-60 are separately plotted in the harmonic dial of
lunar time, The ( r, T, ) points trace a loop with a
marked elongation in a2 preferred direction in D-months
and during - and J-months elongatbion of loop traced is
not so marked, In general both the set of harmonic dials

for different solar activity period are similar in charecter.
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(3) Luner tide in 'Z' af Kodaikanal during

periods of low and high sunspots.

The meen lunar dzily and lumar monthly oscillet-

iong in 72 at Kodaikanal for the periods 1951~55 and 1¢56-60

were determined.

Annual average lunar daily variations at

fixed lunar ages

The mean lunar daily variations of AZ are derived
separately for the days with lunar ages Yg= 00, 06, 09,
12, 15, 18and 21 lunar hours. The’whole—year average lunar
variations in 7 at Kodaikanal for the periods 1951-55 and

1956-60 are shown in Figure 1. The presence of lunar
! -

LUNAR DAILY VARIATION OF Z
! AT KODAIKANAL

1951 - 55 1956 -~ 60
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lunar daily veriation is indicated by two distinct peaks

in the lunar daily variation curves. The two sets
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of curves for the two periods have general similarities.

The meximum amplitudes fall during daylight
hours and are found to occur earlier and earlier in lunar
days with the progress of the lunation. The ‘average
lunar deily veriation for a whole lunation does not seem
to contain a significant diurnsl component.

The harmonic coefficients ( Cw) amd (&€xn) of the
average lunar daily varisticns in 72 at Kodaikanal for
different seasons and for the whole year are computed
according tc Chapman's phase law equation and listed in
table 1. The resultspresmtodin this tables confirm Chapman's
phase law,

The relations between 4;and 2 for the first four

harmonics are shown in Fig.2, It is seen from Fig.2 that
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the phase angle.?k;fbf both the periods 1951-55 and
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1956~60 remain about the same during the whole lunation.
The phase angie 4?. progressively decreases by
360°, and phase angle 4% progressively increases by 360°
in one complete lunation. Similcrly 4%,ohanges by nearly
720° during one lunation. The phase constants oQunlike

the phagse engles 42

m Cemain nearly same during the whole

lunation,

The lunar deily varistion averaged over a complete
luwation is shown in Fig.1. The hermonic coefficients of
the whole-lunation avercoe luner deily variations in ‘2 for
Kodaikanal during 1951-55 gnd 1956;60 are given in table 2,
The amplitude of the harmonic coefficients are very small,
In (1951-55), +the anruzl' average of Ay is 0.10 ¥ amd of A,
is 0.22 ¥y « In (1956-60) +the annusl average of A9 is 0,417
and of Ap, it is 0.12 ¥ . During the low sunspot period
4> 7 Aq eand during high sunspot period Ay P Ao, Higher
harmonﬁcs are very small., The phagse anlge B 2 for the Ao
oscillebion is fownd to be 332° during 1951-55 and 290°

during 1956-60,

4nnual averase lunar monthly variations at

fized solar times.

In Pig.% are shoun the anrual average lunar
monthly variations at fixed solar times for the period
1951-55 and 1956-60. The coefficients of lunar monthly

and semi-monthly oscillctions derived from these curves
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I
YEARLY AVERAGE
LUNAR MONTHLY VARIATION OF I
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are given in Table 3. 1In the tables the phases of 4
oscillations are presented in terms of local lunar age Y
whereas the phase - of Mp oscillaetions are presehted in
terms of local lunar time T .

It is seen from Fig.3 that two sets of curves
for low and high sunspot years have some differences.
During the period (1956-60) of high sunspots, the lunar
monthly oscillations are grester during daylight hours
than during nighttime hours, Near midday the oscillat-
ions are greatest, and in nighttime the oscillations are
very small., The oscillations during daytime show a semi-
diurnal character . In the low sunspot period (1951-55)
the ﬁioture is different. The semi-diurnal character of

the lunar oscillation is seen in almost all the hours,
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and the amplitudes of the oscillation during nighttime

are comparalle to those during daytime,.

The amplitudes ﬂ1 of lunar monthly oscillations
are so small and the probable errors so large that ( &y 8))
representation in a harmonic dial for different solar

hours is not considered worth while.

The amplitude and phase of lunar semi~monthly
oscillations (%g8) for different solar hours are plotted

on harmonic dials of lunar age and lunar time in Pig.4,

[
KODAIKANAL Z
ANNUAL
1951 - 55
12 12
- 8 23
o ——Fp 3 ;
|
9 3 19 Q// I
10 ? 1] ||
| i
3 iv 3 .
6 6
1956 - 60
12
|6|7
is
oF— >3 3 9 3
9
! Figure,4,
= 3
f LUNAR AGE ¥ LUNAR TIME T

b
l

This diagram presents s confused picture as compared to the
similar diagram for Kodaikanal 'H' field, The amplitudes
of g are very small and the probable errors are comparsble

to ?gl. This can be seen from tables 4a and 4bt,
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The ennual average hﬁ{his 0.36 ¥ in 1951;55
and 0.34 ¥ in 1956-60. The vector average of annual
average 8,9, 1c 0.86 ¥ in 1951-55 and 0.32 ¥ in 1956-60,

whereas ‘the scalar mean of %gpis 0.79¥(1951-55) and 4,59 Y
(1956-60) . |

Lunar daily variation of Z during different

seasons

Lunar daily variations at the eight luner age
groups were computed gseparately fox each season and the
resulting curves are shown in Fig.5. (1951-55) and Fig.6

(1956-60). For all the seasons the ,whole lunation average
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curves were also drawn., As described earlier for“the
annual average curves, one finds that during any season
the oscillations are predominent during the daytiﬁé hours
and peak tends to occur earlier in lunar time with increasing’
age of the moon, The individual curves are harmonically
analysed, and Chapman's phase law is found to hold good
for lunar daily variation in every season, The whole(
lunation average curves for each season were harmonically
analysed, the coefficients are given in table 2. It is seen
that the semi-diurnal component Ly is comparéble and in
some cases less than 4q. The phase of Ay oscillations i.e. B,
(1951-55) is 412° in D~months, 3019 in E-months and 304°
in J~months, and§(1956-60) is 451°.in b—months, 296°
in E-months and 316° in J-months. The phase anglehfor
D-months is different from E and J months, This is seen
from Fig.5 and Fig.6. The whole l@nation lunar daily
variation curve for D-months has a different phase from

similar curves for E and J-months,

Tuner monthly oscillation 72 at fixed solar

time during different seasons.

The lunar monthly M4 end lunar semi-monthly Mo
oscillétions in H for each of the solar hours were computed
separately for different scasons of the year, The

coefficients of Mo oscillations are listed in Tables 4a
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and 4b. The probable errors are alsokincluded in Tables

48. and 4~bt - P

In Figure 7 a comparison is made between diurnsal
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Figure g 7

variation of My (Z) amplitude and mormal dinrnal variation
in Z. The diurnal variation in Z is derived from the

data utilised in this analysis. The diagram shows that
MQ(Z) varieé inversely as Z during the course of the day
in both the periods, At about midday, the value of 2
reaches a minimum and the value of M, (2) reaches a
maximum. The diurnal variation in % was greater in 1956-60
then in 1951;55. 4 similar proportion in the diurnal
variation of Mp (2) is not oktserved in the periods 1956-60
and-1951-55, My (Z) seems to be of comparable amplitude
in both the periods. Only in E-months My (Z) is a little

larger in 1951-55 than in 1956-60.



%, T, points for different solar hours for
each season are plotted in a harmonic @ial of lygar time in

Pig.8s. The picture is not very clear. However, some
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gimilarity is seen in the plots of both the periods viz.

195155 and 1956-60,
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(4) Summary

In earlier portions of this chapter are described

the lunar tidal oscillations separately in the components
H, D and Z at Kodaikanal, Here, the results are summarized

so as to compare the oscillations in the three components.

Fig. 1 shows the lunar tidal variations of

LA

?':\L{fNAR DAILY VARIATION KODAIKANAL
DYEARLY AVERAGE  195i-60

e H™

q paos 2 A

) v‘/‘ ..,/\ IS —= I 15 By-pees i
NV VA kL ““;‘% 18 o \_r/\woﬁﬂ"r"sn ’
L .

- T 7~ P Va3

B 21 21 feogf A

°. N /\ Ay /\ e s Al -
:1::; 1&\ 00 s 00 / Ce ,%Eav{, -
< Of ’?{,Y z‘Ly v
K =<1 03 kot F1 03 ey " \

WA N

N 06 J i 06 el -
[ Bl 09 o~ o~ 5

‘N 2y :
. _‘.”_\ /\ /\ Al .
V20 i R Ve nan B e x‘\/;‘;;; o
PR N AL woLe N
5 N ~ LmaTioN ] e
i 9506 1z 18 24 00 05 12 18 24 00 65 136 4
i

LOCAL LUNAR TIME (LUNAR HOUR }

T e
these parameters for individual lunar sges averaged for
the whole year. It is seen that the curves for D and # H
for any of the individual lunar sges are almost identical
indibating that any increase in H is associated with a

gimilar increase in the westward declination. Variations
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in Z seem to be approximately in quadrature with the

varistions in D or H.

In Pig. 2 are drawn the lunar monthly varia-

tions of the three parameters at different fixed solar
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hours. Tt is seen that the largest lunar tidal effects

in any of the seasons happen in the hours around midday
(9—15 hrs.), although the tides in Z do not entirely

vanish during night-time. The general indication is

that the lunar tides in all the three parameters at

Kodaikanal are closely associated with the electrojet

currents,
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In Fig. 3 are shown harmonic dials of luner

semi-monthly oscillations in-D, H and Z averaged for the

KODAIKANAL E
ANNUAL AVERAGE 1951-60
MZOSCILLATION
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12
‘
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Figure,3.
entire period, It is seen that both D and % have a long
.loop centered between 9 and 10 hours, whereas the night-
time displacementé are small and the loop is centered
round the origin, indicating direct relationship between
D and % ﬁariations.» The end points of the vectors
,for Z do not show any clear loop but lie between 3 to 9
lunar hours. The average coefficients would differ
roughly by 90° from the corresponding coefficients for
D or Ho To geﬁ the seasonal variation in the lunar =ides

the M, oscillations averaged over 11 to 13 hours are

2



$134 ¢

subjected to harmonic analysis andG the coefficients are

plotted in Pig. 4. It is seen that the seasonal variation

KODAIKANAL 1951-60
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Figg;e.4.
in the amplitudes and phases of M2 oscillations in D

and H are slmost identical further confirming that the

tides at D =zZnd H are related to each other.
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3.4 Tuner tidel oseillations in H during IGY/IGC at

squatorial stations
The lunar tide oscilliaticns in H field at various

stations on the magnetie equator are determined for the
IGY/IGC period. Theystations considered are

(1) Trivandrum

(2) Addis Ababa

(3) Koror

(4) Jarvis

(5) Hupéncayd

The results aflunar tide at Huancayc previously
determined by Rastogi (1968) have been ineluded in tho
discussion for comparative stuéy. The results for each
station are described separately, and at the end, the

results for all the stationy are summarized.
(1) Trivendrum’

Trivandrum is situatedon the Western Coast in the
f8outhern part of the Indian Peninsula. Its position can be

described as

Geographioel latiule 8°29'N
Geoéraphic longitude T6°57'E
‘Geomagn;tic latitude 1°05'S
" Geomagnetic longitude 146°21'E

Dip angle = 0.6°8
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Trivandrum magnetic data used:in this study (IGY/IGC)
are published by the India Meteorological Department of
the Government of India. The data tabulated are hourly
kvalues. Each hourly value is the average for sixty mwinutes
centered at each full hour of G.M.T. The data are continuous
By the suitableléhoice of the tabular base value, the
printed eﬁtties in the Tables are\three—digit positive
quantities. The data for days on which Cp index was 1.2
or more are not included in the analysié. About 20% of
the total data were discarded to remove irregular distur-

bance effects.

At Trigandrum the mean value of the H field is’

about 40050 gamma and the mean vertical field is -45C gamma.

The luhar daily variation at fixed lunar ages

The annual average lunar deily variation in H at
Trivandrum (1957-60) for lunar ages centered on 00, €3, 06,
09, 12, 15, 18 and 21 hr. are shown in the Fig;1. The
presence of lunar diurnal b1 andlunar semidimrnal Tp
variation is shown in each lunar daily variation curve
by two distinct peaks of unequal amplitudes. The part of
the curve having greatest movement falls in daylight'hours
and occurs earlier and earlier in lunar hours with the

progress of the lunation. The whole lunation curve —s nearly

¢



sinusoidal with two peaks of nearly the same magnitude within
one lunar day. The lunar ciurnal component seems to be
71argely cancelled out by averaging the curve over a whole

lunation.
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The harmonic coefficients ( COpn )} and phases <n
of the average lunar daily variations in H at Trivandrum
for different seasons and for the whole year at different

lunar ages calculated according to the equation



: %
L = § 0, Sin gn'r+ Py,

where Py, = E (n ; ¥+ <y 3

are given in Tables 1a, 1b, 1c¢, 14. It can be seen that the
amplitudes of the harmonic coefficients do not show any

definite relationship with the lunar age,

Themean value of (1 — 18 2,3 ¥ and of Cp is
2.5 7Y . The higher harmonics are progressively smaller
in magnitude. Only the senmidurnal component is prominent.

In Fig.2 are shown the variation ofphase angles with lunar

f
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age. Chapman's phasé law 1s seen to be obeyed. The phase
angles of the first harmonie¢ and third harmonie are seen to
decrease and increase by 2T ovér a whole lunation. The
' bhase angle of the second harmonic does not change cppre-—
ciably over a lunation. Thepkase of the fourth harmonic

increases by 4T in a whole lunation.

The annual average lunar daily variation averaged
over a complete lunation is shown in Pig.l. The hermonic
coefficients of the average lunar daily oscillations (over
a Wﬁole lunation) for Trivandrum (1957-60) are showr in
Table 2. The amplitude of lunar semidiurnal oscillation
Ao is 2.4 Y and theamplitude of lunar diurnal oscillation
Aq is 1.0 ¥ , The amplitudes of all components except the .
second are statistically insignificant., The phase angle ﬂ;g

_ for the Ap oscillation isfound to be 193°,

Annual average lumar monthly variations at fixed

solar time

The annual average curves of AH at fixed solar hours
(oo, 03, 06, 09 vovieeverersesesss2l) as a function of
lunar age 2% are shown in the Fig.3 It is seen that
the tide is significantly large for the daytime hours and
fthat the maximum tide ocours near midday. The oscillations.

are small during nighttime. The oscillations during daytime
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have a periodicity of twelve lunar hours, while the nighttime

osecillations indicate a twenty-four lunar-hour component.

_

oy e
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Fig.3

The coefficients of annual average lunar monthly
My and lunar semimonthly My oscillations are given in Table 3.
The amplitudes r4 of lunar monthly component are seen to lie
between 0.45 ¥ and 4.41 ¥ . The amplitudes r{ do not
seem to wvary systematipally with the solar time whereas
amplitudes ro vary systemaﬁically with the solar time, The
values of ro are very small at night and start increasing

at sunrise, reaches a maximum value round about midday and
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start felling thereafter to the small nighttime value.
The amplitude ro of the semimonthly lunar oscillation in H

at midday is 7.8 ¥ at Trivendrum (1957-60).

The amplitudes rq4 of lunar monthly oscillations are
s@ small that the representation of (rq é1) points on a
harmonic dial do not show anything significant. The
probable errors mask the picture. Hence (r1 é1) points for

different solar hours are not represented on & harmonic dial.

The amplitude and phase of lunar semi-monthly oscilla-

tions (r2 62) for different solar hours are plotted on the

harmonic dials of lunar age and lunar time in Fig.4.

LUNAR SEMI- MONTHLY TIDE IN H
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On the lunar age dial the points for the different hours of
the solar day move around the origin with a very small value
of the vector average from all the hours. On the lunar

time dial the points for various solar hours do not move
around the.origin but lie within a narrow sector. At
Trivandrum the mean amplitude for all hours gives an annual
average value of 3.7 ¥ while the vector mean is 3.2 ¥

on a lunar time dial, and 0.79 ¥ on the lunar age dial.
The phése of maxiﬁum geviation of Mo, on the lunar time

dial is 277° i.e, 9.2 1.hr.

Lunar daily variation of H during different seasons

Lunar daily variations at the eight lunar age groups
were eomputed separately for each season and the resulting

curves are shown in Fig.b. For any particular season,

0

LUNAR DALY VARIATION IN H
AT TRIVANDRUM (1557-60)
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the whole lunation average curve were also derived by
averaging eight individual curves and the resultant curves:
are also shown in the diagram, As described earlier for
the annuval average cufves, one finds that during anj season
the oscillations are predominant during the daytime hours
and the peak occurs earlier in lunar time with increasing
age of thé moON . Individual curves are harmonically analysed
to find the coefficients Cmand e€mfor each secason.
Chapman's phase law is found to hold good for lunar daily
variation in every season ., The whole lunation average
curves for each season were harmonically analysed, the
coeffieients are given in Table 2, It is seen from the
Table 2 that the second harmonic component is signifisantly
larger than the other harmonics. The amplitude of the
second harmonic component lies between 1.3 ¥ and 4.0 Y
whereas the first harmonic amplitudes range from 0.6 ¥
to 2.2 ¥ . The higher harmonics are still smallér.
The phase of 4o ogcillations i.e. Bo is 222° during D-:mon'thss
161? during E. months and 180° during J months. Thus the
maximum positive deviation due to Ag,oscillation occurs
earliest in D-months, nearly one and quarter hour later
in J-months and about two hours later in E-months. JThe
maximum semi-diurnal component 4p of 4 ¥ is in D-months,

Guring E-months Ag is 3 ¥ and during J-months bo iz 1.3 ' 4



Lunar monthly oscillations in H at fixed solar time during

different seasons:

The lunar monthly M1'and lunar semimonthly Mo
oscillations in H for each of the solar hours were computed
separately for different seasons of the year. The coeffi-
‘olents of Mp (H) oscillations are listed in Table 4., The

probable errors are also included in .the Table 4,

In Fig.6 comparison is made between diurnal variastion

of M2 (H) amplitude and normal diurnal variation in H. The
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diurnal. variation in H is derived from the data utilised

in the analysis. The diagram shows that Mo (H) and H itself
vary in a similar way during the course of a day. The rangé
in H variation is greatest in E-months and are comparable
in D and J months: whereas the range in Mo (H) variation

is more during I;months shan E and J months. The range

in Mo (H) variation in J-months is the least.

(r2 T 2) points for different solar hours for each

" season are plotted in harmonic dial of lunar time in Fig.7.

\\
— LUNAR SEMI-MONTHLY Tine 1y 4 ’
TRIVANDRUM (1957-60)

CeMONTHS

J-MONTHS

Fig.T
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I% is seen that most‘of the points for.the daytime form a
loop elongated in a preferred direction. But it is‘noteworthy
that nighttime points also tend to form a separate loop

of oourse with no preferrsd elongation. But nighttime tide

amplitudes are fairly large.
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3:3(2) ADDIS ABABA .

Lddis Ababa is situated in the northern geographic

hemisphere and south of magnetic equator. Its coordinates are:

_Geographic latitude

9°01'N

Geographic longitude 38°45'E

Geomagnetic latitude 5°3'N

Geomagnetic longitude 109°2!

dip angle

1.8 8-

The hourly values of the H fiéld at Addis Ababa are

taken from the Bulletin of the Geophjsical Observatory,

published by The University College of Addis Absba. In

the present analysis the data for the period 1958, 1959

and firgt six months of 1960 are used. The data are

good and continuous. The

more are dropped from the

At Addis Ababa the
about 36100 gamma and the

is about ~-600 gamma.

The lunar daily variation

days on which Gp index is 1.2 or

‘analysis.

mean value of the H field is

mean value of the vertical field

at” fixed lunar ages:

The annual average
4ddis Ababa (1957-60) for
06, 09, 12, 15, 18 and 21

lunar daily vaeriation in H at
lunar ages centered on 00, 03,

are shown in Figure 1.
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T YEARLY AVERAGE
LUNAR DAILY VARIATION OF M
ADDIS ABA3A (1957-60)

. LUMAR
-
co s s 4

WHoLE
.. tunaTioN

0o o6 [+ 18 2e

LUNAR TIME \

Pig.1

The presence of lunar diurnal L and?unar seni-
digrnal Lo component is indicated in any luner daily
variation curve by peeks of unequal amplitude. The part of
the curve having greatest movement falls during daylight
hours and is found to occur earlier and earlier in lunar
day as the luna%ion progresses., fhé average lunar caily
variation curveifor the whole 1unétion is & . ginusoid

with two peaks of nearly equal amplitude.
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The harmonic coefficients( Cp ) and ( e&y) of
average lunar daily variation in H at Addis ibaba for differ-—
ent seasons and a whole year on different ages of the moon
are computed according to the Chapman's phase law expression

and are tabulated in tables 1a, 1b, 1lc, 1d.

It can be seen that amplitudes of harmonic coeffi-
cients do now show any definite relationship with the lunar
age. The mean value of Cf is 3.6 Y .and the mean value
of Co is 3.7 ¥ » The higher harmonics are progressively

smaller in magnitude.

In Fig.2 are shown the variation of phase angles

ANNUAL AVERAGE
ADDIS ABABA 'H' (i957-s8.

400F @)
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with lunar age, verifying Chapman's phase law. The phase
angles of first and third harmonic are seen to decrease and
increase_by 2T over a whole lunation. The phase angle
of second-hérmonic does not change appreciably over s
lunation. The phase of the fourth harmonic increases by
4T in a whole lunation. The phase constant do not vary
appreciably with lunar age. The phase constant of 2nd
harmonic &<, and the phase angle of the second harmonic
are found to be same and do not vary over a lunation.

This is in accordance to Chapman's phase law.

The annuel average lunar daily variation averaged
over a complete lunation is shown in Pig.1. The harmonic
coefficients of the whole  lunation average lunar daily
oscillations for Addis Ababa (1957-60) are given in-Table;Z.
The amplitude of lunar semidiurnal oscillation Lo is 3.6 ¥ ,
and the amplitude of lunar diurnal oscillation Ly 18 0.2 7T .
The amplitudes of all components except A2 are statistically
insignificant., The phase angle Pp for the Ao oscillation is

found to be 221°,

Adnnual average lunar monthly variations at fixed solar times:

The annual average curves of AH at fixed solar
hours (00, 03, 06, 09 cereriiicnrnecneas.21) as a function

of lunar age % degree are shown in Fig.3. It is seen
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YEARLY AVERAGE
LUNAR MONTHLY VARIATION
OF H AT ADDIS ABABA Cias7-s8)
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from the Fig.3 that the tidesare signficantly large for the
daytime hours and the meximum tide occurs near midday.

The oscillations are small during nighttime. The oscilla-
tions during daytime have a predominant pericdicity of
twelve lunar hours while the nighttime oscillations have

predominant -~ twenty four lunar hours component.

- The coefficients of annual average lunar monthly Ii

and lunar semi-monthly M oscillations are given in Table 2.
y 2 g
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The amplitudes (r1) of lunar monthly component are seen
t0 lie between 0.2 ¥ and 3.3 ¥ . The amplitudes B h,
do not seem to vary systematically with the solar timé but
amplitudes r2 vary systematicdlly with solar time, The
values of r2 are very small at night and early morning,
start increasing at sunrise reach & maximum value at about
midday and start falling thereafter to the nighttime small

value. The amplitude of r2 at midday is 7.6Y.

The amplitudes r1 of lunar monthly oscillations are
50 small that the representation of (r1 @1) points on a
harmonic dial will not serve eny guantitative purpose.
The probable errors will magk the picture, Hence (£& e1)
points for different solar hours are not represented on a

harmonic dial.

The amplitude and phase of lunar semi-monthly
oscillations (r2 @2) for different solar hours are plotted
on the harmonic dials of lunar age and lunaf time in Fig.4.
On the lunar age dial the points for the different hours
of the solar day move around the origin giving rise to a
&ery small value of the vector average from all the hours.
6n the lunar time dial the poinfs for various solar hoﬁxs
do not move around the origin but lie within & narrow se-

ctor and here the Scalar average and vector average of Mp amp-.

litudes are comperalile .t iddis Ababa the amplites for 41 hours
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LUNAR SEMI-MONTHLY TIDE IN H
& ADDIS ABABA (1957-60)

LUNAR AGE ¥ LUNAR TIME T

& e - - - m m— mw e e

-Fig.4

give an annual solsr hour mean of 6.3 ¥ while the vector
mean is 4.3 ¥ on a lunar time dial and 2.06 ¥ on a lunar

age dial., The phase of maximum deviation of Mo on the lunar

age dial is 255° or 8.5 l.hr.

Lunar daily variation of H during different sedsons:

Lunar daily variations at the eight lunar age groups
were computed separately for each season and resulting curves

are shown in Fig.5. For each season the whole lunation



- _ _
B LUNAR DAILY VARIATION IN H -
: ADDIS ABABA (1957-60) b
- D-MONTHS E-MONTHS JHONTHS
Nt L e,
e \Whd = I =E S
- — \/ *. [T} '"\{ [\\J 18 [T L3 “._
g /\' - IR /*}\// s N
] /\ / et 00 /\ N N
SR A\ A i
.C v g ‘\‘/-.__' Y 03 e * s L i — s T *
+ ny
‘ \/[\ N \/[\--—} Yy
2. /\- e 09 st =22 o 2
M/ \ )
oo sy s
MmN A N - -
% wotent
ain N /\J o
LI I uum;— . EATION N s
T [ o " " 24 OO o 13 . n oo 3 (] "
B LUNAR TIME
- b}
Fig.b g

average curves were -also derived by averaging eight individual
curves and the resultant curves are also shown, in tae
diagram, Ls described earlier for the amnual averags curves,
one finds that during any season the oscillations ares pre-
dominant during the daytime hours and the peak occurs earlier
in lunar time with increasing age of the moon. Individual
curves are harmonically analysed to find the coefficients

C;, and o<y for each season. Chapman's phase law is found

to hold good for lunar daiiy variation in every season.
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The whole lunation average curves for each séason
were harmonically analysed. The coefficients ére given in
Table 2. Tt is seen from the Table 2 that the seconi harmonic
component is significantly lafger than the other harmonics.
The amplitude of the second harmonic ( ) } component lies
between 2.3 T o 6.2 ¥ and the first harmonic amplitudes
lie between 0.5 ¥ to 1.2 ¥ . The higher harmonics are
guite small. The phase of Ay i.e. bz is 238° auring D-months
250? during E-months end 555° during J-months. The maximum
positi&é deviation due té Ao dbscillation occurs earliest
in J months, almost at the same time in E mdhtﬁs and about

half an hour later in Dumonths.

The m aximum amplitude of Ly (6.2 ¥ ) occurs in

&

D&mohths, dﬁfing E—months Ao is 3.2 Y , and -durirg J-months

‘Ko is 2.3 ¥ .

G o . ‘ . . )
Tihar fonthly Oscillations in H.at fixed solar. time during

H

different seasons:

The Mq (H) and Mp (H) for each of the solar hours
were computed separastely for different seasons of the year.
. The coeffigients of Mo (H) oscillations are listed in Table 4.

The probable errors are slso included in the Table 4.
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In 7Pig.6, comparison is made between the diurnal

variation of theamplitude of Mo (H) and the normal diurnal

ADDIS ABABA ‘H’ |957-19g0 L,
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Fig.6

variation in H. The diurnal variation in 'H' is derived
from data utilized in this ané,lysise The diagram shiows
that Mo (H) and H itself vary in a similar way durirg the
course of a dey. The range in H variation is greatest in
‘ E-months and comparable in D and J months; whereas the .
range in My (H) variation is largest in D-months, the
range Mo (H) in E months is slightly less tlan that cf

D-months and least in J-months.
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(ro “T o) points for different solar hours for

each séason are plotted in harmonic dial of lunar time

in Pig.7. It is seen that most of thepoints for the daytime

LUNAR SEM}~ MONTHLY TIDE IN H
ADDIS ABABA (1957-60)
D~ MONTHS E~MONTHS J - MONTHS
w12 1 1 12 | N 12

LUNAR TIME T

form a loop elongated in a preferred’ direction. DBut it
is noteworthy thet nighttime points also tend to form a
separate loop rather TOWidish with no preferred elongation.

But nighttime amplitudes are feairly large.
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(3) Koror:

i magnetic observatory &t Koror, an island in
the Palau group of islands was established at the

beginning of the IGY progremme, The coordinates of

the observatory are:

Geographic latitude 7 °20'He -
Geographic longitude 134°30'L
Geomagnetic lavitude ~3,20
Geomagnetic longituds 213% .4 °

Il

dip angle 0.1°.8 ...,

The hourly values of H at Koror are taken from
the data book issued by The Coast and Geodetic Survey,
Washington, Iﬁ'tbe present analysis, data for the years
1957-58 are usgd. For lunar tide anelysis, 15 months

dete are too short a period to give a definite picture

-ty

of the phenomenor., However Koror bheing an important
station on the megnetic ecuvator, an attempt has been
nede to study the luner efiects on the geomagnetic fisld.

Only daoys with Cp index less than 1.2 are considered

in the computetion of lunar tides.

&Lt Koror the mean value of the H field is about
37850 gemma ant the mean value of the vertical field is

about -10 gamma.

The lunar daily variation at fixed lunar sges

The annuzl average lunar deily variation in
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H at Koror (1957-58) for lunar ages centered on 00,03,

06, 0%, 12, 15, 18 and 21 are shown in- Fig.l.

: YEARLY AVERAGE -0
LUNAR DAILY VARIATION OF H
oo- KoROR  (1957-58)
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Figure.1,
The presence of L4y(H) and I (H) is indicated by the two
unequal peaks in the lunar daily variation curves. The
part of the curve haviﬁg'greatest movement fall during
daylight hours and is fouﬁd to occur earlier and earlier
in lunar day with the progress of the lunation. The
whole lunation average lunar daily variation curve is

nearly a sinusoid with two equal peaks.

The hermonic coefficients G, and «n of the average
lunar daily variestions in H at Koror for different

seasons and the whole year are computed according to

v
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LT3

Chapman's phase law expression and listed in tables 1a,

1%, 1c and 1d,

It is seen from the Table 1 that the amplitudes
C, are independent of lunar sge. The relations between

¢ and ) for eny narticular hermonic are shown in fig.2,

i ANNUAL AVERAGE
- KOROR “H” (1957-58)

s 4001~ &,
B 300[~

s 200}~
1oof~

300
200

400
300

600
500
400
300

PHASE ANGLE IN DEGREES

K 00 06 1z 18 24 :
fak LUNAR AGE -

Figure.2.
The fig.2 verifies Chapman's phase law. The phase
constents «n unlike the phase angles @n remain nearly
same during the whole lunation.
The lunar daily variation averaged over a complete

lunation is shown in Fig.1. The harmonic coefficients

-



$175¢

O S S e T e B

0 7°0 89 " 3¢2 vy 6l 0°4 Le

) L0 €9 L'¢ L6l <y 2 9 8l
902 Lg 2y ¢z 6L ¢ ev 0'¢ Gl
vz 6°0 . 0'z 8¢z 6°¢ 1< 8¢ )
922 6°L €9 . 9°¢ L61L vy 2e 82 60
cve 6*0 LY L'z 812 L'¢ 0S¢ Ly 90
902 01 69 LA 2 ALTF- vy - <0
062 2l L9 2V 361 ¢*g 199 A 00
o BUIR Y o BTN L) ° BULIB Y o BUNIE 5 o892 reunT.
e vy S50 €9 %> L T
(86=LG6L ) OHON — Tontid?
, Af. 1=
> + ACT-wd + ‘N.F.v.gmmﬁ_u ._.._W = 7 uorgenbe suy 03 Surprooom

Sefe geuUNT JUSASIITD IO HOYON 92 H UT SUOTLETIBA ATTBD JBUNT JO SQUeTOTITO0)

AN



3176¢

96¢ 0°l 691 e ceze Loy €9 ¢°c Le

Lv¢ L cLL ¢ ¢ cce 0¥ G Yoy 8l
80¢ 60 ¢9 6'z 0% . L' 9v Coy Gl
€62 80 021 Loy 162 2*9 16 c*y | A
652 Yt 69 0" 2¥z L*9 62 vz 60
LEE 9°0 €9 0t 922 G°l 962 - Geg ‘ 90
262 61 29 96 eve ¢*L  0°02 2°6 €0
292 Ll 19 L00°¢ GLL G*¢ 92¢ 8ty 00
ﬁ?ﬁﬁmwww - piwﬂw%sw o m.ovo B ..;mmpm.mw - NWo mmwww ) .Wn mmﬂm@w ode Jeuwt

R Tk T N S P PRy PP

(BG=[GE1 JI0T0Y = Sqqust = @

_ U zw
m.SVc + C(T-%) + .N.S.,W wis %y ._.gw = 17 uotgenbs ays 04 BurpIOOOB

safe JeunT JUSISIITP IO JOJOY 48 H UL SUOTIBEBA ATTBp JeunT JO S1USTOTITO0D

(@) T =598



17T

R o AT M M W B TR Dt R 48 o AR WM e § SR SR, Kbt e Bl I 0 A 9 A A St e

bt

06

L0z
982
212
cLe
zlL
VL2

M

L0 of 6" L LYz €9 Lz L*L ke
9°0 el AN OLL 2*s ¥ ¢*6 2l
9°2 <9 L*2 922 ¢ e 6L A al
9°0 6 AN 0%2 £*e 6¢ 8°9 cl
¢°2z LS ¢ty 6Lt 2° L Lz L*S 60
e GY 2y 712 L L 29 90
VAN" cL 9°¢ Gle A 97 0°9 <0 |
0°¢ 1 28 961 9% ey 9°0L 00
ﬁﬁwﬂmuw nuos wmﬂaw .«voo | dsﬂw@mw a0 g%mmw e JeunTg

Ho0

[ P,

B ML CAeme o mttmatae A A A A mzin a.

SEA R Bk B St MLUAC R she B b MMk 8 e e b R e s e 4 A e b o v

§8FB JIBUNT JUSISIITP JIOT T0J0Y 1B H UT SUOTIBTIBA ATTBD IB

(85-LG61 ) X0i0y ~— Eyguoti~a

. . 1=,
- MSVoL, ACT-w) x M\ec.w ws"d X = 7 uorqenbe oyy og Sutpaooor
‘: .

(9) L = oTqeg

unt JOo S4ULTOTIIS0N



178

oo

s A E IS L U A IR AT e A TR M e T A e M S A E

AR LA R T e U S < K SEMINS e M A AU W R M e R MG M A A e e A R W MM S The W e e At e s e

[ S

L6L 8¢ LS 972 62z ¢~ yG¢ G*9 12
25 ¢*0 ¢y L¢ L61 ¢+ L5¢ Rl a1
a1 5+ 0 ave 9°¢ 61 G*9 L¢¢ L Gl
¢z Lot 2 8¢ 10z G+ L 23 96 21
. Lol R LOL 6°0 051 6°2 R L 60
22 vl oL el 122 ¢z see LY .90
651 "0 18 0°¢ oLl 0%9 L5¢ 602 €0
ve ¢l Lit Lz 95T Lz 962 $*0 00
e L TH %% et v RS s MY TR

mﬁ%y.ﬂd?ﬁ0+‘ﬂﬁw5680

(86-LG61 Y 0

PR e

I0Y = Sifauou~p

=W
hww = 1 uotTgenbe oyjy 03 FUuTpIoooeE

sofe JeUNT 4USISIITP JOF JOJOY 3B H UT SUOTIBTIBA ATTBpP JBUNT JO SLUSTOTIFO0)

B e e L e S Npe g

*1p)- L °TqRy



2179

of the aversge lunar daily variation for the whole
lunation are given in table 2. The lunar semidiurnal
component Lo 1s the most prominent components others
are very small. The amplitude of 4o 1s 4.2 Ywhile Ly

1s only 0.47. The phase zngle B2 is found to be 219°,

snnual aversge lunar monthly varigtions at

fixed solzr tinmes:

In Fig.3 are shown annual average lunar monthly

YEARLY AVERAGE h
LUNAR MONTHLY VARIATION - ..
OF H AT KOROR Ci9s7-58> 1 -
" - -, 7

T W
S
» = 3
TR
SO e,
A

-
¥
3
p
"
~
<f>
o

D\
‘e V4 .

o3

(] N

|
0 06 2 I8 24
LUNAR AGE ), L HRS

Figure,3.
variations at fixed solar times, . The coefficients of

lunar monthly and semimonthly oscillations derived from
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these curves are given in Table 3. In the table the
phase of Iy oscillations are presented in %erms of local
lunar sge whereas the phase of Mp oscillations are

presented in terms of local lunar time .

It is seen from Fig.? that the lunar monthly
oscillations are greater only during daylight hours ard
it reeches meximim near midday; During nighttime the
oscillations ere very small. The oscillations during
daytime show semidiurnsl character vhile nighﬁtime 08—~

cillations show predominaut diurnal character,

The amplitudes Zn do not show any dependence on
solar time and ranges between 2.0 Y to 6.87, whereas ho
show solar diurnal variation with meximum value near
midday and minimum at night, The’ﬁavalues range from
0.2 Y to 18,0 ¥ . The ( h,8)) points for different solar
hours are plotted on & harmonic disl of lunar age and

luner time in Fig.4. It is seen that (A,8,) points in

°

cor LUNAR MONTHLY TIDE IN H
Ty KOROR (1957-58)

O
= S 14 201/ 23
ST G : n é
YR T ‘ 18
e 3 K“}‘\
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K > / 1 SV o1 N8
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5%, 8 I ot e (RN
14 12 9 14 2 9
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Pigure.4,
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lunar time dial move sround the origin and form a loop

during the course of a soler day.

over z day comes to be 0.52 ¥ and just sedar mean of A,

is 3,97 .

points group themselves in a narrow sector and here the
vector average and scelar average of A, come ouh to be
nearly the seame, the vectorisl mean being %.74 ¥ and

soler mean 3.9 . Similarly (hz&z)points are plotted

.0n a harmonic dial in Fig.5 cn the lunar age dialmvw(

lunap Gme deal.

f LUNAR SEMI MONTHLY TIDE IN H .‘V
G KOROR (1987 58) v
1 ‘ 2
: 2 ] ] 1l 12 1
- s N t
e 4 1 . i o/ﬁ Ye ]
I . T 9 { s
/_ R \ s, of 4 b
N o 1z IOJ’ ®
) . 3 * .
1 » er s
- ‘f
. ? () ~ { -
i{ﬁ s s 4 7 6 ’
LURAR AGE » LUNAR TiME T R
I —
Flgure «5e

The (2-2@,3) points trace a near circular loop., but the

whole of it is on the right side of the origin.

the vectorial -aversge of ’lzof 6.06 ¥ is comparable to the

The vectorial averageos

When plotted on lunar sge dial ( h,8,), the
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scaler average of 6,7Y . On the lunar time dial
(“hpBy) points trace a loop with an elongation in a
preferred direction. “In lurer time, vectorial average -
of ﬁznis 4,76 Y and the phase of the maximum deviation

of ﬁ_z_in luner time is 252° owr 8.4 1.hr.

lunar Gally veriation of H during Gifferent seasons

Iunar daily veristion at the eight lunar age groups
are computed separately for each season and the resulting

curves are shown in Fig.€. The whole lunation average

e — i ~w
; LUNAR DAILY VARIATION IN H
[ AT KOROR (1987-60)

D-MONTHS E-MONTHS J-MONTHS
1T 1 T .
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- " vuoud N —
b , L wumen  umn .
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Figure.t.
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curves for each season are also drawn. In character
these curves are identical tc the annual daily variation
curves described previously. Here also Chapman's phase
-law 1s obeyed. The harmonic coefficients for the whole
lunation luner daily varistion curves are presented in
Table 2, It is seen that the semidiurnal component L,
is the most prominent harmonic. The amplitudes of Lo -

raenge between 3.8 ¥ and 5.6 ¥ in the order of

E-months 5,6 Y
J-Months 4.7 7
D-months 3.8 Y

The phase Po is 239° during D moumths, 207° during
E-months and 193%° during J-mcnths. Thus the meximum
deviation of 4y oscillation cccurs about one and quarter

hour later during D-months than in J-months,.

Lunar monthly oscillations in H at fixed solar

time during different seasons.

In Fig.7 comparison is made between diurmnsl
vaeriation of Mo (H) emplitude and normal diurnal
variation in H,M2(#H) and H itself vary in e similar way
during the course of a day. The range of daily
variation in H-and M, (H) is least in J-months and

nearly Samein D and E months.
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KOROR ‘H’ (iss7-38)
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Figure,7.

In Table 4, .ve~—m— 91_.2’, QZC"C),AH and the
probable errors for eac! solar hour are presented. The’
(%QZ%) points for different solar hours for each season

3

are plotted in +the harmonic digl of lunar time. (Fig.B.)

The (712'2‘&) points for D and E-months when
plotted in a harmonic dial trace a loop with a marked
elongation in a preferred direction end the (%) poinis
for J-months trace - two circles, the immer smaller one

representing nighttime, em the outer bigger one
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representing daytime variation. The bigger and outer
loop is elongated to the left side of the origin,
So that the vector average of (.&i:i) during J-months

is not small,
The average of

( ﬁi?ij D-months is 4.4 ¥ , 221°
( &,Ty) B-months is 6.2 ¥ , 256°
( 712'2'2) J-months is 4.8 ¥ , 274°,

LUNAR SEMI-MONTHLY TIDE IN H

0-MONTHS KOROR (io57-58)
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(4) Jarvig
Jarvis island is near to a junction of the
geographic and mggnetic equators and hence of a special
value for study of the eguatorial electrojet. The

position of the magnetic observatory at Jarvis can be

described as

Geographic latitude 0F23' South
Geographic longitude 160°02!' West
Geomagnetic latitude -0,6°
Geomagnetic longitude 269,1°

. dip angle = 2.2%0orth.

The hburly values of H field at Jarvis are
taken from the data book issued by Coast ani Geodetic
Suryey, Washington. In the present analysis data for the

.

years 1957-58 are used,

The mean value of I field at Jarvis is about
34458 Gamme end the meen value of VY field is about 1335

Gammsa.

The linsr daily variation at fixed lunar 2ges

The annuel average lunar daily varietion in H
at Jarvis (1957;58) for lunar ages centered on 00,03,06,
09,12,15,18 and 21 are shown in Fig.1. The presence of T,
(H) and I, (H) is incicated by the two wnequal peaks in

the lunar daily variation curves. The part of the curve

i
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having greatest movement fall during daylight hours and
is found to occur earlier and earlier in luner day with
the progress of the lunstion. The whole lunation lunar
deily variationfcurve is e sirusoid with two nearly equal

peaks.

The hzrmonic coefficients Cn andec n for
eaéb of the average lunar Geily variation curves arc
presented in Teble 1a, It ig seen from the Table 1a that
amplitudes Cn arc independent of lunar age. The relat-
iong between QPEH@.foor any particular harmonic are
shown in Fig.2. The phase oonsfantsaﬁhunlike phase angles 451

remain nearly same during the whole lunation.
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ANNUAL AVERAGE
JARVIS ‘H* (1957-58)
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Figure.Q.
The lunar daily variation averaged over a

complete lunation is shown in Fig.1. The harmonic co-

efficients of the average lunar daily variation for the
whoie lunation are given in Table 2, The lunar semidiurnal
component 4o is the most prominent component, others are
.small., The amplitude of a0 is 3.6 ¥ while iq is 1.0 7.

T-e phase angle Po is 194°.

. wverage lunar monthly variations at fixed

solar times.

In Fig.3 are shown annual average lunar
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YEARLY AVERAGE
LUNAR MONTHLY VARIATION
OF B AT JARVIS (i1957-58)
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PFigure,3.
monthly variations at fixed solar times. The coéffi~
cients of lunar monthly and semimonthly oscillations
derived from tlese curves are given in Table 3. In Pable 3, the
P hase of li1 oscillations are presented in terms of local
lunar age M whereas the phase of My oscillations are

presented in terms of local lunar time “T .-

It is seen from Fig.3 that the lunar monthly
oscillations are greater only during daylight hours and
it reaches maximum ncar midday. During nighttime the

oscillations are very smsll. The oscillations during
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daytime show semidiurnal character while nighttime
oscilletions show predominant diurngl chsracter. Unlike
ﬁzemplitudes 9:.\ does not show eny dependence on solar
time. The (&.Q)points are plotted on a harmonic dial
of luner age and lunar time. Fig.4. The picture emer-

ging from (/‘z.é’q) plots ic confusing .

|

f - LUNAR MONTHLY TIDE IN H |
L JARVIS (1957 58)
|

LUNAR AGE ¥ -

Figure,4,
The vector average of (ﬁ,g,)yis 1.267Y, 20°
and the vector averszge of (ﬁ.@,)rr is 0.8 ¥ ,270°., The

sQalar average of ?1. ig 2.3%Y. Sinilarly (hzgz) pointsg
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are plotted on a harmonic dial in fig.5 on the lumar

LUNAR SEM)-MONTHLY TIDE IN H
JARVIS (i357-58)

1] 12
X

\

LUNAR AGE ) LUNAR TIME T

Figure,.5

age dial (%6)) points trace a near circular loop, with
most of the part on the right side of the origin. The
vectorial mean of ho ig 2.0V and scalar everage 1is 5.17.
on the lunear time dial (ﬁiﬁa) trace a loop with a marked
elongation in the third gquadrent. In lunar time &iyect~
oriel averszge — 7 1s 4.4 and the phase of the

maximum deviation of A2 in lunar time is 8.8 1l.hr.

Lunar daily variation of H during different

S€aS0N.

Luner daily variations at the eight lunar age

groups are computed separately for each season and the

4
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resulting curves are shown in Fig.6. The vhole lunation

average curves for each are also drawn. In Cheracter

i LUNAR DAILY VARIATION IN H i
AT JARVIS (1957-60) -
- D= MONTHS £- MONTHS J~MONTHS '
o T 0 T .
B A \//\\ PRETTT SN L
| /l'i \ C > R i ¥ \/ :
~v* Y &N 21 B 4 r P59 -

>
o
1]
1]
A
‘0
0
H
4 ]
- \ N
)
’ &
/A
d
=)
<
K
hY
1
’I

NI < i
~ . i
Pt P BV s . N b N
' 5 09 3
. VAV SRR Y
DAV SR N S :
i /” r / S - nigut V ~ A v
NSNS\ | e
g s ~ ~
WHOLE LE
. \ LUNATION LUNATIOR “
—L VRSSO SRS PO S— ORI SR NN SIS (R
. oo o4 2T 18 e 06 o6 iZ 6 24 08 86 I e,
S LUNAR TIME s
S .
RN o

Figure.6.

these curves are identical to the curves in Fig.1. Here
elso Chapman's phase law is obeyed, The hsrmonic coeffi-
cients of lu:ar daily varistions in each of the seasons are
tabulated in Tables 1b, 1c¢, 1d. The harmonic coeffici-
ents for the whole lunation lunar daily variation curves
are presented in Table 2. It is scen that semidiurnal
component .z isg the most prominent harwonic. The smpli-
tudes of the Lp range between 1.9 ¥ to 6.1 in the follow-

ing order
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D-months 6.7 Y
E-months 3,2 Y
J-months 1.9 Y

The phase P2 is 189° during D-months, 199°

during E-months, 203° during J-months.

luner monthly oscillations in H at fixed

soler time during different seasons.

In Fig.7 comparison is made between diurnal

3
JARVIS ‘H' Ciesr-50)
3. * ANNUAL D=MONTHS E=MONTHS 4= MONTHS
. s
E . 'O0F - - -4 100 .
x “
' a sop o - - 50 -
z, .
. TE N 5
. T oo o - - 00 s
« . - Y .
AT Y30
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§ 20 - - - 20 - .
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wx 18f » L PR
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Fg
-
rE o3 o = - o8 -
: 1 .
L LY
- 0008 12 16 2400 08 12 18 2400 08 12 I8 2400 06 12 18 24 .
. -
FE LOCAL STANDARD TIME .
P s
Figure.7.

variation of Mp(H) amplitude and normal diurnal veristion

in H « Mp (H) and H itgelf vary in a similar way during

the course of 'a day. The range of daily variation in H
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ig least in J-months and greatest in D-months., The
range of daily variation in Mo (H) is grester in D-months and

about the same in B =nd J nonths.

In Table 4, (A2), (T ), AHad
the probable errors for each solar hours are given. The
(ﬁi?i} peints for different solar hours for each season

are plotted in the harmonic dial of lunar time{ Refer Pig.8J

LUNAR SEMI-MONTHLY TIDE IN H
JARVIS (19s7-358)

[ nonms J MONTHS
1 12 i

a T
.
. 3
| -
s [}
S @/ " Jz
L £ — 19
E uou‘rus

A Ker
iy%da

nRERT

o-"’—

A

Ky
LN N
E] 5

LUNAR TIME T

e, N [

Py -

The (5@£Ti)points for D-months when plotted on a harmonic
dial trace =& loo? with 'a merked elongation in a preferred
direction, whereas (ﬂz?z) points for E and J months trace

two near circles cutting each other. One loop is formed
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by solar daytime points end other by solar nighttime
points,.
The vector average of
( 3.277_) D-months is 7.1 ¥, 263°
( ’22_'(2) E-months is 4.5, 260°
( Ay Q) J-monthe is 0.6 ¥, 40°

+ cwar s e
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33 (5) Huancayo:
Huancayo is situated on the magnetic equator.

Its coordinates are:

Geographic latitude 12.3° South

Geomagnetic latitude 0.6°South
Geographic longitude 75°19'West
Geomagnetic longitude - 353,8°BEast

dip angle =  1.9°orth.

bunar daily varistions

The annugl average lunar daily veariation in H
at Huencayo (IGY-IGC) for lunar ages centered on 00, 03,

06, 09, 12, 15, 18 and 21 are stown in fig.1. The lumar

HUANCAYO LUNAR
AcE
P HRS
4 15
TR0 A y18
| * GUAKTER
t A 21
‘m OOT -
POON "y
, s L
i m os * gw
[ GUANTER -

00 06 12 18 24HR ;\l
LUNAR TIME ) x




S

daily variation at huancayo is similar in character to
the lunar daily varistion at other equatorial stations.
Compared to.other stations on the equator Huancayo shows

larger amplitude of lunar daily varistion,
The hezrmonic coefficients (Cn) and (&€n) of ave-
rage lunar daily variation in H at Huancayo are given in

teble-1. 1In fig.2 are shown the changes of phase angle

HUANCAYD H 15Y/5e

4 HONYKE
-

Leoasy

LUNAR AGE

Pigure-2.
with luner age in accordance with Chapman's phase law
equation,

The annual averzge lunar daily variation

averaged over & whole lunation is shown in fig-1.

1
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The harmonic coefficients of the whole lunation average

lunar daily oscillations during different season are -

given in table-2,

Luner monthly variations at fixed solar times:

The lunar monthly variations are computed at
fixed solar hours. In teble 3 are given the coefficients
of lunar monthly (M1) and lunar semi-monthly (M2) oscillat-
ions obtained from the curves representing annual average
lunsr monthly variations. In table~3 the phase of M1,
oscillations are presented in terms of local luner age
whereas the phase of Mp oscillations are presented in terms
of local lunar time T , In table-4 the coefficients of
Mp oscillations are presewved for different seasons of a

year along with probable error in M2(H) amplitudes.

Lunar semi-monthly (M2) tide in H at fixed
solar times varies with the solar time in the same way
as the electrojet current i.e., the amplitude starts
increasing with sunrise, reaches a meximum near noon

aml decreases to low valuz by sunset. This is seen from

Fig.3.

g HUANCAYO H IGY/IGC

ARNIAL AVEWATS D-MONTHS. £ KOKTHKS 3« MONTHS
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The phase of lunar monthly (M1) tide in H for
& particular season is controlled by lumar age and not
by 1unér time. The lunar semi-monthly (Ip) tide in H
for any hour of the day time hours is maximum at the szme
lunar time for months September to April and at the same
luner age for months May to August, The lunar semidiurnal
(42) as well as the lunar semi-monthly (Mp) tide is
larger during D-months than BE-months, It is suggested
that the phase of lunar tides in H at the equatorial
stations is caused by two independent sources controlled
respectively br the lunar age and by the lunar time at the
station, the amplitude being controlled by the local solar
time, being maximum near local noon. These observations

can be seen in the figures 4,5,6,7 presented below.
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!5-4(b) Summary

The lunar tidsl oscillations (Lo) in H field

at various stations near the magnetic equator are found

to heave large amplitudes. It would be natural to connect

these large (Lz) oscillations with another well-known
abnormality of large daily renge in the H field variation

near the magnetic equator, In Fige.l are depicted lineser
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relationship between Lp(H) amplitude and daily range

in H observed at various stations. It suggests equatorial

electrojet must be included in the lunar current syster.

In Fig.2 are shown lunar semi-diurnal (L)
amplitude in H with the angle at which Ly is maximum fcr
the station, Trivemdrum (TV), Kodaikamnal(KD},iddis Abaka(iD),
Koror (KO), Jarvis (JA) end Fuancayo (Hu}. It is seen

that the -time L, maximum remein quite close and fall irto the
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Figure~2.
. same quadrant. TFor annual average Lp max. occur between

0800 and 0900 hrs, in lunsr time for a1l the statlons.

During D-months Io(H) amplitudes are more
but angle of maximum Lo (m show greeater scatter but
fall in @ same quadrant. While during B-months and
J-months Lo (H) ampiitudes are lesser than D-months.,
ilthough angle of L2 iH) maximum show greater scatter
remain not very different for all the stations. More-
over angle of Lo (H) maximum seems to increase from

D-months towards J-months.

From the study of semi-monthly (Mp) os-
" ¢illations in H field at various station, daily variation
of (rg'rz) points -in J:mon%bs have shown striking chara-

cter. In the figures of rpTp harmonic dials for each of
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the station it is seen that r2 amplitudes during J;months
at nighttime are quite large, loreover rp U 2 graph create
two loops centered at the origin., The larger loop is
formed during daytime and smaller during nighttime. This
cheracter has been consistently noticed at g1l the equa~
torial station considered here., Same semi-monthly osci-
llations (M) are plotted on o harmoni; dial in terms of
lunar age i.e., rp, 2 p plotting, the strikiﬁg character

for J-months vanish., In Fig.3 are shown rp Yo Variationé
at stations Trivandrum, &Gdis Ababa, Jarvis,Koror and

%
Huancayo.
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