
PREFACE
A proton precession magnetometer for recording 

the intensity of the earth1 s total magnetic field has "been 

in operation at Ahmedabad since November 1962. In the 

first part of the thesis, the experimental 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 -CSQj.SI,Sfe_) in the geomagnetic field 
at the equatorial stations"w$ich were operating during 
IGY/lGrC. The sudden chaiges in the strength'of the equa­
torial 'electrojeit current in all respects viz. local time, 
latitude.,and longitude.

The third part of the thesis deals with lunar

tidal variations'in the geomagnetic field at the ground at

various stations near the magnetic equator viz. Trivandrum,

Addis. Ababa, Koror, Jarvis, Euancayo and Kodaikanal. Thex
lunar daily variatios and-lunar monthly variations are

As

evaluated from a large volume' of data. The methods of fixed 

lunar age and fixed solar time are employed for the compu­

tations. The conclusions presented from these analysis have 

a bearing on the dynamo theories which are used to 
explain solar and- luni-solar daily variations. It is
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clearly seen that the lunar tidal oscillations in 
geomagnetic field -at the equatorial stations are 
intimately connected with the electrojet currents and 
hence of variations in ion density and/or motions of 
the layer or layers of charged particles responsible 

for the varia-tions. The situation is complicated as 
the controlling factors are many. They include, besides 
the graviational action of both sun and moon, the 

action of the earth’s magnetic field on the ions aad 

electrons, and indirectly on neutral particles which 
collide with them.
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PARI - 1

Experimental 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 Experimented! set up of Proton Precession Magneto­
meter at Ahmedabad

INTRODUCTION .

The phenomenon of nuclear magnetic induction 
is the basis of the development of nuclear precession 
magnetometers. Bloch (1946) observed that the direct 
observation of nuclear magnetic induction should be 
possible. Purcell (1952) remarked in his Nobel lecture 
about his looking on snow with new eyes "There the snow 
lay around my door-step - great heaps of protons quietly 
processing in'the earth's magnetic field". However it 
was left to Packard and Varian (1954) to translate Purcell's 
remark into an instrument for the measurement of geomag­
netic field intensity. Haters ( 1955? 1958) constructed a 
Magnetometer based on the phenomenon of precession of 
protons in the earth's magnetic field.

Principle of operation

C*About 500 c.c. of water is subjected to a
polarizing magnetic fieldof about 100 oersted for a few
seconds. The polarizing field is approximately perpendi- 

\cular to the geomagnetic field. When the polarizing 
field is suddenly switched off the protons in the water
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precess about the earth's magnetic field vector with a 
frequency proportional to the ambient magnetic field 
intensity.

. . 27Tf = T f  ...... ..(1)

where f is the precession frequency of protons.
Y is the gyromagnetic ratio of protons.
F is the ambient magnetic field.

I'he value of the gyromagnetic ratio ( Y  ) 
for the proton has been measured by Driscoll and Bender 
(1958) to be

% = 2.67513 +0.00002 x 10~4 gauss-1 sec.-1

The expression (1) reduces to

= 22L- = 23.4874 --- .,...(2)

An accurate measurement of f - the frequency 
of precession leads to a precise determination of F the 
ambient magnetic field. nhe frequency of precession is 
4257.60 + 0,03 cPs per gauss.

Theory

The quantum mechanical description postulates 
the emission of quanta of energy as the protons flip from 
one quantized state to another. Zeeman splitting of the
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proton energy state in a uniform magnetic field leads

to parallel and antiparallel states of magnetization
amongst the proton population, The transition "between
these two states occurs at the resonance radiation
k H  = — where M  is the proton magnetic moment 

I
associated with its angular momentum, Ih due to the 
single spin state I = •§-. The angular frequency of the 
resonance radiation is linearly related to the field "by 
the expression

Cd0= 2TT»o = tF.

The above expression is the same as expression 
(1) ." Between the two energy states the probability of 
a transition to a lower energy state from a higher energy 
state is by for larger compared 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 
ambient field from a much higher magnetic field then a 
redistribution of proton population between the two 
energy states will take place. The transition frequency 
and the previously mentioned frequency of the proton 
precession are identic;.!. A rigorous quantum mechanical 
treatment of this principle can be found in the works 
on nuclear resonance, viz. Andrew (1956), I?ake (1958).
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Hall (1962) has derived the following expression for the 

induced proton precession signal on the basis of the 

quantum theory.

Y = K-j \3f Mg Sin2©  Sin u50t exp(-t/ 2) .,(3)

■ ' Expression (3) shows that the induced signal

of magnitude V at a Ear mo r angular frequency Cc?0 ' is
A

proportional the coil constant the volume of fluid 'VJ*, 

the net magnetization M q attained during the time t for 

which the external magnetic field was operating and to 

the term sin Q where &  is the angle betv^een the axis 
of the coil and the ambjent magnetic field P. The induced 
signal decays exponentially and the rate of decay depends 
on the relaxation time T2 of the protons in the sample 
fluid. The relaxation time determines the duration of the 
nuclear precession signal and is known to be different for 

different proton sources.

• . Description of the equipment

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 Pig. 1 and some of the opera­
tional details are given belovz. Each block has been
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described later in further detail. The magnetometer unit

B L O C K  D I A G R A M

F i  sj ** 1

consists mainly of the following units, a programmer, 
a detection assembly, a frequency measuring unit and a 
recording system.

The sensing coil is suspended in a vessel 
filled with kerosene. The coil is kept fully immersed 
in kerosene with xt-s axa s in the eastward direction. The 
coil assembly is located about forty to fifty feet 
away from the building where in the electronic units are 
housed. Besides separating the coil from the ECO structures 
it is lifted above the ground level by about one metre 
using a wooden stool, 'firstly current of about five
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amperes is passed through the coil for about five 

seconds, a time sufficient to polarize a large number of 

the protons in the sample. The current is then suddenly 

switched off and the coil connected to the amplifier.

The gradually decaying precession signal induced 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 measurement of the frequency of 

precession. The remaining circuitary is therefore for the 

precise measurement of the frequency of the precession 

signal. The error of one cycle in the measurement of the 

precession frequency corresponds to an error of about 23 ~ f  

in that of the magnetic field which is sufficient to 

obliterate the daily variation in the total geomagnetic 

field intensity. An elaborate frequency measuring system 

is therefore employed leading to an accuracy of + jL " f in 

the measurement of the geomagnetic field intensity.

Detector assembly

The detector assembly consists of a coil and 

a sample fluid rich in proton content. Water is the most 

suitable sample for ground based magnetometers, It has 

got a convenient relaxation time with a facility to alter 

the same by the addition of certain paramagnetic salts. 

Moreover the gyromagnetic ratio of protons for water is 

taiown with a high degree of accuracy. The duration of
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the precession signal can he lengthened by removal of 
'dissolved oxygen from the water. At the Physical 
Research Laboratory kerosene 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 is believed to be close to that for distilled 
water. Other than water and kerosene there are fluids
which could be used as • a source of protons. The values
of the relaxation time Tg are listed for a few known
fluids.

T/ater - two to three seconds
Kerosene - about two seconds
n-heptsne - five to six seconds
Benzene - eighteen seconds.

The coil wound from enammeled copper wire is
used for 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 solenoidal form
(2) Toroidal form in which the wire is wound 

on a hollow acrylyc ring.
Toroidal winding is normally more difficult however it 
picks up less noise generated in the vicinity of the
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coil. Some of toe 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 large signal.

(2) It should have a high so as to

avoid excessive noise.

(3) It should have a large volume'within 

so as to accommodate large sample.

(4) It should be capable of producing a 

uniform polarizing field.

In the instrument designed at the Physical 

Research Laboratory detecting element consists of a pair 

of copper coils connected in series bucking. This 

arrangement is found to reduce pick up from noise sources 

situated outside the coil assembly. Each coil is wound 

with a twin wire with 18 gauge. Each coil has 500

turns,of double wire. The winding length of each coil 

is five inches and the inner diameter of the coil is also 

of the same dimension. The series bucking combination of 

the two coils with a total of 2000 turns offers a resistance 

of 2.6 ohms and gives an inductance of 40 mH. The coil 

assembly is rather big in size but generates a polarizing 

field of a few hundred gauss by passing a current of four 

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

Amplifier aid Schmidt trigger

The voltage induced in the coil due to the 

precession motion of protons is of the order of a few 
microvolts. This signal voltage suffers some'attenuation 
in the forty to fifty feet long cable connecting the coil 
to jfehe..,ampljifi£E... 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 a three stage RC coupled amplifier, 
the fourth stage is a cathode follower output. The input 
circuit of the amplifier 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 at Ahmedabad. Another tuned circuit' 
is introduced at the in-ut end of the third stage. The



band width of the anplifi..r is considerably reduced by

means of the two timed stages. The first stage tube of 
the amplifier is mounted on a rubber grommet. This helps 
reduction in microphonic noise to a great extent. Proper 
negative feed back incorporated in the amplifier stabilizes 
the amplifier gain. The overall gain of the amplifier 
is of the order of 120 db. The output voltage falls ex­
ponentially and. mixes wife the noise in a second or two. 
The signal to noise ratio of the amplifier is fairly high.

Following this a Schmidt trigger circuit is 
used so as to give pulses with sharp rise time. One



! 1 2 s

such pulse corresponds to each of the sinusoidal wave 
from the precession signed.. - The circuit is shown in 

lig. 2. The circuit consists of a cathode coupled multi­
vibrator giving a square pulse corresponding to each sine 
wave fed to it. It could he adjusted to give its leading 
edge when the sine wave is passing through its mean value, 
For this setting the 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. Extreme care has to be taken for 
the stable operation of this circuit.

Dual Preset Counter

The dual preset counter is constructed 
similar to the design given by Messers Phillips using 
.decatron 11T tubes. It is a fully automatic four decade 
sounter device which will count any predetermined number 

upto 10000. After the desired cycle of counts has been 
completed the counter is automatically reset to its starting 
position and a pulse is pr°duced 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 cycles. During this operation it

1
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issues two pulses first at 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 which
might be mixed with spurious pulses due to electrical 
noise generated by the relays.

Gate generator and gate amplifier

In this circuit a unishot multivibrator is 
employed to generate a gate pulse. The two pulses '
provided by the dual preset counter are fed in 'to the
unishot multivibrator. Each pulse will drive the multi­
vibrator from one stable condition to another. This 
ultimately gives out a square pulse with a duration equal 
to the total period of 1000 cycles of the precession 
signal.

The above gate pulse then controls a gated 
r,f, amplifier. A pentode valve is £ept 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. 
At 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 Mc/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 into sharp pulses of equal frequency 

with very small rise time employing another Schmidt trigger 

circuit.

ounter

The frequency counter unit consists of six 

decade counters in succession. Each decade counter 

consists 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 specially 

designed so as to respond to 1 Mc/s input signal. The 

following decade counters all identical to each other and 

have an upper limit of counting speed of 120KC/S. There 

is a provision in each decade unit to give a stair case 

output ?/hen the circuit is operating. The stair case out­

put is ladder like having ten steps corresponding to 

counts 0 through 9» The resetting of a decade is done 

by disconnecting momentarily the grid leak resistance

of the right hand sections of the binaries from the earth 

point. For visual read out ten neon bulbs are appropriately



incorporated in the circuit.

Recording Unii;

A triplex Evershed Recording Milliammeter is 
used to record simultaneously the outputs of the three 
decade units which show rhe most significant figures in 
the diurnal variation of geomagnetic field. The stair 
case output voltages from the decades are fed to the 
recording meters through proper impedance matching.

A change of one count on a decade representing 
units in a Mc/s frequency counting system corresponds to 
a change of 0.08 gamma in the total magnetic field. A 
change of one count on a decade representation ten, hundred 
and thousand in a Mc/s frequency counting system correspond 
to a change of 0.8, 8 and 80 gamma respectively. The 
channels representing change in a unit step of 0.8, 8 and 
80 gamma are recorded on the chart. A sample record chart is 
reproduced in Rig. 3. The chart speed is 1" per hour.

F f g f - 3
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PROGRAMMER UNIT

Pr ogr arm e r

The sequence of operation of the various units 
is achieved through a programmer unit. It consists of a 
synchronous motor geared down to a speed of one revolution 
in 20 seconds. This rotates an assembly of-Geneva wheels 
which are given suitable cuts on the periphery so that 
each wheel makes and breaks a circuit through a micro-switch 
at appropriate instances in each revolution. The various 
operations managed by the programmer unit are shown in 
Pig. 4. The switch Uo. 2 a  relay which keeps the detector 
coil connected to the polarizer just prior to each sensing
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f o r  about  fo u r  to  f i v e  seconds .  As t h e  cam r o t a t e s ,  the  

p o l a r i z e r  i s  d i sc o n n ec te d  from th e  c o i l  and th rough  

a n o th e r  r e l a y  o p e ra te d  by switch  1 , t h e  a m p l i f i e r  g e t s  

connec ted  to  th e  s e n s in g  c o i l .  This  o p e r a t e s  the  dual  

p r e s e t  c o u n te r  g iv in g  th e  a p p ro p r ia te  g a te  f o r  p a ss in g  

on th e  microsecond p u l s e s ,  d e r iv e d  from th e  c r y s t a l  

o s c i l l a t o r , to  the  Mc/s c o u n te r .  During t h e  p e r io d  

th e  coun t ing  i s  on sw i tc h es  No. 3? 4? 5 keep th r e e  

r e c o r d i n g  m e te r s  sh o r t e d .  J u s t  p r i o r  to  each sensing 

sw i tch  No. 6 p r e s e t s  th e ’ decade c o u n te r s .  Once th e  

co u n t in g  i s  over  sw i tc h es  3, 4 and 5 a re  r e l e a s e d  and t h e  

o u tp u t  of  th e  f i n a l  t h r e e  decade counters i s  recorded 

on th e  m e t e r s .

1*2 Comparison of Geomagnetic DieId  as r e c o r d e d  by th e  

jPrptcm P r e c e s s io n  Magnetometer a t  Ahmedabad w i th

m agne t ic  o b s e r v a t o r y  a t  A l ib ag

A p ro to n  p r e c e s s i o n  magnetometer i n s t a l l e d  

a t  Ahmedabad has been r e c o r d i n g  e a r t h ’ s t o t a l  m agnetic  

f i e l d  i n t e n s i t y  s in c e  November 1962. The c o o r d in a te s  of 

Ahmedabad a re  g iv en  belows

Geographic l a t i t u d e  = 23°01'N

Geographic  l o n g i t u d e  = 72°36’E
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Geomagnetic latitude = 14001,U
Magnetic dip = 3 4°N

The total geomagnetic field is recorded at the interval 
of twenty five seconds, accuracy of + 1 Y  is claimed 
in the measurements maac by the proton precession magne­
tometer,

A typical magneto gram record- is presented in 
Fig. 3. of Chapter 1. The record clearly indicates 
diurnal variation in the total field. The average range 
of diurnal variation in the total geomagnetic field at 
Ahmedabad is about 20 Y  to 25 Y  , During night-time 
total field intensity ,practically..remain constant, by 
sunrise it starts increasing, reaches maximum at about midday 
and later starts falling,reaches night-time value by 
sunset. In Fig. 1- are shown average Sq. variation for

,-n vfcr*-.
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each season for the years 1963, 1 9 6 4, 1965 and 1966.

The total magnetic field variation observed 
at Ahmedabad are compared with similar observations made 
at a standard magnetic observatory of Alibag (18.6°N,
76®E,(-Geographic)^ 24.6 dip). The data used for the 
comparison are of the year 196 4- The magnetic data published 
for Alibag present's variations in H, D and Z components 
of the geomagnetic field, for exact comparison with total 
field observations of Abnudabad, total field is calculated 
for Alibag using the .relation P 2 = H2 + V 2. p or -fchg 

comparison of the magnetic field variation at the two stations 
monthly mean Sq variations derived from the five quiet
days of each month is considered.

^VARIATION IN F
* \

AHttCQABAO AlERAfi

S \ j
W

PC

aA

Z 3

MG£ft / v

1 6  12 18 24 ‘ O- 6 12 !B 24

21
rsemr

‘n Pig. 2 are shown

Figure.2,

the Sq variation for each month of the year 1964. At
Ahmedabad the data for the December month is lost due to
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failure of the equipment, It is seen from the diagram 
that total magnetic field variations at Ahmedabad are 
similar to Alibag total field variations. She range of 
daily variation at Alibag is slightly more compared to the 
range at Ahmedabad. In general the range of diurnal 
variation in total field is less compared to range in H 
variation. However the H variation at Alibag and F varia­
tion at Ahmedabad are similar in shape. The daily varia­
tion curves for a few days with different index are
illustrated for both the stations. Refer Pig. 3 and Pig. 4.

Figure.3. Figure.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 thau jihmodabad I1 and Alibag H variations 

possess same character. Here Ahmedabad F and Alibag H 

data for the year 1964 are grouped according to the 
Allowing index ranges.

1. CA value between 0.0 to 0.4
2. c /> value between 0.5 to 0.9
3. value between 1 .0 to 1.4
4. value- between 1 .5 and more

Magnetic character figures Cp are prepared by the 

university of Gottingen and published in Journal of 
Geophysical Research by J. Virginia Lincoln. Average

A H V E 0 A 3 A 3 -F  f 9 «

D -M O N T O S  E -M O N T H S  > M 0 N 1 mS

C* 0-0 4 

C.0S-09

Cf05-09

Figure.5.



d a i ly  m agnetic  v a r i a t i o n  f o r  each group was computed and 

p l o t t e d  as shown in  th e  d iagram . In  th e  P ig . 5 l e f t  hand 

s id e  i t  i s  seen  t h a t  Ahmedabad p c lo s e ly  fo llow s A lib ag  H 

in  c h a r a c te r  and n a tu r e .

S e v e ra l m agnetic  s to rm s have been re c o rd e d  

a t  Ahmedabad, In  our re c o rd s  sudden commencement does 

n o t  s ta n d  o u t c l e a r l y .  The in c r e a s e  in  t o t a l  f i e l d  i s  

found to  be g ra d u a l .  The storm  fo llo w in g  SC i s  de te rm ined  

from  th e  p u b lis h e d  d a ta  o f  o th e r  m agnetic  o b s e r v a to r ie s .

I f  th e re  i s  some r e l a t i o n s h ip  betw een th e  o c cu rren c e  of 

m agnetic  storm  and th e  p e rio d  o f th e  suns r o t a t i o n  some 

d is tu rb a n c e  w i l l  be fo llow ed  by a b o u t 27 days a f t e r  the 

i n i t i a l  s to rm . I t  i s  t r i e d  to  group a l l  m ag n e tic  sto rm  

w ith  many s e r i e s  o f storm s fo llo w in g  a t  an i n t e r v a l  o f  about 

27 d a y s , Ve f in d  storm s have a ten d en cy  to  r e c u r  a t  an 

i n t e r v a l  o f 27 exays. Two d is tu rb a n c e s  d u rin g  1963 were 

found to  p e r s i s t  f o r  seven r o t a t i o n s  o f  th e  Sun. On- 

most o f the  o th e r  o c c a ss io n s  re c u rre n c e  f o r  th re e  c y c le s  

was o b se rv e d , H N e w t o n  (1949 , 1950) has p o in te d  ou t 

th e  r e c u r re n c e  f e a tu r e  o f th e  storm  o f 24-26 Ja n u a ry  1949 

and a ls o  o b se rv ed  a marked resem blance  o f tbe  r e p e a t in g  

storm  to  th e  f i r s t  storm  in  th e  same sequence. In  

c e r t a in  c a se s  such s i m i l a r i t y  i s  o b se rv ed  from  Ahmedabad

re c o rd s .
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PART -  2

Brief review of the geomagnetic field in 

the neighbourhood of the magnetic equator.

Sudden changes in the geomagnetic field 
near the magnetic equator.

Collection of publications in support of 
the results described in 2.2.
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2•1 Sd^lJ^iCTLojLjLhe geomagnetic field in the neigh­

bourhood of the magnetic equator

It has been observed long ago that compass 
needle executes a regular oscillation during the course 
of a day. Balfour Stewart (1882) connected these magne­
tic variations with region which we know as the ionosphere. 
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 dynamo theory suitable to both 
solar and lunar variations in the geomagnetic field. He 
proposed ten times higher conductivity than that estimated 
by Schuster. His qualitative explanations tidal movements 
of the neutral, atmosphere coupled with the earth'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 electro-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 clockwise leading to a West to East current 
flow near the equator.

The ionospheric studies revealed that observed 
conductivity was far less than the value proposed by 
Chapman. Eater investigation on the atmospheric, oscilla­

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 tidal motions are comparable with the tidal motions 
at 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 established

o  -

a magnetic observatory at Huancayo (12°S, 75' »3W - Geogra­
phic) situated very close to the magnetic equator, 
abnormally large daily variation in horizontal magnetic
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intensity was noticed. Modish (1923) attributed this 
anomally to locally concentrated currents flowing east­
wards, the enhancement in eastward currents was ascribed 
by him to the non—coincicience of the earth's geographic 
and magnetic axes. Dgedal (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. Subsequent measurements made by Walter 
in Uganda (Chapman, 1948), Fontier (1950) in Togo, Giesecke 
(1951) in Peru, Madwar (1953) in Sudan, Gulatee (1950), 
Bramanik and Yegnanarayanan (1952) and Pramanik and 

Hariharan (1953) in India showed that enhancement of S (H) 
is found near the dip equator all along the globe,

Martyn (1948, 1949)- attributed enhancement of 
Sq(H) at the magnetic equator to an increase of conducti­
vity v 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 that 
although Martyn's suggestion could not be accepted in toto 
but it was certainly valid in a narrow region 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 terms 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 frequencies and electron density together with 

global 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 heights 
/between 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. The conductivity 

then approaches the direct conductivity along the magnetic 

field vector and the current is enhanced in a narrow 

region. The enhancement of the current about the magnetic 

dip equator is known as equatorial electrojet after 

Chapman (1951).

In the past several years after the theoretical 
explanation of the electro jet phenomenon extensive investi­
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 ground 

level viz. Porbush and Casaverde (1961) in Peru| 

Onwumechilli (1959), Ogbuohi and Onwumechilli (1961) in 

Nigeria5 Godivier and Crenn (1 9 6 5) in Chadj Pisharoty and 

Shreenivasan ( 1962) , Yacob and Khanna (1966) , Chapman and 

Raja Rao (1965), Rao, Rao and Rao (1966) in India. A major 

number of rockets have been launched into the electro jet and 

the Sq current system (Cahill, 1959* Maynard, Cahill and 

Sastry? .1965; Davis et al, 1967* Maynard, 1967), R. Hutton 

(1967) has done an excellent job of tabulating all the 

published results and Geduc~,tions. Recently Onv/ume chilli 

(1967) has reviewed the present knowledge regarding the 

equatorial electro jet currents, (Table showing electro jet 

characteristics from ground-based magnetometer is reproduced 

from the .review article of Onwumechilli.

longitudinal variation in the equatorial 

electrojet

Rastogj. (1962) studied the enhancement of the 

diurnal range of the horizontal component (H) of the earth’s 

magnetic field over the magnetic equator in different 

longitude zones.

viz. (a) American zone with Huancayo as refe­

rence observatory.
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DIP MAGNETIC LATITUDE (DEGREE)

1. The variation  w ith  la titude  o f th e  ra tio  o f the d iurnal range in  H  a t  su 
to  a  perm anent observatory for th e  American, A frican and  In d ian  zone.

('b) African zone with Ibadan as refe 

rence observatory,

(c) 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,1„)
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over the magnetic equator most pronounced in America,’ less 

■so in Africa and least in India. Price (19 6 4) studied the 

quiet day magnetic variation during the IG-Y which showed the 

gjreat enhanceimt of. 3q(H) in the immediate vicinity of the 

dip eq;uator. His results are tabulated below.

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

equators

Station Dip latitude J-months E-months D-months

Iviuntinlupa 7.2° 88 94 79 ■
Chidambaram 2.7° 111 137 91
Jarvis 1 .1* 116 164 170
Huancayo

•OO••s— 164 214 177
Koror 0 .0 ° 161 198 160

Trivandrum 1 0 • VJJ 0 145 188 120

Addis Ababa -0.5° 136 177 128
Bangui -7.0° 81 95 . 77

The table indicates that the get intensity is greater in

South America than elsewhere in agreement with conclusion 

reached by Rastogi (1962). The above table indicates another 

longitudinal effect, at Huancayo and Jarvis island the range 

of- SqCxy i s , greater for the D-months than for the J-months,

At Koror the ranges are about equal aid at Trivandrum and 

Addis 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 1951-61 . Eastogi ( 1963) showed that the day-time

Figure.2
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Sugiura and Co.in (1966) determined cross- 

sectional conductivity profiles for various longitudes 
along the dip equator using a set of 48 gauss coefficients 
for the earth’s magnetic field. They found electro jet 

profile varying appreciably with longitude and stated the 
reason could be due to the asymmetry of the magnetic 
field. The maximum current 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 have shown a close associa­
tion of electro jet current system with the normal Sq, current 
system. - The day-tine electrojet is essentially due to the 
westward flow of electrons. The magnetograms give no 
indication of night-time electro jet current. T-heoretically 
westward flow of electro jet current should be present.
However experimental verification of night-time current 
flow is not available except recent report by Balsley (1966). 
It could be due primarily to the decreased night-time 
electron density or the electrojet phenomenon might be 
manifestation of an anomalous decrease in ionospheric con- 
ductivity during night hours which disappear around midday.
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These possibilities could be tested by the study of short 

time changes such as 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 amplitude of sudden commencements of magnetic 

storms at Huancayo during the daylight hours. Dorbush and 

Vestine (1955) suggested that the current system causing 

the day-time enhancement of the sizb of SC at Huancayo is 

closely associated with the electro^et effect responsible 

for large diurnal variation in H at Huancayo. Rorbush and 

Casaverde (1961) showed for- the first time that the ampli­

tude of sudden commencements 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 ICodaikanal, but the average day-time value 

was 120 Y  at Huancayo and only about 70 V  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 sudden commencements of' amplitudes with the 

time of the day, latitude and longitude in greater detail. 

During the ICY period a chain of magnetic observatories was
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established in the equatorial electrojet region in South 

America* Ip the Indian zone in the neighbourhood of the 
magnetic equator standard magnetic observatories were in 
operation from quite few years time, This gave an ideal 
opportunity to study sudden changes in the geomagnetic 
field simultaneously in two zones approximately 180 degrees 
apart. The stations considered in the study are listed 
below

Station Dip .

Hu an c ay o 1.9
Yauca 4.4 °S
Chimbote 6.4°H
Ohiclayo 9 ,8°H

Talara 12.6°N

Paramaribo 33°N
San Juan
Trivandrum 0.7PS

Kodarkanal
Annamalninagar 5.3°5I
Al:bag 24.6°!

Besides' storm sudden commencements, sudden impulses, 
solar flare effects and short period fluctuations 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 based on the papers 

attached at the end. The papers are assigned numbers 

according to the chronological order. In the description 
of the results the papers 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 decrease'of diurnal range of H and thus it is con­
cluded that the latitudinal variation of the amplitude of 

sudden commencements and the electro jet strengths are 

similar. (Refer paper I).

(2) The enhancement of SO 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 is 

similar to the longitudinal variation of electrojet strength. 

(Refer paper II).

(3) The latitudinal 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 American zone than in the Indian zone. (Refer 

paper II) .

(4 ) Ror 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 flare effects are located at lower 
heights than that for the sudden commencements. (Refer 
paper II).

(5) In the' Indian 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 III).

(6) In the American zone, the sudden commencements 
amplitude during the nighttime have an equatorial enhance­
ment though much weaker than the same for the day-time 
indicating 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 the magnetic equator showed the 
decrease with latitude similar to that of electrojet currents 
indicating that besides sudden changes, even fluctuations,
of the order of 5 to 30mt3, perfcdare also affected by electro­
jet currents. (Refer paper 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).



(9 ) | T h is  r a t i o  i s  maximum a t  th e  noon hours and 

minimum d u r in g  th e  n ig h t h o u rs . The mean r a t i o  f o r  the 

n ig h t  hours^ in  th e  In d ia n  zone i s  a lm ost e q u a l to  u n i ty  

su g g e s tin g  th e  absence of e q u a to r ia l  enhancem ents w h ile  in  

th e  American zone th e  r a t i o  i s  s t a t i s t i c a l l y  g r e a te r  th a n  1 .0  

su g g e s tin g  th e  e x is te n c e  of weak e l e c t r i c  c u r r e n ts  even 

d u r in g  the  f lig h t h o u rs . (R e fe r  p a p e r IV ).
i

( 10) ! The changes in  H due to  s o la r  e f f e c t s  i s  maximum
I

v e ry  c lo se  to  th e  m agnetic  e q u a to r  and changes in  Z a l t e r  

i t s  s ig n  v e ry  c lo s e  to  th e  e q u a to r  s u g g e s tin g  t h a t  th e  

c u r r e n t  system s q re  very  a p p ro x im a te ly  to  t h a t  su g g ested  

by Chapman method due to  sh e e t  o f  th in  c u r r e n t s  a t  th e

h e ig h t o f abou t 110 km, (R e fe r  p ap e r IV ).
i

( 11) :The l a t i t u d i n a l  v a r i a t i o n s  o f  H and Z a t  th e  ■ 

e q u a to r ia l  s t a t i o n s  d u rin g  th e  daytim e c lo s e ly  resem ble

th e  curve expec ted  from  the id e a l i s e d  c u r r e n t  system
|

ap p ro x im atin g  th e  t h in  s h e e t  m odel.

(12) ;The sudden commencements o c c u rr in g  a t the 

n ig h t- t im e  in  th e  Amei'ican zone produce changes in  Z com­

ponent a l t e r i n g  i t s  s ig n  a t  a l a t i t u d e  s i g n i f i c a n t l y  away 

from  th e  m agnetic  e q u a to r  and th e  v a r i a t i o n s  o f  H and Z 

d u rin g  th e  n ig h t- t im e  SCs canno t be e x p la in e d  by sim ple  

c u r re n t  systjem. (R e fe r  p ap er V) .
j

(13) iThe sudden commencements o c c u r r in g  a t  th e  

n ig h t- t im e  i|n th e  In d ia n  zone produce  changes in  Z compo-
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• }
nent altering its sign at a latitude significantly away 
from the magnetic equator and the variations of H and Z

i
during the night-time SCs cannot he explained by simple 
current system. In the Indian zone even during the daytime 
the change |of SC(Z) sign does not take place at the magnetic 
equator. The change-over point is slightly north to the

i

magnetic equator. (Refer paper VI).

(14) | The latitudinal enhancement of SCs or Sis at
i

the equatorial stations in the American zone and the Indian
Izone for either the daytime or for the nighttime hours were 

found to be! identical suggesting that the mechanism for the 
occurrence jof sudden commencements or sudden impulses are

iprobably the same. (Refer paper V).

(15) ' The daily variation of enhancement ratio at
low latitude stations in the American zone showed slight 
differencesjbetween SC and SI. The curves for SC are almost 
symmetrical: about the local noon whereas those for SI.' are 
having the-inaximum, hours before the noon. (Refer paper V ) .

:The above mentioned results are discussed in 
greater detail in the papers published. The list of 
publications is given belows-
I. "Some relations between the sudden commencement in H 

and the|equatorial clectrojet", Journal of Atmospheric 
and Terrestrial Physics, 1 9 6 4, Vol. 26, pp. 771-776.



II. "Solar flare crochet and sudden commencement in H|
within the equatorial' electro jet region",
Journal of Atmospheric & Terrestrial Physics, 1965, 
Vol, 27, pp. 663-668.i

III. "Nightltime sudden commencements in H within the equar-

torial electro jet region", Journal of Atmospheric & 
Terrestrial Physics, 1966, Vol. 28, pp. 131-136.

I
I

IV. "Night-time disturbance fluctuations in geomagnetic
i

field!at equatorial stations", Journal of Atmospheric 
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Some relations between the sudden commencement in H 
and the equatorial electrojet

(Received 14 A p ril 1964)

T h e  sim ilarity  in  th e  solar d iurnal varia tion  of the  average size of sudden com m encem ent (SO) 
in  H  and  of H  itself in  th e  equatorial region was shown by  F erraro and  U nthauk  (1951).

’ Comparing th e  sizes of SC m  H  a t  H uanoayo and  Cheltenham , sta tions on th e  same m eridian 
b u t a t  different latitudes, Sugotra (1903) no ted  a  considerable enhancem ent m  th e  size o± 
daytim e SC near th e  geomagnetic equator. F erbaro (1954) found th a t  ap a rt from  H uancayo, 
o ther stations e.g. Cheltenham, Tucson, San Ju an , H onolulu and  W atheroo did  n o t show any  
exceptional daytim e enhancem ent of SC. L a te r th e  enhancem ent of SC was found a t  other 
equatorial sta tions (Sbim vasam urthy , 1960; Matsushita, 1960 and  Maeda and  Y amamoto,
1960). , ,  ,

F orbush and  Vestim e (1955) suggested th a t  th e  cu rren t system  causing th e  daytuno 
enhancem ent!of th e  size of SC a t  H uancayo is closely associated w ith  th e  electrojet effect 
responsible for large d iurnal varia tion  m  H  a t H uancayo. F orbush: and  Casaverde (1961) 
showed th a t  th e  am plitude of SC a t  th e  equatorial sta tions in  P eru  varied  w ith  la titude  exactly  
m  a  sim ilar w ay as th e  solar diurnal range of H  a t  these sta tions. ^

R astogi (1962) has shown pronounced longitudinal inequalities in  th e  streng th  of th e  
electrojet, being strongest m  th e  A m erican zone and  w eakest in  th e  In d ian  zone. Comparing 
th e  sizes of SC observed a t  H uancayo and  K odaikanal during th e  period  1951-1961, R astogi 
(1963) showed th a t  the  average n ight-tim e values of SC were n o t significantly different a t  th e  
tw o stations, b u t th e  average daytim e value was 120 y  a t  H uanoayo and  only ab o u t 70 y  a t 
K odaikanal. This indicated a longitudinal effect m  SC am plitude along th e  m agnetic equato r 
sim ilar to  th a t  o f th e  streng th  of equatorial electrojet.

To elucidate fu rth er th e  relations betw een th e  SC size an d  the  electrojet, it  was fe lt usciui 
to  com pare th e  equatorial enhancem ent o f th e  am plitude of SC during th e  daylight hours a t 
sta tions m  th e  A m erican and  m  th e  In d ian  zones.

In  th e  A m erican zone, a  chain of five m agnetic observatories in  Peru , betw een th e  m agnetic 
latitudes of —2° to  + 6°, were operative during I.G .Y . and  I.G .C. Similarly, smee O ctober 1957, 
there  have been th ree equatorial m agnetic observatories in  In d ia  having th e  m agnetic la titudes

° f  The^ am plitudes of the  SC a t  all th e  P eruv ian  sta tions occurring betw een 1000-1400 hours 
L.M.T. were read  from  th e  microfilm copies o f th e  m agnetogram s obtained th rough  th e  courtesy 
of W .D.C. (A) for th e  Ionosphere and  airglow an Boulder. The variations of H  a t th e  various 
sta tions during th e  period following th e  S.C. were found to  be very  sim ilar to  each other. E very  
m ovem ent or im pulse in  one of th e  m agnetogram s was easily identified w ith  similar m ovem ent 
m  others. Care was tak en  to  m easure th e  am plitudes of SC betw een th e  identical points m  th e  
m agnetogram  of all th e  stations. The am plitudes of SC in H  a t  th e  A m erican sta tions are  given

m ^ fh e  am plitudes of SC a t  th e  equatorial sta tions in  In d ia  w hich are  m ain tained  b y  th e  Ind ia  
Meteorological D epartm en t were read  from  microfilm copies of th e  m agnetogram s supplied 
by  W .D.C.(A) for Geomagnetism m  W ashington D.C. There are some differences betw een th e  
values m easured by  th e  au thors and  those published by  th e  observatories m  th e  I.G .Y . B u - 
letm s. Such differences were specially no ted  during th e  S.C’s having a  sm all negative impulse 
followed by  th e  m ain positive impulse or in  SC’s having series of impulses closely following.the 
first one, and  seem to  be due to  different points being tak en  to  constitu te  th e  am plitude of SO
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b y  different observatories. F o r th e  present study  neglecting th e  prelim inary negative impulse if 
any, th e  am plitude of SC was taken  as th e  first positive impulse only. I t  was found th a t  for 
Ind ian  stations also, th e  rap id  variations in  H a t  T rivandrum , K odaikanal and A nnam alainagar 
were very sim ilar to  each o ther except for th e  SC a t  i302 hours 75° E.M .T. on 15 Ju ly  1959 
when the S  varia tion  a t T rivandrum  was n o t sim ilar and  abnorm ally large com pared to  those 
a t  K odaikanal and  A nnam alainagar.

F igure 1 shows th e  tracings of th e  SC on 9 April 1959 observed a t  H uancayo, Y auca and  Chim- 
bote as well as ano ther SC on 29 Ju n e  1959 a t  T rivandrum , K odaikanal and  A nnam alainagar.

9 APRIL 1959 29 JUNE 1959

12 13 f 4  IS 

7 5 °  W . M . T .

i 6 HR 12
I

13

7 5 °  E . M . T .

I
I 4  HR

Fig. 1. Tracings o f H m agnetogram s during th e  sudden comm encement a t  th e  
equatorial stations in  th e  American and  th e  Ind ian  Zones.

Sim ilarities in  th e  m ovem ents of th e  H -traees a t  all th e  th ree  sta tions in  th e  sam e longitude zone 
is clearly seen in  th e  diagram s.

F u rth e r th e  am plitude of SC is largest a t  H uancayo in  th e  A m erican zone and  a t  T rivandrum  
in  th e  Ind ian  zone indicating  th e  enhancem ent o f th e  am plitude over th e  m agnetic equator.

The SG is listed m  Tables 1 and  2 are shown in  Fig. 2 as am plitude versus m agnetic la titude. 
Ih e  points for th e  same SC are joined b y  a  line bearing a  num ber corresponding to  th e  serial 
num ber o f th e  SC in  th e  corresponding Table.

Considering th e  SC a t  A m erican sta tions i t  is seen th a t  each of the  ten  SC’s observed near 
m idday hours of I.G .Y . and  I.G.C. has the largest am plitude a t  H uancayo, less a t  Y auca, and 
S!  Chl“ b o te - The m ean am plitude was 166 y a t  H uancayo, 131 y a t  Y auca and  104 y
a t Chunbote. The decrease o f the  am plitude w ith la titude  even w ith in  3° from  th e  m agnetic 
equator is d istinct and  definite, indicating a pronounced enhancem ent o f th e  SC am plitude over 
th e  m agnetic equator.

Considering th e  SC a t  In d ian  stations th e  above features are p resent b u t to  a  lesser degree, 
he SC am phtude a t  T rivandrum  is only slightly larger th a n  th a t  a t  K odaikanal. The SC 

am plitude a t  A nnam alainagar is always less th a n  th a t  a t  T rivandrum , b u t in  a  few cases i t  is 
com parable or shgh tiy  higher th a n  th a t  a t K odaikanal. Excluding th e  SC a t 1302 hours 75° 
E .M .l. on 15 Ju ly  1959, th e  m ean am plitude of SC was 81 y a t  T rivandrum , 74 y a t  K odaikanal 
and  li, y a t A nnam alainagar. The average am plitude of SC having 166 y a t  H uancayo and  only 
81 y  a t T rivandrum  for the  same period confirms an earlier suggestion (R a st o o i, 1963) about th is 
ongitudm al inequality  in SC am plitude over th e  m agnetic equator. F u rth e r  th e  change of SC



R esearch notes 775

Rig. 2. The variations w ith m agnetic la titu d e  of th e  SC m  H  betw een 1000-1400 
hours L.M.T. during I.G .Y . and  I.G .C. a t  A m erican and In d ian  stations. The 
num bers on th e  lines joining th e  points refer to  th e  serial num bers of th e  SC in

Tables 1 and  2.

F ig . 3. The variations w ith  m agnetic la titude  of th e  average am plitude of SC in H  
during m idday hours a t  American and  Ind ian  stations durm g I.G .Y . and  I.G.C.
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am plitude w ith in  3 from  th e  m agnetic equator is only about 10 y  m  th e  Ind ian  zone as com pared 
to  about 60 y w ithin th e  same la titude  range in th e  A m erican zone.

To com pare th e  relative enhancem ents o f th e  SC am plitude over th e  m agnetic equator 
ra tios were found of th e  average am plitudes a t  any  sta tion  w ith  respect to  th e  sta tio n  closest 
to  th e  m agnetic equato r viz. H uancayo for th e  American zone and  T rivandrum  for th e  Ind ian  
zone. The la titud ina l variations of these ratios are p lo tted  in  Fig. 3. The analysis of o ther 
sta tions e.g. Chiolayo and  T alara  m  A m erican zone and A libag in  In d ian  zone are also included 

*1 to  com pare th e  la titude  variations over the  whole equatorial eleetrojet region. The 
curve for th e  A m erican zone is m uch sharper th a n  the same for th e  Ind ian  zone. These curves 
are analogous tc  th e  curves given for th e  enhancem ent o f the solar diurnal range of H" m  th e  two 
zones (R a sto g i, 1962).

T hus there  is a  m ore pronounced enhancem ent of th e  am plitude of SC in H  a t  th e  American 
stations, analogous to  the  strongest enhancem ent of the solar diurnal range of H  in th e  same 
zone. I t  is concluded th a t  th e  equatorial enhancem ent of th e  am plitude of SC m  H  m  a  particu lar 
longitude zone is associated w ith th e  strength  of th e  equatorial electrojet m  th e  same zone an d ’ 
there  exists definite longitudinal differences in  th e  am plitude of the  sudden comm encement, 
being on the  average largest m  th e  A m erican zone and  w eakest m  th e  Ind ian  zone.
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Solar flare crochet and sadden commencement in H  within 

the equatorial electrojet region

(Received 11 A ugust 1964)

A n e n h a n c e m e n t  of th e  am plitude of sudden com m encem ent (SC) of m agnetic storm s in  the 
horizontal component, H , o f the ea rth ’s m agnetic field, during daylight hours has been found 
a t equatorial sta tions (Su g iijr a , 1953; F e r r a r o , 1954; Sr in iv a s a h l t h e y , 1960; M a ed a  and 
Y amam oto , 1960), F orbtjsh  and  Ca sa v ee .d e  (1961) showed th a t  th e  am plitude of SC in  I I  
during m id-day hours a t  th e  equatorial stations in  P e ru  varied  w ith  la titude  m  a  m anner very 
sim ilar to  th e  varia tion  a t these places o f th e  solar daily  range o f H . Ka st o g i et al. (1964) 
showed th a t  th e  equatorial enhancem ent of SC in  H  is stronger in  th e  A m erican zone th a n  in 
th e  In d ian  zone w hich is sim ilar to  th e  longitudinal varia tion  of th e  electrojet. F oebttsh and  
Ve s t in e  (1955) suggested th a t  e.m .f.’s generated in  th e  po lar regions during SC im pel the  
dynam o curren t to  flow over a  large p a r t of th e  ea rth , some of w hich is concentrated  along the  
narrow  electrojet b e lt o f h igh electrical conductiv ity  a t  a  heigh t o f 100-120 km  over the  
m agnetic equator.

One of th e  effects of a  solar flare is to  cause a  short-kved increase in  H  in  th e  sun-lit hem i­
sphere. The am plitude of these m agnetic “ crochets” in  H  a t  H uancayo has been found by  
N agata  (1952) to  be abnorm al com pared to  those a t  o ther low la titude  stations. F o bbjjsh  
and  Ca sa v er d e  (1961) showed th a t  th e  am plitude of m agnetic crochets in  H  a t  Peruv ian  stations 
varied  w ith  la titude  in a  m anner sim ilar to  th e  d iurnal range in  H  and  th a t  a  band  current 
w ith  th e  same geom etry as th a t  presum ed to  be responsible for the  equatoria l e lectro jet could 
also account for th e  crochets. E ll iso n  (1955) suggested th a t  th e  currents causing th e  crochets 
a t  th e  tim e of solar flares m ay  be located a t  a  lower height, abou t 60-70 Ion, th a n  the  cu rren t 
system  responsible for th e  diurnal variation . V olland  and  T a u b e n h e im  (1958) found a 
system atic phase difference betw een the  8 q an d  crochet cu rren t system  and  estim ated  th a t  
bo th  15-layor and  Z)-layer contribute equally to  th e  geomagentic s.f.e.

In  th is  article, we have studied th e  am plitudes of solar flare crochets and  SC’s in  H  occurring 
during daylight hours (0700-1800 hours L.M.T.) a t  th e  P eruv ian  and  th e  In d ian  stations 
operating during I.G . Y. and  I.G .C. These am plitudes were read  from  microfilm copies o f m agneto - 
gram s of these observatories obtained th rough  th e  courtesy of W orld D a ta  Centres for Ionosphere 
an d  Airglow a t  Boulder U.S.A. and  for Geomagnetism a t  W ashington D.C. The occurrences of 
crochets or SC’s were checked against lists published in  IA GA  B ulletin  Nos. 12e, ^ m g  and  12n2.

In  Pig. 1 are shown th e  am plitudes and  th e  local tim e o f occurrence of individual crochet in 
H  observed during I.G .Y —I.G.C. a t  H uancayo and  Trivandrum . I t  is seen th a t  a t  e ither o f the 
tw o sta tions th e  larger am plitudes are found in  th e  m orning th a n  in  th e  afternoon hours. As 
th e  tw o sta tions are abou t 150° a p a rt in  longitude, th e  above effect cannot be a ttr ib u ted  to  any  
U niversal Time Effect o f th e  occurrence of stronger c-rochets. The d iurnal curve o f th e  m ean 
am plitude is asym m etric w ith  a  peak  occurring earlier th a n  th e  local noon. There is no sig­
nificant difference in  th e  probability  o f occurrence of crochet a t  different tim es of th e  daylight 
hours.

In  Pig. 2 are shown th e  am plitudes of th e  crochets observed near noon hours sim ultaneously 
a t  th e  th ree stations near th e  m agnetic equator viz. a t  H uancayo, Y auca and  Chimbote for the 
A m erican zone and  a t  T rivandrum , K odaikanal and  A nnam alainagar in  th e  Ind ian  zone. 
These crochets are listed in  Table 1. The num bers in  Pig. 2 on th e  line joining the points for 
th e  same crochet observed a t  th ree sta tions are the  serial num ber o f th e  crochets listed  m  Table 1
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Fig. 1. Mass plot of the amplitude of solar flare crochet in H  a t Huancayo and 
Trivandrum during LG.Y.-I.G.C.

I 4 0  

1 2 0  

I 0 0

AMERICAN ZONE INDIAN ZONE

8 0

4 6 0

MAGNETIC DIP ’ N OB *S

Fig. 2. Latitudinal variation of the amplitude of solar flare crochets around
local mid-day hours.
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Table 2. Amplitude of solar flare crochets and sudden commencement in H  
during I.G-.Y. and I.G-.C. at equatorial stations in American and Indian zones

Station
Magnetic

dip

Crochet in H
Sudden

commencement in H
Mean

amplitude
V

mean ratio
Mean

amplitude
v

Mean ratio

Huancayo 2-0° N 43 100 ±  0-00 154 1-00 ±  0-00
Yauca 1-4° S 32 0-75 ±  0-05 121 0-80 ±  0-05
Chimbote 6-4° N 21 0 52 ±  0-07 86 0-62 ±  0-03
Chidayo 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° S 26 1-00 ±  0-00 75 1-00 ±  0-00
Kodaikanal 3-4° N 24 0-86 ±  0-07 70 0-93 ±  0-08
Annamalainagar 6-4° N 21 0-82 ±  0-11 68 0-90 ±  0-07
Alibag 24-5° FT 9 0-39 ±  0-12 35 0-47 ±  0-15

for the corresponding zone. I t  is seen th a t 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 amplitude decreases progressively from Trivandrum, 
Kodaikanal to  Annamalainagar. 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 a t any station to  th a t a t  the station 
nearest to  the magnetic equator viz. a t Huancayo for the American zone and Trivandrum for the 
Indian zone. In  Table 2 are listed the mean magnitude 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 I.G-.Y.-I.G.C. The mean ratios for the amplitude of 
solar flare crochet normalized to  the value of 1-0 a t the magnetic equator are plotted against

1

2

Fig. 3. Variation with magnetic dip of the amplitude of solar flare crochet in 
H  within the equatorial electrojet region of the American and Indian zones.
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K g. 4. Variations with magnetic dip of the sudden commencement and solar 
flare crochet in H  within equatorial eleetrojet 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 is quite evident th a t 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 a t low latitude 
stations suggests th a t the current system for these two phenomena m ay not be identical. The 
stronger equatorial enhancement of the crochets than of SC’s indicate th a t the solar flare current 
system is situated a t lower height than the SC current system.

Co nclusio ns

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 th a t of sudden commencement of magnetic storms.

The current system for solar flare crochets and SC’s seem to be qualitatively similar but 
located a t different altitudes, the one for crochets being lower.

the magnetic dip angle in Fig. 3. I t  is clearly seen th a t the decrease of the amplitude of crochet 
with increasing 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. R asxogi (1962) has shown th a t the daily range of I I  a t equatorial stations decreases 
with increasing dip angle a t a faster rate  in the American than  in the Indian zone. Thus the 
longitudinal differences in the latitudinal variation of the amphtude of crochet in I I  and the 
strength of electrojet currents are in good correspondence.

In  Fig. 4 are compared the latitudinal variation of the ratios of crochets and SC’s for the 
two zones separately. I t  is seen th a t the ratio a t any station is less for crochet than  for SC. 
This difference is statistically significant for the American zone bu t for the Indian zone the
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SHORT PAPER

Night-time sadden commencements in H  within the equatorial electrojet region

R. G. R a st o g i, N. B. T r iv e d i and 1SL D. K atjshika  
Physical Research Laboratory,- Ahmedabad-9, India

■ • (Received 0 January 1965)

Abstract—It is shown that during the night the change of H  accompanying a SC is greater at small 
magnetic dips than at large magnetic dips in the American zone but that this difference is not so clearly 
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 (Sttgiura, 1953; F e r r a r o ,- 1954; Sr in iv a s a m u r t h y , 1960; Ma e d a  and 
Y amamoto , 1960). F o r b u sh  and Ca sa v er d e  (1961) showed tha t the amplitude of daytime 
SC in II  is enhanced over the magnetic equator in the same way as the daily range in H  itself. 
R a stog i et al. (1964) showed that the enhancement of SC amplitude in II  occurring around noon 
is more pronounced in the American than in the Indian zone. I t  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. I t  was felt necessary to study the latitudinal variation 
of SC amplitude during night-time when the ionospheric U-region conductivities would be 
extremely low and henoe the electrojet currents would be very weak. The amplitude of SC in H  
occurring between 2100 and 0300 hours L.S.T. a t the magnetic observatories in the American 
and Indian zone operating during I.G.Y. and I.G.C. were read from the microfilm copies of the 
magnetograms as described in (R a st o g i et al., 1964).

In  Fig. 1 are shown retraced portions of the magnetograms of the SCs during the night-time 
on 17 August 1958 and 19 August 1959 at the American stations. I t  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 indicating 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 hue 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 
same 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.S.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 amplitude 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 distinct maximum over the
131
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magnetic equator during the midday as well as midnight hours, the former being more pro­
nounced. The amplitude of night-time SO in IT a t Talara (magnetic dip 12-6°]Sr) decreases to  
a  value of 0-69 tunes the same a t Huaneayo (dip T9°N), consequent of the decrease of magnetic 
latitude by  about 5-0°. Thus the enhancement of night-time SC (II) 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.

I N D I A N  Z O N E
17 JULY 1959 21 JULY 1958 31 MAY 1958

150-

100-

0 —

150-

100-

50—

0-

150-

100 -

50 -

21 22 23 24 21

T I M E

22 23 24 

7 5° E.M.T.

23 24

Fig. 1. Tracings of H  magnet ogram during the night-time sudden commencements 
in H  a t American Stations.

W ithin the Indian zone, there is distinct enhancement of the SC (H) amplitude during the 
daytime hours, the largest amplitude occurring a t Trivandrum (dip 0-6°S). During the night 
tim e hc-urs the amplitudes of SC (II) a t Trivandrum and Kodaikanal are not significantly 
different; from each other, the ratio ranges between 0-91 and 1-09, the mean ratio being 1-00 ±  
0-06. However the SCs a t Annamalainagar are in general larger than  those a t Trivandrum or 
Kodaikanal, the mean ratio being 1-21 ±  0-09. The amplitudes of SC a t Alibag are of the same 
order as a t other Indian stations, the ratio being 0-99 ±  0-13. Thus it is definite tha t unlike 
American zone, the enhancement of night-time SC amplitude over the magnetic equator is 
absent in the Indian zone. R ather 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).

Do b b u sh  and Casavbb.d e  (1961) have studied four SCs occurring during the night-time in 
the American zona and did not find any latitudinal variation of the amplitude of SC in II.  How­
ever, the deviation in vertical field changed its sign a t 8°S which corresponds to  the location of 
cosmic ray  equator a t the same longitude. They suggested th a t the current system responsible

100-

50 '

100-

50-

0
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for SC on the dark side of the earth m ay also flow in the upper atmosphere. On w u me chilli and 
Ogb d eh i (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 
th a t the equatorial enhancement is more pronounced during the daytime than  the night-time

A M E R I C A N  Z O N E

Fig. 2. Tracings of H  magnetograms during the night-time sudden commencements
in H  a t Indian stations.

hours. Y acob and K hanna (1964) have shown th a t the equatorial enhancement of the ampli­
tude of fluctuations in H  in the Indian region is distinct during the daytime hours bu t is absent 
during the night-time hours.

The present analysis shows th a t 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 zone during the midday hours when the electrojet 
current is maximum in th a t longitude zone. I f  the amplitude of sudden commencement in  H  is 
assumed to  be proportional to  the instantaneous value of the electrojet current flowing in  th a t 
longitude zone, then the electrojet currents during the night hours over the American longitudes 
should be' almost as strong as the electrojet currents during the daytime hours in  the Indian 
longitudes. Thus it m ay be concluded th a t the electrojet currents during the night-time hours 
are absent or very weak in the Indian zone bu t quite strong in the American zone.
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Table 2. Amplitudes of sudden commencements in H  during I.G.Y.-I.G.C. at Indian 
stations and their ratio with respect to the same at Trivandrum

Sr.
No. Date

Time
75°

E.M.T.

Trivandrum
amplitude

(?)

Kodaikanal 
amplitude ratio  

(?) -

Annamaliangar 
amplitude ratio 

(?)

Alibag
am plitude ratio 

(?)

N i g h t -T i m e  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 1-13
3 Mar. 25, 1958 2041 49 50 1-02 64 1*20 53 1*08
4 May 31, 1958 2152 44 45 1-02 53 1-30 49 M l
5 , June 8, 1958 2229 9 8 0*90 12 1-33 11 1*22

‘ 6 June 14, 1958 2328 22 24 1-09 28 1-27 26 1*19
7 Ju ly  21, 1958 2137 72 66 0-92 72 1-00 64 0-88
8 Ju ly  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 5, 1959 0120 11 11 1*00 (12) — 10 0-90
14 Ju ly  11, 1959 2125 105 96 0*91 110 1*04 80 0-76 i
15 Ju ly  17„ 1959 2138 155 160 1*03 179 1*15 175 M 2
18 Sept. 4, 1959 0300 34 33 0-97 40 1-18 34 1-00 :

Mean of m idnight SC 1-00 ±  0-06 1-21 ±  0-09 0-99 ±  0-13

Mean of m idday SC
(1000 to  1400 hours L.S.T.) 0 91 db 0-06 0-89 ±  0-07 0*41 ±  0*11

Fig. 3. The variation with magnetic dip of the mean ratio of amplitude of SC in 
H occurring during the midday and midnight; hours at American and Indian zones 

during the I.G.Y., I.G.C.
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This difference in electrojet during the night-time at the two. longitude zones may be associ­
ated wish 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 at stations within the equatorial electro jot are studied. The mean ratio of the amplitudes 
of corresponding fluctuations in II at Huancayo (dip 2°jST) to that at San Juan (dip 52°N) is 
about 8-0 for the midday hours and about 1-7 for the midnight hours. A close similarity in the 
night-time fluctuations of AH is noticed at all equatorial stations in Peru, the mean amplitude 
having a maximum over the magnetic equator; within a distance of 6° latitude from the mag­
netic equator the amplitude is reduced to 0-6 times its equatorial value. I t  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 eleotrojet currents are strongest, 
and are due to the remnant equatorial current system flowing during the night-time hours.

F erraro and Unthank: (1951) and Sugiura (1953) showed that the amplitudes 
of sudden storm commencements are enhanced a t Huancayo during, the hours 
of sunlight. Later the enhancement of SC has been found at other longitudes 
(Sbinivasamurthy, 1960; Matsushita, 1960; Maeda and Yamamoto, 1960). 
F orbush 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. Rastogi etal. (1964) have studied the latitudinal variations 
of the amplitude of SO in II  at stations in American and Indian zones for the IGY-IGC 
period and have shown that the enhancement of the amplitude over the magnetic 
equator is more pronounced in American than in the Indian zone.

F orbush and Casaverde (1961) have found that the deviation in the vertical 
field (A2) at Peruvian stations due to the SC in the night-time changed its sign at 
about 8°S geographic latitude and suggested that the equatorial current system on 
the dark side of the Earth may also flow in the upper atmosphere. Rastogi et al. 
(1966) have studied the SO 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 0T6 ±  0-07 for the 
daytime hours and 0-60 ±  0-14 for the night-time hours. However, the ratio AH at 
Alibag/A/I at Trivandrum was found to be 0-41 +  0-11 for the midday and 0-99 ±  
0T 3 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.

F orbush 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. 
Onwumechjbli and Ogbuehi (1962) have shown that the fluctuations in H  in African 
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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 a t an equatorial 
and non-eqnatorial observatories both in the same longitude zone, Chapman and 
R aja  R ao (1985) 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 SC in II  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 I I  following 
the magnetic storms at stations along the American zone.

Huancayo (12-1°S, 75-3°W, dip 1-9°N) and San Juan (18-4°N, 66-l°W; dip 52°]\T) 
were chosen as the equatorial and non-equatorial observatories respectively within 
the American 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 
fluctuations at the two places. Significant fluctuations in H  at Huancayo and San 
Juan having close correspondence were noted and peat to peak deviations A if  (HU) 
and Aii(SJ) were measured. Figures 1 and 2 are the tracings of E  magnetograms 
at Huancayo and San Juan showing significant fluctuations during the night-time 
and the daytime hours respectively. I t  was found that most of the night-time 
fluctuations have very close correspondence a t the two stations as seen in Fig. 1. 
During the daytime hours, very large and frequent fluctuations, were observed at 
Huancayo many of which were not reproduced in San Juan. Further very large 
daily variation in E  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 less than 30 min were read. Consequently comparatively fewer observa­
tions could te  obtained for the daytime fluctuations having correspondence between 
the two places. The ratio A/I (HU) / AJI (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)/A/i(SJ) was calculated for each hour and is shown in Fig. 3. The 
diagram also shows the standard deviation of each of the mean ratio.

I t is interesting to note that only 17 out of 427 eases were found when the ratio 
Ajf(HU)/AfT(SJ) was equal to or less than unity. There is a distinct enhancement 
of the fluctuations during the daytime, the smooth curve passing through the points 
for the individual hour is asymmetric about noon. I f  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 ourve given by 
Chapman and R aja  R ao (1965) for Jarvis/Honolulu pair clearly indicates the peak 
at II hr. I t  may be noted from Rastogi et al. (1065) 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 over1 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 ±  3-4 for Huancayo and 
San Juan pair. The mean value of the ratio over 9-13 hr derived from the curves
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23—24 JUNE 1959

16- 17 AUGUST 1959

19 20 21 22 23 O I 2 3 4  HR
2 1 -2 2  SEPTEMBER 1959

Fig. 1. Tracings of iff magnetograms of Huancayo and San Juan during the night’
time disturbances.

<

H O U R  7 5 °  W. M. T

Fig. 2. Tracings.of H  magnetograms of Huancayo and San Juan during the day­
time disturbances.
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Fig. 3. Variation of the ratio of AH  at Huaneayo to the same at San Juan at 
different times of the day.

given 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. R astogi et al. (1966) have 
found the ratios of midday SC (H) amplitude to be 6*25 for Huancayo/San Juan 
pair and 2*44 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 (Rastogi 1962). Thus 
the daytime storm fluctuations in H  are enhanced over the magnetic equator and 
are further related to the strength of the normal electro jet in the particular longitudes.

The mean ratio of A//(HU)/A//(SJ) for storm fluctuations during the night-time 
horns vary between 1*50—2*20, the mean value over 2200-0200 hrs 75° W.M.T. is 
1*73 ±  0*66 and hence is significantly greater than unity. The corresponding value 
derived from the curves given by Chapmajst and R a j  R ao (1965) are 1*18 for Jarvis/ 
Honolulu pair, 0-80 for Koror/Muntinlupa pair and 0*95 for Trivandrum/Alibag pair. 
R astogi et al. (1966) have found that ratio of midnight 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 axe enhanced over the 
magnetic equator 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.

To further check the electrojet effect in the storm time fluctuations series of 
magnetograms at closely spaced observatories in Peru viz. Huaneayo (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 Pig. 4 fox the daytime 
hours and Pig. 5 for the night-time hours. Referring to Pig. 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 tlie amplitude from Huancayo to Talara is clearly 
noticed. Further the enhancement of the amplitude a t Huaneayo 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

21 JULY 1958 2 4  OCTOBER 1958

HOUR 75® W. M. T

Fig. 4. Tracings of ll magnetograms a t 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°iv). Thus i t  is 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 electro jet then one would expect the corresponding 
variations in the vertical magnetic field, AZ ,  also to be controlled by the equatorial
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23-24AUGUST 1958 3 SEPTEMBER 1959

HOUR 75“ W. M T.

Fig. 5. Tracings of H  magnetograms at equatorial observatories in Peru during
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+ 0* 
+ 0-4

0

- 0-4 f

Fig. 7. Variation with magnetic dip of the ratios AHvJAH a, AZnfAH 0 of solar flare 
crochet day time SO and night-time SC at Peruvian stations.

IU\
CL*"s*.

tl"

AZ/AH0

eleetrojet. Variations of AH  with latitude during sudden commencements and solar 
flares have been described in earlier papers R astogi et a l. (1965, 1966). The mean 
ratios of AHJAH^ and AZ JA H 0; where H(l is the change in H  a t Huancayo and 
AHn and AZ n are the corresponding changes in H  and Z  respectively at any other 

' stations, are calculated for daytime sudden commencements, solar flare effects and 
night-time sudden commencements at all the Peruvian observatories. The latitudinal 
variation of AHnjAH0 and AZJAH 0 for these three disturbances are shown in the 
F%. 7.

I t  is seen from Fig. 7 that the maximum value of AHJAH0 during S.F.E. or SC 
occurs close to Huancayo. The AZJAH 0 also changes its sign at Huancayo which is 
about 1 ° north of the dip equator. In the case of night-time SC’s the maximum value 
of AHJAH0 occurs close to Huancayo but AZ JA H n change sign somewhere between 
Chimbote and Chiclayo.

Assuming the eleetrojet to be confined in a band of uniform current density and 
having ai certain width flowing at a certain height above the surface of the plane 
earth one expects that there would be maximum H  a t the centre of the eleetrojet
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where AZ  would change its sign (Chapman. 1951; Onwumechelli, 1959). If  the 
observed changes in H  and Z  are due to the super-imposition of the electro jet effect 
over the effect; due to normal Sq 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. n :

The night-rime storm fluctuations in II  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-time. Ho such enhancement is seen for the Indian zone.

1
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2.1 V~ Studies of the sudden changes in H at Equa^-
torial stations in American zone

/

Summary

The storm sudden commencements (SC) and sudden 
impulses (SI) in H at equatorial stations in American zone 
during IGY/IGC are discussed. The occurrence of SI is 
most frequent around midday whereas distribution of SO 
frequency with local time is uncertain. The amplitude of 
both SO and SI at the equatorial stations are enhanced 
during daylight hours. At any particular hour the ampli­
tudes are enhanced only over a narrow zone over the magne­
tic equator. The enhancement is identical for SC and SI.
It is suggested that the mechanism for equatorial enhance­
ment for SO and SI is same.

Introduction

A significant difference in the daily variation 
of the 'amplitude of sudden commencement (SC) of magnetic 
storm at the equatorial station Huancayo and at other 
stations was first pointed out by Ferraro and IJnthank (1S -1) ; 
the maximum amplitude at Huancayo occurred around noon 
while at other stations it had a tendency to occur around 
mid-night. The maximum amplitude at Huancayo was considera­
bly larger than at other stations. Similar noon-time

!1 S



maximum of the SO and SI amplitude have been reported for 
equatorial stations by other authors (Sugiura, 1953,* 
Srinivasa Murthy, I960, Matsushita, I960, Maeda and 
Yamamoto 1960a, 1960b). Comparing the amplitudes for the 
same SCls in H at equatorial stations within the same 
longitude zone, Rastogi at' 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 daily range of II. later 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 over the magnetic equator (although 
not comparable to the midday enhancement) and that the 
fluctuations in H wore also slightly enhanced. Therefore 
it seemed worthwhile to study in detail all the sudden 
changes in H at equatorial stations, The present paper 
discusses the daily variation in amplitude of storm sudden 
commencements (SC) and sudden impulses (SI) in H at 
American stations during IGY/IGC.

The stations studied and their coordinates are 
given in Table 1. The amplitudes of sudden changes (SC or 
Si) were read from the microfilm copies of the magnetograms 
obtained through the courtesies of W.l.C. for Geomagnetism 
in Washington 1.0., U.S.A* ’ Occurrence of SC -or SI were 
checked with the lists published in IAGA bulletins Nos.

1 2 :



Table-1.

Tho geogi 

angle; of_
’apaic coordinates and magnetic din
the stations studied

Station Pip G-eog. lat. G-eog, long.

Huancayo 1.9°F 12°03'S 75°20'W
Yauca 4.4°S 15°32'S 74°40,W
Ohimbote 6.4°N 9°06‘ S 78°36*W
Chiclayo 9.8°N 6°48'S 7 9 0 48' W
Talar a 12.6°H 4°38'S 81°181W

Paramaribo 35°N 5°49'F 55°13'W
San Juan 52°N 18°01 66°09'W

121, 12wZ and 12r# 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 preceded by a quiet condition and followed 

by disturbed condition were designated as SC, while others 

were designated as sudden impulse SI. The amplitudes of SC 

or SI were read as those between the predisturbed level to 

the first major peak following the sudden change. Care was 

taken to measure the amplitude between identical points on 
the magnetograms of different stations, and only those 
events were utilised in fche analyses which were identified



at all the stations.

As described by earlier authors (Ferraro et al, 
1951? 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 Akasofu and Chapman 
(1960) these are denoted as SC(+), SC(-), SC(+ -) or 
SC(- +) indicating the sign of the change (S) in H and also 
their order, when there are changes of more than one sign. 
Few examples ox SC and SI observed at Huancayo are shown 
in Fig. 1. The magnetograos contain normal recordings of

1(a) and 1(b) show conventional SI+ and SC+
H. The Figs, 
respectively



excluding the IGY/IGC. deferring to SO histograms, 

during tthe IGY/IGC the occurrences were more during night

consisting of only positive main deviations of H. Simul­
taneous deviations in D and Z components are also seen.
M g ,  1(c) shows an example of SI consisting of a small 
positive deviation followed by a major negative deviation 

in H (SI+ . fig. 1(d) shows the example of SO- + consisting 
of main positive deviation preceded by a small negative 

deviation. v'' ' •

The distributions of the number of occurrence 

of SO and SI at Hu m e  ay o with the local time are shown in’

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



than during day. During 1951-61 there is no definite 
variation except a maximum around 19 hr. Referring to SI 
histogram, during IC-Y/IGC she number of occurrences were 
maximum around midday and minimum near sunrise and sunset 
periods. During 1951-61, the daytime peak is slightly 
earlier and the sunrise and sunset minima are not clear. 
The SI are seen 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 
SI shov^ed marked variation with the time of the day.

Fig. 3 shows the tracings of magnetograms

Figure.3.
showing different types of SI recorded at the equatorial 
stations in Peru, South America, It is seen that the

i: 6 c



fluctuations in H at all these stations are remarkably 
similar. While reading the amplitudes of SC and SI at 
all these stations, care was taken to measure the distance 
between identical point;? of a particular event at different 
stations. It is also clearly seen from Pig. 3 that the 
amplitude of SI progressively decreases from Huancayo to 
Talara.

The mass plot' of the amplitude and time of 
occurrence of all SC+, SI+ and SI- at the equatorial station 
Huancayo and the mid-latitude station San Juan are 
separately shown in Pig. 4. It is clearly seen that

, v.,s>

SAN JUAN

TIME 75 W M T

figure.4.
SC+, SI+ or SI- at Huancayp show an enhancement of the
amplitude around noon, while there is no clear diurnal
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variation of the- different types of sudden changes in H at 
San Juan. The amplitude distributions of SI+ and SI- at 
each station are similar and therefore both SI+ and SI- 
are grouped together and designated as SI hereafter.

Pig. 5 shows the mass plot of the amplitude

Pigure.5#
and time of occurrence cf SC in H at all the seven stations 
studied. The midday enhancement of SC amplitude is 
greatest at Huancayo and there is systematic decrease of 
the midday amplitude of SC from Huancayo to Talara. At 
Paramaribo and San Juan there is no day-time enhancement 
of the amplitude. Similar features are seen in the case

' 8 s



of SI amplitudes shown in Jig. 6

figure.6.
It any particular hour the range of amplitude 

of SO or SI is fairly large due to the different intensity 
of solar disturbances causing these. The average diurnal' 
variation of amplitude of SC or SI is therefore difficult 
to be drawn. To determine the daily variation of SC or 
SI amplitude, the ratio of a particular SC or SI at any 
station to the amplitude of the same SC or SI at Huancayo 
were calculated. Hie variation of this ratio with the 
solar time at different stations are shown in Jig. 7 for 
SC’s and in Jig. 3 for Si's.

Referring to Jig. 7 one sees that the normalized

s 9 s



SC amplitude at any of the stations shows a distinct

T I M E  H O U R S  75°  W . M . T .

figure.7.

diurnal variation with a minimum around noon and a constant 
value during the night. The daily variation curve for 
normalized SC amplitudes at any of the stations is fairly 
symmetrical about noon. At 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 Huancayo during the 
day-time hours. Thus the increase of SC amplitude with 
decreasing latitude is most pronounced at noon.

Referring to fig. 8 shov^ing normalized SI 
amplitude one finds similar daily variation as for SC

s 10 s



excep t t h a t  th e  curve a t  any s t a t i o n  i s  s i g n i f i c a n t l y  un— 

sym m etrica l about nocn, th e  minimum b e in g  around 10 h r .

h ig u r e .8 .
f u r t h e r  th e  n o rm alised  am plitude  in c r e a s e s  p ro g re s s iv e ly  

from  San Juan  to  Yauca dee in c re a s e  b e in g  sm a lle r  d u rin g  

n ig h t  th an  d u rin g  day.

In  fi- '-. 9 a re  shown th e  l a t i t u d i n a l  v a r i a t i o n s  

o f n o rm a lise d  am plitude  o f  SC and S I f o r  th e  day-time 

p e r io d  (1000-1400 h r .)  and f o r  th e  n ig h t- t im e  p e rio d  

(2100-0300 h r . ) .  ‘I  he ■ -7 o r age v a lu e  o f n o rm alized  am plitude  

o f SC and S I am p litu d es w ith  i t s  s ta n d a rd  d e v ia tio n  a re  

g iven  in  f a b le  2 . The d e c re a se  of n o rm alized  am plitude  

w ith  l a t i t u d e  i s  i d e n t i c a l  f o r  SC and f o r  S I .  Ihe

;11 :



l a t i t u d i n a l  v a r i a t i o n  ox 31 o r  SC n e a r  th e  e q u a to r  i s  v e ry

10* 2 Of 3<r 40 * SO* 0* 10* 20* 30* 40* SO*
MAGNETIC DIP

"i^.9.
s im i l a r  to  t h a t  of the  r.oxar d a i ly  range of H. Thus th e

T a b le - 2 - .

ii.yor c je _axrplj i u de o f  sudden changes n o rm aliz e d  

til-liU -i. ££. Hu'.no avc f o r  day-tim e (1 0 -1 4  h r . )  and 

f o r .  n iy  h&rtirne, ( 21 -0?, M x h .

S ta t i o n S oC.lay 3 . I .S a y S .C . N ig h t  S . I .N ig h t

Huancayo 1 .00 1 .00 1.00 1.00

Yauca 0.SO+O.O5 0.32+0 .14 0 .91+ 0 .08 0 .95+0.12

Chimbote 0 .62+0 .06 0 . 56+0.11 0 .86+ 0 .06 0.85+0.11

C hiclayo 0 .4 8 + 0 .o 5 0•+4+0.12 0.75+0*05 0 .77+0.09

T a la ra 0 .37+0 .04 0 .28+0.09 0 .69+0 .07 0 .67+0 .15

Param aribo 0.25+0.07 0 .22+0.06 0 .63+0 .10 0 .60+0 .17

San Juan 0 .16+0.07 0 . 15+0 .11 0 .60+ 0 .14 0 .48+ 0 .16

S.C. IN H S.I. IN H
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enhancement of the amplitude of SC or SI are definitely 
associated with the equatorial electrojet currents.

It is further seen that during the night­
time also both SC and SI shew the enhancement near the 
magnetic equator.

These results indicate the essential simila­
rities in the mechanisms of both SC and SI recorded at 
ground magnetometer.
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Studies of_ sudden changes in H and Z at equa- 
ipi'hrj_ the Indian zone

Abstract

The storm tine commencements (SC) and sudden 
impluses (SI) in H and Z at equatorial stations in the 
Indian Zone during IGY/IGC are discussed. The amplitude 
of both SO and SI In H at the equatorial stations are 
enhanced during the midday hour. At any particular hour 
during the day-time the aunlitudes are enhanced over a 
narrow zone over the magnetic equator. There is no distinct 
latitudinal enhancement or SC or SI during night-time but 
the amplitudes arc signifxcanuly higher at Annamalainagar.
The latitudinal variation of she amplitude of SC in Z in 
Indian zone do not conform to the simple thin sheet model 
of the electrojet and the interpretation should be sought 
in the abnormal inc.uced currents.

The onhanqeiuent of the amplitudes 
of sudden changes in the horizontal component (SC or SI) in H 
have been shown at stations close to the magnetic equator by

2.3(f)
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various authors (Sugiura, 1953? Srinivasamurthy, 1960?
Mae da and Yamamoto, 1960a, b and Rastogi, 1963). Porbush 
and Yestine ( 1953) suggested that the daytime enhancement 
of the sizes in SC(H) are closely associated with the 
current system responsible for large diurnal variation in 
H‘viz. equatorial electro3et currents.

The enhancer:.cat of the midday values of SC, SI 
and crochet over the magnetic equator was shown first by 
Porbush and Casaverde (1961) ond it has been studied in 
detail by Rastogi et al ( . 1 9 6 4 , 1965) for both the American 
and Indian zones. The variations of the amplitudes of day­
time SC in H and S at the American station were found to be 
similar to that expected from a thin current sheet model 
of the electrojet (Porbush and Casaverde, 1961, and 
Rastogi et al, 1966b), The study of SC in H during the 
night-time hours showed that there is a significant equa­
torial enhancement in Aivrican zone (Rastogi et al, 1966a).

Chapman and Raya Rao (1965) have shown that the 
ratio of the storm time fluctuations in H under electrojet 
and non-electrojet stations indicate a daytime enhancement 
in the pacific,,Atlantic and Indian zones. The enhancement 
did not continue during she night-time and it was suggested 
that this was due tio depletion of E layer ionisation and 
the absence of electro jut currents. However Rastogi et al, 
(1966b) showed that in the American zone the fluctuation



ratio between Huancayo and San Juan is 8.0 + 3.4 for the 
day-time hours and,1.73 ± 0.66 for the night-time hours.
The ratio was significantly greater than unity and was 
suggested due to remnant electro jet currents flowing in 
the night-time in the American zone.

In, a recent '■ rticle Rastogi and Trivedi (1968) 
had studied in detail the sudden changes due to SC or SI 
in H at different hours of tae day at all low latitude 
stations in the American .mne, during the period IGY/IGC.
The midday enhancements or the equatorial enhancements 
were found to be identical for SI and SC. It was suggested 
that the mechanism for equatorial enhancements of SO and 
SI is the same. The present paper describes similar 
studies carried out for Indian stations for the period

iIGY/IGC. The coordinates of the stations are given in
Table 1. It is seen that the three observatories - Trivandrum,

Table-1. Coordinates of the stations

Observatory Geographic Geographic Geomagnetic Dip
latitude longitude latitude

Trivandrum 8.5°N 77.0°E 0.9°S
Kodaikanal 10.2°N 77.5°E 0.7°N
Annamalainagar 11.4°H 79.7°E 1 »4°K
Alibag 18.6°R 75.9°E 9.5°N

Kodaikanal and Annamalainagar are within the equatorial

s 18 s
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versus local time for i 

station (Trivandrum) a: 

It is clearly seen ttaa- 

an enhancement of the ;

sc
S I-

electrojet zone while Alibag is outside. The amplitudes 

of SC or SI wore directly read from the microfilm copy 

of the magnetograms and extreme care was taken that they 

corresponded to identic.:! points for different stations. 

The amplitudes were near r eed from the pre-disturbed value 

to the first major omoLa ■■•ion and reverse minor excursions 

before the main one were not taken into account.

lig. 1 shows the mass plot of the amplitude

24

- -

— • 

t.

B 24 00
W *tH T  - "

Uigur 3.1.
30, SI+ and SI- at the equatorial 

na non-equatorial station (Alibag). 

t 00+, SI+ or SI- at Trivandrum sho? 

amplitude around noon whereas there

,19s

rRIUM OFOM

-

- !r
-  A

*  •  S
a •  •a .

, a •

12 24 
AU BAG

-  • —

*

•
• *• • a .

• •

. •>  •

•

0 ~ •

0  -  \ •  ^

p *

)  -  .  •. -
• '  1

U - jiM

O
 

u
b|_

_8
p

j
i_

 
p_

r
&
t

a
m

p
li

t
u

d
e
 

in
 

g
a

m
m

a



i s  n o  c l e a r  d i u r n a l  v a r i a t i o n  o f  t h e  a m p l i t u d e  a t  A l l b a g .  

F u r t h e r  it i s  s e e n  t h a t  t h e  d a i l y  v a r i a t i o n  o f  S I +  o r  S I -  

a r e  i d e n t i c a l  a n d  t h e s e  a r e  g r o u p e d  t o g e t h e r  a n d  d e s i g n a ­

t e d  as  S I  h e r e a f t e r ,  i n  l a t e r  d e s c r i p t i o n s .

F i g .  2 s h o v e  t h e  m a s s  p l o t s  o f  a m p l i t u d e  v e r s u s

SC 1960-66 SC 1957-59 S l*& S I-  (957-59

-

-

5 a »i

Aj.*'.- ■

ioo j-

5 °  L   ̂ <

„  F-cSfrikiH
- .  W . *

• « • ‘  * i / ;  •
£ ? V  ' V

EL > A >.

TIME 75
2 ia S4dS — iz  | r y — g1
* EM T (HOUR)

?''igure.2.

l o c a l  t i m e  o f  S O  a n d  S I  d u r i n g  IGY/lG-C at e a c h  of  t h e  

o b s e r v a t o r i e s .  Th e  m a s s  p l o t s  of  S C ( H )  d u r i n g  t h e  p e r i o d  

1 9 6 0 - 6 6  a r e  a l s o  s h o w n  f o r  c o m p a r i s o n .  I t  i s  s e e n  t h a t  

d u r i n g  t h e  I G Y / I G C  t h e r e  is a  d i s t i n c t  m i d d a y  e n h a n c e m e n t  

o f  th e  a m p l i t u d e  of SC as w e l l  a s  S I  at e q u a t o r i a l  e l e c t r o  

jet s t a t i o n s  t h o u g h  t h e  e n h a n c e m e n t s  d e c r e a s e  f r o m  

T r i v a n d r u m  to A n n a m a l a i n e g a r ,  T h e  e n h a n c e m e n t  w a s  r a t h e r
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less distinct during the low sunspot period, 1960-66, 
probably due to fewer severe magnetic disturbances.

The mass plots described in previous paragraphs 
would not show the true diurnal variation due to the wide 

variations in the intensity of individual magnetic storm. 
Therefore to c^tormine who latitudinal variations of the 
sudden changes in M, it was thought proper to normalize 
the individual amplitudes at any particular station with the 
amplitude of the same event at the equatorial station 
which in the present case has been taken as Trivandrum.
The mass plot of this normalized amplitude versus local 
time for the SCs during 1957-66 and in SI during the 
period 1957-59 are shown in j?ig. 5. It is seen from the

S C I9 5 7 -6 6  S f 1957-59

I

a 21 i

Pigure.3,



Figure that this re/uio for any station is minimum around 
midday hours and the midday depression is more at higher 

latitudes. This indicates the enhancement of the SO and 
SI amplitude during the midday hours over the magnetic 
equator. Referring to Rodaikanal diagrams the values are 
mostly less thru 1 , 0  for rhe daytime and greater than 1.0 

for the night-time indicating that amplitudes during the 

night-time are slightly greater at Kodaikanal than at 

Trivandrum. This is much more clear for Annamalainagar 

where the ratio is 1.2 to 1.4- for night-time. Referring 

to Alibag diagrams, the diurnal variation of the normalized 

amplitude seems to be fairly symmetrical about local noon 

and thus it is slightly different from similar diagrams for 

the American zone where the SI 'was found to have a minimum 
value -at few hours before noon. Enhancement seems to start 
almost with sunrise is maximum around noon and vanishes 
by sunset, and is clearly associated with the development 
of the electrojot current systems.

To determine the latitudinal variations of the 
amplitude, the data wore grouped into day-time period 
(10-14 hrs.) and the nigh.;~time period (21-03 hrs.)t The 
average value of normalized amplitude of SC and SI with 
its standard deviation are given in Table 2 whereas these are 

plotted against dip angle in Fig. 4. It is seen that during 
the day-time both SO and SI show distinct enhancement at

% 22  s



t h e  e q u a t o r .  T h e  d i a g r a m  i n d i c a t e s  t h a t  t h e  e n h a n c e m e n t  

- o f  SC is s l i g h t l y  m o r e  t h a n  t h a t  f o r  SI. A t  t h e  A m e r i c a n  

z o n e , n o  s u c h  d i f f e r e n c e  is d e t e c t e d  b e t w e e n  t h e  e n h a n c e ­

m e n t s  o f  S I  a n d  SC. lief e r r i n g  to t h e  SC or S I  a m p l i t u d e s  

i n  t h e  n i g h t - t i m e  i t  is f o u n d  t h a t  t h e  a m p l i t u d e s  a r e  a l m o s t  

t h e  s a m e  at T r i v a n d r u m ? Lociaikanal a n d  A l i b a g  w h e r e a s  at 

A n n a m a l a i n a g a r  t h e  ai~plituu.es a r e  a b o u t  1 , 2  t i m e s  t h a t  at

T a b l e  2 .

A v e r a g e  a m p l i t u d e  of s u d d e n  c h a n g e s

n o r m a l i s e d ^  to t h a t

1 4 0 0  h r s .) a n d lor

a y  T r i y a n d r j ^  f o r  d a y - t i m e  ( 1 0 0 0  to 

n i g h t - t i m e  ( 2 1 0 0  to 0 3 0 0  hrs.) d u r i n g

I C Y / I & C .

S t a t i o n  S C  l a y  S I  D a y  S C  N i g h t

T r i v a n d r u m  1 . 0 0  1 . 0 0  1. 0 0

K o d a i k a n a l  0 . 9 1 + 0 . 0 6  0 . 8 8 + 0 . 0 8  1 . 0 0 + 0 . 0 6

A n n a m a l a i n a g a r  0 . 8 9 + 0 . 0 7  0 . 7 8 + 0 . 1 7  1 . 2 1 + 0 . 0 9

A l i b a g  0 . 4 1 + 0 . 1 1  0 . 3 2 + 0 . 1 1  0 . 9 9 + 0 . 1 3

S I  N i g h t  

1.00

0 . 9 6 + 0 . 1 4  

1 . 14+0 .1 8  

1 , 0 2 + 0 . 1 8

o t h e r  o b s e r v a t o r i e s .  Tb i i  c o u l d  be I n t e r p r e t e d  as t h e  

a b s e n c e  o f  e q u a t o r i a l  e n h a n c e m e n t  w i t h  a b n o r m a l  valine at 

A n n a m a l a i n a g a r ? o r  as t h e  s h i f t  o f  t h e  l a t i t u d e  of

; 2 3 s



enhancement at Annamalainagar during the night, with the

ifure.4.

present amount of tic to t.ris could not he decided.

'In rig. 5 arc shown the latitudinal variations

SUDDEN COMMENCEMENT INDIAN ZONE

xrxgure.5. .Figure,5.
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Of the amplitude of SC i i H and Z normalized to the same 
at Trivandrum for the event occurring during the day-time 
as well as the night-time. The data for the period 
1960-66 also have been added for comparison with the results 
for IGY/IGC period, luring the day-time the SC(H) shows 
the maximum at the equator arid reverse their sign between 
16 to 20° dip whereas the theoretical considerations on the 
basis of thin current shev.t model of the electro jet requires 
the reversal in Z component to occur at latitude very close 
to the equator. The changes in Z dme to SO and SI during 
the night-time are very similar to that for the day-time.

.tin additional magnetic observatory was 
established at Hyderabad (Geographic latitude 17.40H, 

.longitude 78.6°E and dip 20.5°) around middle of 1964.

During 1965-66 very few sudden commencements occurred due 
to low solar activity, based on available published data, 
the mean ratios of 80s in H and Z were computed and indi­
cated as a closed triangle in Dig. 5. It is seen that 
normalized ratio for 30(H) falls within the curves based 
on the results of Annamalainagar and Alibag. Regarding the 
ratio of S0(Z) the anplit mes are found to be very small of 
the order of 2 or 3 and wore some time positive and some 
time negative confirming our earlier conclusions that a 
change over in the sign of sudden commencements in H during 
the day-time in the Indian zone occurs at latitude close

s :  5 s



c l o s e  to t h e  e q u a t o r .  I n  t h e  A m e r i c a n  z o n e  it w a s  f o u n d  

( R a s t o g i  a n d  T r i v e d i ,  1968) t h a t  d u r i n g  the d a y t i m e  S C ( Z )  

c h a n g e s  i t s  s i g n  at d i p  c l o s e d  to 2° w h i l e  i n  th e  n i g h t  

t h i s  c h a n g e  o v e r  r e g i o n  c h a n g e s  to a b o u t  8° di p .  I n  t h e  

I n d i a n  z o n e  t h i s  c h a n g e  o v e r  h a p p e n s  c l o s e  to H y d e r a b a d  

l a t i t u d e  i . e .  a r o u n d  d i p  o f  20°. A n y  e x p l a n a t i o n  of t h e s e  

a b n o r m a l i t i e s  i n  t h e  I n d i a n  z o n e  s h o u l d  b e  s o u g h t  i n  

a b n o r m a l  i n d u c e d  c u r r e n t s  i n s i d e  t h e  e a r t h  w h i c h  w o u l d  

g r e a t l y  a f f e c t  the v a r i a t i o n s  o f  Z, b o t h  t h e  d a i l y  v a r i a t i o n s  

as w e l l  as t h e  s h o r t  t i m e  v a r i a t i o n s .

T o  s t u d y  t h e  v a r i a t i o n s  i n  s u d d e n  c h a n g e s  w i t h  

r e s p e c t  t o  t h e  e l e c t r o j e t  it w a s  c o n s i d e r e d  d e s i r a b l e  to 

c h e c k  t h e  l a t i t u d i n a l  v a r i a t i o n  o f  t h e  n o r m a l i z e d  s o l a r  

d a i l y  r a n g e  o f  H  a n d  Z at t h e  e q u a t o r i a l  s t a t i o n s  a n d  t h e s e  

a r e  s h o w n  i n  R i g .  6. T h e  r a n g e  o f  H  i s  f o u n d  to d e c r e a s e

INDIAN ZONE-
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systematically from the equator with the increase of 
dip angle. Range in Z changes from positive to negative 
value at the latitude, very close to the equator. Its 
maximum negative value is around 5 to 10° dip, and it 
decreases with further increase of latitude. Chapman (1951) 
has shown that if the electrojet is assumed to flow along 
a hand of infinely small thickness and width 2C ( in the 
N-S direction ) at height h then the Z component would 
he zero at hand axis centre and attains its maximum value

the daily variations of H or Z is concerned, the thin sheet 
model of the electrojet current is fairly valid for the 

Indian region. However the latitudinal variation in the 
sudden changes in Z are different and do not conform to 
the simple hand model of the electrojet.

Observatories, Colaha, Bombay, Astrophysical Observatory, 
Kodaikanal and to the World Bata Center for Geomagnetism, 
Washington BC, U.S.A. for providing the copies of magneto­
grams utilised in the present study. The authors are 
greatly thankful to PROFESSOR K.R. RAIR.ELlHAiT for the 
useful discussions and suggestions during the course of 
study.

2+ o, from the axis. Thus so far as
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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. Later in 1740-4-1 
Celsius and Graham showed that the magnetic disturbance 
was often simultaneous at two stations. Celsius also 
correlated aurora with magnetic, disturbance, In 1843 
Schwabe reported the intensity of magnetic disturbance 
varying with sunspot cycle. About this time, Kreil of 
Prague was seeking regular'periodic variation in the geo­
magnetic field depending on the lunar hour angle. Only 
by 1850 Kreil could establish lunar variations with 
certainty. Airy, one of pioneers 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 L.

/  .

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 the moon revolves round the earth
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with a uniform angular speed, i.e. all the data reduction 

are made with reference to the mean moon. Mean lunar 

time ( T* ) is defined, by analogy with mean solar time ( t ). 

It a lower transit of the mean moon Tr = 0 lunar hour

or 0s , 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 24^50.47m in solar time or 24 lunar hours. The moon's 

sidereal period of rotation around the earth is 27^7^43m .

The time between two successive crossings of the meridian 

half plane containing the sun is 29.5306 days, a period 

called a lunation, lunar month or synodic month. The moons 

phases depend on the angle between the meridian half planes 

containing (mean) sun and (mean) moon. The angle is 

measured positive when the moon is east of the sun, and is 

called lunar age denoted' by V  . The lunar age 2J can 

be expressed as 0 to 360 degrees or as 0 to 24 lunar hours., 

At Hew Moon the sun and the moon are in the same meridian 

plane and the lunar age is taken as 0° or 0 lunar hour. 

Similarly at full moon 3J = 180° or 12 lunar hour. In

the course of one synodic month P  changes from 0° to 36O 9 .
T

The solar ( t ) and lunar times^are related by

the equation

t = T + p
where t , T and V may be reckoned in degrees or
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in hours. Some years back; people used straight 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 lunar phase M. which is related to the 

lunar age by the equation

J J L - 24 - 2̂  (hr.) or 36O -3/(degrees) . Bartels

and Panselau (1937,1938) have given the formulae and tables 

for calculating JUL for the Greenwich noon for any day 

between 1850 to 1970, Recently Sugiura and Panselau (1966) 

have published ’ p ’ tables for the years 1850 to 2050,

The periodic lunar daily variations were found 

to change in a definite way, in the course of the change 

of the angle between sun and moon from 0 to 2lTas viewed 

from the earth - i.e, in a time of whole lunation. In 

1874 Broun 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 1 variations is an average picture of the lunar 

daily variations determined from a number of lunations,

It any particular epoch in the lunation, the lunar 

daily variation does not show a perfect semidiurnal 

character. Broun determined L from the data of a 

large number of days having the same lunar phase. He 

calculated average lunar daily variation for three days
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centered on new moon and similarly on seven other groups 

of days centered at one eighth phase, first quarter, 
three eighth phase, full moon and so on. The lunar daily . 
variation for each epoch showed approximately two waves 
of unequal amplitude. The 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- 

solar variation may be regarded as a simple lunar variation 

the amplitude of which is enhanced during day-time hours. 

Moos expressed this idea mathematically talcing the whole 

lunation mean curve by an equation

I, = C Cos (2T + *c ) .... ....(1)

where *C .denotes lunar time. - The amplitude factor C was 

replaced by another constant 1C1 whose amplitude varies 

with solar time such that it is maximum at midday and 
minimum at midnight; expressed by the equation

C’ = C (1-a cost) ....... »(2)

At midday t = 12 hr. =TT , C' = C(1+a)
At midnight fc= 0 hr, = 0°, C1 = C(1-a)
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lor simplicity Moos took a = 1.
Substituting (2) in (1) one gets

Ii = c (1-a cost) cos (2'f + «< ) ... = ...(5)

The values of C and he took from the lunar daily-
variation curves. 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 sun.

By this time. Balfour Stewart (1882) had 
already proposed a "dynamo 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 flowing in the upper atmosphere, Schuster (1908) 
developed "dynamo theory" quantitatively. It is now gene­
rally 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 ionosphere 
are the main seat of electric currents producing 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 horizontal 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 dynamo region depends on its integrated
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horizontal conductivity and the average velocity of 

motion of ions and electrons, lor the S variations, the 
motions in the air are generated by pressure gradients due to 

temperature differences whereas the 1 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 varying ionization 

caused by the sun. He extended the expression (3) given 

by Moos to describe L. Chapman replaced the term of 

solar time t in equation (3) by 'V + P  .

The expression (3) becomes
' \

1 =  C [ 1-e cos ( X  + P  ) cos (2 "'C + P  ) |. .(4)

or

L = iC I -a cos ( T  + fiC - P  ) + 2  cos ( 2 T +  )

-a cos ( 3*2’+ + P  )

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 a n g le s  TT + oC -  JL? and I T  + Ĝ- + 2J . The

se m i-d iu rn a l  component shows a c o n s ta n t  phase a n g le . I t  

i s  seen  from  th e  above th a t  as p  changes by 2'TT d u rin g  

a lu n a t io n ,  th e  p h ases  of th e  f i r s t  and t h i r d  components 

r e s p e c t iv e ly  d e c re a se  and in c re a s e  by 2 TT p e r  lu n a t io n .  

Chapman a n a ly sed  th e  i n e q u a l i t i e s  g iven  by B roun, Chambers 

and Moos and confirm ed  th e  fo rm u la  fo r  L g iv en  by Moos. 

M oreover Chapman e m p ir ic a l ly  d isc o v e re d  th e  fo u r th  harmo­

n ic  component w hich changed by 4TT d u rin g  th e  whole 

lu n a tio n *  Chapman gave an e x p re s s io n  fo r  1 i n  any elem ent 

(up to  f o u r th  h a rm o n ic );

L
4

= £
n=1

; 3
Cn s in  |  n ' t  + (n -2 ) & + f „ . . . ( 6 )n

The l e t t e r s  C and oC i n  th e  e q u a tio n  (6 ) a re  th e  am pli­

tu d e  and phase of th e  lu n a r  v a r i a t i o n  1 .

Ih e  lu n a r  t id e  b e in g  a fu n c t io n  of two 

v a r ia b le s  s o la r  tim e t  and lu n a r  age jJ , two ways 

a re  p o s s ib le  f o r  th e  com pu ta tion  o f  lu n a r  t i d e s .

(1 )  F ix ed  lu n a r  age V  method (B roun*s 

method) s tu d ie s  lu n a r  d a i ly  (L) v a r i a t i o n s  

on days w ith  f ix e d  lu n a r  a g e s .

(2 ) F ixed  s o la r  hour method (T a n 'd e r  Stole* s 

method) s tu d ie s  lu n a r  m onthly (M) v a r i a ­

t io n s  a t  f ix e d  s o l a r  h o u rs .

Chapman and M il le r  (1940) have p re s e n te d  f ix e d  age method
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in detail. Is-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. Usua l l y  the mea n  lunar 

daily variation is determined despite the fact that the 

effect of the m oon 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 

(M) variation are determined u sing both fixed age and 

fixed solar hour methods respectively.

The lunar tidal oscillations in the horizon­

tal magnetic field 1H ’ have been shown to be abnormally 

large at equatorial stations viz. Huancayo (Bartels 1 936), 

Ibadan (Onwumechilli and Alexander 1959) and Kodaikanal 

(Raja Rao and Sivaraman 1958) . It has been also shown 

that the latitudinal as well as longitudinal variations 

of the amplitude of lunar tidal oscillations in the solar 

daily range of H  at the equatorial stations is very 

similar to the corresponding variations of electro jet

current itself, suggesting that lunar tides in the
«

magnetic field at equatorial stations ?jere closely asso­

ciated wit h  the electrojet current (Rastogi 1963, 1964, 

1965). Recently lunar diurnal as well as lunar monthly 

variations in H at Huancayo have been described in detail
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for the low sunspot period 1 9 5 1 - 5 5  and for the high sun­

spot period 1957-59 (Eastogi 196Sa, b). As the strength 

of the electrojet currents in the Indian zone is found 

to be much weaker than that in the American zone (Eastogi 

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 zone 

and compare the results with those at equatorial stations 

along different longitudes. These results are discussed 

in the following chapter'.

3.2

The periods of S and 1 are nearly the same 

and the magnitude of L is much smaller than that of S 

which makes the determination of I difficult. It is 

necessary to have a large volume of continuous data for 

the computation of L, Most of the available results on 

lunar tides refer to mean lunar daily variation despite 

the fact that the effect of 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 field are calculated bath by fixed age method 

as well as by fixed solar time method. The method of 

computation of L 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 
Government of India. The coordinates of the Kodaikanal 
Magnetic Observatory ares

:5 5 :

Geographic latitude = 10°.2F
Geographic longitude _ r j r j  0>5E

Geomagnetic latitude = + 0.6
Geomagnetic longitude = 147.1

dip = 3.4°K.

The Kodaikanal Observatory is equipped with 
Watson variometers recording H, D and Z elements of the 
geomagnetic field. The absolute observations of H.E. and 
V.F. are made with a Kew magnetometer. The inclination 
is measured by an earth inductor. The tables of H, D 
and Z list 24 entttes of 24 hourly values per day. The 
units used for H.F. and Y.E. are gamma (10 Y = 1  gauss) 
and 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 I960. The data are continuous and with almost no 
failures. Certain missing values, values one or two in 
a whole day, were interpolated.



The geomagnetic field variation consists of 

Sq + 1 + (other disturbances) . The magnitude of 1 being 

small, it is not easy to separate 1 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 1, and only the days with Cp index less than 1.2 

are taken into considerations. The number of days having 

Cp >/ 1.2 are listed below for each year which have been 

considered for the analysis of lunar tides in the 

Kodaikanal geomagnetic field.

: 56 :

Year No. of days

1956 72

1957 82

1958 84

1959 97

I960 103

Total.........

It 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 tables presented are the listing
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of the computer output. The form of the basic magnetic 
data used in the lunar tide computations is shown in 
fable 1. The data for each day are punched on a car'd, 
ihe rirst eight places on the card are assigned for 
the lunar age, date, month and year and the remaining 

seventy two places are for twenty-four three-digit hourly 
values.

The first step towards determining the lunar 
variation should be to remove S variation from the data 
utilized. By adding all 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 uhe average variation over a month. The 
average S variation in subtracted from the -daily variation 
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 completion of tables of hourly devia­
tion, the values for all the months are grouped accor­
ding to the season, viz.

(a) D —months — November, December, January
and February,

(b) 1-months - March,April,September and
October.
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(c) J~months - May, June, July and August.

For each season of 4 months, twenty tables 
similar to Cable 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 connect the deviations with lunar 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 the machine is programmed to do the 
following operations It read s the complete data, sorts 
out the days with the same values and gives the average 
hourly deviation values for the days having the same 
values. Thus the average lunar daily 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. V = 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, 1 5 , 18 and
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21. The mean lunar daily variation at lunar ages 23, 00,
01 is taken as the lunar daily variation on lunar age 0 0 . 
The mean of the lunar daily variation on lunar age 02,
0 3 , 04 i s  r e p re s e n te d  as the- lu n a r  d a i ly  v a r i a t i o n  on 

lu n a r  sge 03 and l ik e w is e  fo r  lu n a r  ages 06 , 09 , 12 , 15 ,

18 and 21. Table 4 is obtained from Table 3 after the 
operation of grouping.

I t  i s  n e c e s sa ry  to  r e p r e s e n t  th e  lu n a r  d a i ly  

v a r i a t i o n  f o r  d i f f e r e n t  lu n a r  ages in  term s o f lu n a r  

hours r a th e r  th a n  s o la r  h o u rs . A mean lu n a r  day e q u a ls  

1.03505 s o la r  days o r  24^50 .47m. The am p litu d es  g iven  

in  T able 4 a g a in s t  each lu n a r  d a i ly  age a re  p lo t t e d  

a c c o rd in g  to  s o la r  hours and a lu n a r  d a i ly  v a r i a t i o n  

curve i s  drawn. How from  t h i s  curve am p litu d es  a re  rea d  

a t  an i n t e r v a l  o f one lu n a r  h o u r. The lu n a r  hour b e in g  

a l i t t l e  l a r g e r  th a n  a s o la r  h o u r, o n ly  th e  f i r s t  tw en ty  

th r e e  v a lu e s  cou ld  be rea d  from  th e  above m entioned  c u rv e . ’ 

The above m entioned curve i s  ex ten d ed  by one s o l a r  hour 

by p l o t t i n g  th e  v a lu e  at t |je  z e ro th  hour as th e  25th  

h o u r. Then th e  re a d in g  of th e  24th  lu n a r  hour am p litude  

becomes p o s s ib le .  T h is  e m p ir ic a l method does n o t le a d  

to  any s e r io u s  e r r o r .  Thus a new T able 5 can be p re p a re d  

r e p r e s e n t in g  mean lu n a r  d a l ly  v a r i a t i o n  in  te rm s o f p lo t t i n g  

th e  lu n a r  d a i ly  v a r i a t i o n  in  te rm s o f  lu n a r  h o u rs .

The cumbersome procedure of plotting the



Sa
bl

e
€5

in
I

«
ra
£ft
&

vio
m

0p

•3
CQ
O•H
Cd
•H

S>
>;
H*rtcSrd

3
H

rH CNJ lT\ vO o o CO gf c - 0 0 •—i eg ID \C O' O
o o O o o rH i—i rH i—t rH C\J eg <\1 CNJ CM 0 0
o o O o o O o o a o CO O o o O o

CO gf CO CO CO gf CO < r CO gf CO gr CO gf

• a e ft ft & a o 9 e 9 ft e ft • &
CO CM Is- vO < 0 in CM CM vO i— ’ CM vO CM CM gr CO

T
1 h rH f rH

i
rH
1

i i— I rH

• « • o ft 0 • • o • 0 o • • • •
e- gi­ CO ID \0 CO CO \ Q eg Is - go gf gi­ n eg
r\j
1

1 i 1—J i iH
1

rH
i

1 CM eg

• ft • o ft ft 6 0 o 9 o o « ft • •
CM gf rH CO 1—1 eg e- eg M3 co gf I— 1 gf CO co
CM

\
1 1 I rH l rH

i
1 i rH

f
co eg

& e e ft ft ft 0 • 9 ft d 9 e ft « •
CM r- O vO O ' g3 rH rH in Is- eg eg CO < o CM
CM
I

rH i 1 i— 1
i

rH
i

1 rH rH
1

eg

• o ft ft ft • ft 9 ft. e ft e • ft • •
Is- CO vO vO in CO in in in CM ln i-1 CM CM eg i—i
l rH 1 rH

1
i 1 co rH

1
1 rH

1
9 • ft 0 ft 0 • • 9 9 o 0 • «> ft ft

rH CNJ r- r- in CM vO co in CM O in in O ' 0̂
CM 1 rH

1
1 i rH

1
rH
f

eg
1

o ft • • ft « • • 9 e e C • • • 9
LO go vO r- co gi­ CO o CM CM i— 1 r- CO in !-} CO
t—{ CM l f rH

1
t—f i gf rH

1
CM
I

l CO
i

ft • ft e 0 ft • ft • ft 0 ft « • • •in co CO rH gj* eg CO 00 co gi­ Is- O ' co co co rH
rH 1—1 1 rH1 1 r H r H rH

1
rH
i 1 CM

1
• 9 0 • o ft 9 ft ft o 0 ft ft 9 ft
CM CO CM CO CO vO CM CO rH co CM CO co r H gf
r H 1 rH1 CM rH i—11 CM

i
l rH

i
• ft • ft ft 9 e 0 ft • 9 e • ft ft ft
O' gi­ vO 1—! r H CM CO CO Is- CO O' o CO CO CO1 r H

t 1 r H I r H

1 1 1

• ft ft ft • 'o • ft ft ft ft • • ft ft ft
\ gf* o i—{ i r H gf 1 in i—1 eg eg i

I— I  I  I  I II
ft ft ft ft ft 9 ft ft O ft 9 ft ft • ftMOf co1 O'1 CM

1 co rH
1

eg
f gf CO1

r H CO ini co o

O o CO CO v O g3 O' O ' eg CM n n co 00 1—1r—1 rH i—i rH rH rH CM

CM CM CM CM CM CM CM eg CM CM CM CM CM CM eg
rH rH rH r H rH rH rH rH r H rH rH rH rH r H r H 12

 
21



s66:
lu n a r  d a i ly  v a r i a t io n  curve and re a d in g  i t s  am p litu d e s  a t^  

th e  i n t e r v a l  o f 1 h r i s  d isp e n se d  w ith  hy u s in g  an a r i t h ­

m e tic a l  fo rm u la  and p ro c e s s in g  i t  by the com puter to  g e t 

T able 5 . The r e l a t i o n  betw een th e  am p litu d es  in  term s 

o f  s o la r  hours and lu n a r  hours i s  given by E gedal (1 9 5 6 )-

L(h) = s( h) + ( h -1 ) x 0 .035 [ S ( h + 1 )  -  S ( h )

where

h i s  th e  hour 

1 (h ) i s  lu n a r  hour 

S (h) i s  s o la r  hour.

T able 5 g iv e s  th e  mean lu n a r  d a i ly  v a r i a t i o n  

o r  a l u n i - s o l a r  v a r i a t i o n  f o r  lu n a r  ages V = ° 0 ?  03?

0 6 y 09?  1 2 ,  15 ,  18 a n d  2 1 .  As m e n t i o n e d  e a r l i e r ?  l u n i -  

s o l a r  • . v a r i a t i o n  i s  e x p r e s s e d  b y  a n  e q u a t i o n  c a l l e d

t h e  p h a s e  l a w .

I = C,n s in |n7* +
-  \

(n -2 )2 / + *Cn j

One can e a s i ly  v e r i f y  Chapman* s phase  law 

by f in d in g  harm onic c o e f f i c i e n t s  ( fo u r )  u s in g  24 v a lu e s  

of th e  p e r io d ic  lu n a r  d a i ly  v a r i a t i o n .  The harm onic 

a n a ly s is  r e s u l t s  g iv in g  a m p litu d e s  and phases o f f i r s t  

fo u r  harm onics and a  b u i l t  up curve of mean lu n a r  d a lly  

v a r i a t i o n  are shown in  Table 6 . The lu n a r  d a i ly  v a r i a ­

t i o n  in  T able 5 i s  in  G.M.T. So p ro p e r  lo n g itu d e
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correction is incorporated in the programme of the har­
monic analysis otherwise phase angles obtained would he 
incorrect.

luni-solar variation is determined using the 
fixed lunar 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 
C *>) versus amplitude at fixed hour will represent lunar 
monthly variation. This enables to study lunar monthly 
variation at different times of the solar day. The 
harmonic coefficients are calculated for lunar monthly 
curve at each solar horn*. Table 7 is the computer out­
put giving first and second harmonic coefficient and 
a built up curve of lunar monthly variation. One gets 
ri and r2 the lunar monthly and semi-monthly components 
and 0'i and ©2 their corresponding phases in terms of 
lunar age. In computing the phases of lunar monthly (M-j) 
and lunar semi-monthly (M2 ) oscillations, proper corrections 
are necessary, as the values of lunar age ( 2>0 ) are 
assigned with respect to Greenwich noon. The corrections 
needed are

(1) local time correction, and
(2) longitude correction.
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+

V = V0 - 0.0339 x 75.3 + 0.0339 (t- 180)

In the above equation, the- second term is for latitude 
correction and third term is for local time correction.
The above equation can be written as

X>0- = V - 0.0339 ( t - 180 + 75.3)
= J) - 0.0339 ( t - 104.7) .

where It is L.M.T. in degrees.

The phase angle could as well be presented 
in terms of lunar time T , The rel ation between and "T 
is known to be t = V + T . Table 7 can be changed 
to Table 8.

Table 8.

lunar phase 1 phase lunar phase phase
monthly in in semi- in in
ampli- lunar lunar monthly lunar lunar
tude age time ampli­

tude
age time

*1 *1 %2 r 2

0
1
2
3
4

23



Harmonic a n a ly s is  and the  harm onic d i a l

- p e r io d ic  v a r i a t i o n s  l i k e  S and D can be r e ­

p re s e n te d  by t h e i r  s in u s o id a l  components as d e te rm ined  

by harm onic a n a ly s i s .  The p e r io d ic  v a r i a t i o n s  ( s a y  o f  ; 

i n t e r v a l  T) such as a re  d is c u s se d  in  the  l a s t  few pages 

can be re p re s e n te d  by the  s e r i e s

^  Cn s in  ( n t+  Qn ) = X ( |t«C0S a t  + bn s in  n t)

»74 °

where n = 1, 2 . . . . . . .  and t  d e n o te s  tim e reckoned in  angle

a t  th e  r a t e  360° p e r  i n t e r v a l  T. The in te g e r  n i s  th e  

o rd e r  o f th e  harm onic, Cn and © n a re  i t s  am p litu d e  and 

p h a se . The harm onic has maximum a m p litu d e  a t  th e  tim e  

t  = ( 9 O ° - 0 n ) / n

The geom agnetic v a r i a t i o n s  cou ld  be d e sc r ib e d  

w ith  s u f f i c i e n t  accu racy  by u s in g  on ly  th e  f i r s t - f o u r  

harm onics n = 1, 2, 3» 4 . The harm onic c o e f f i c i e n t s  co u ld  

be c o n v e n ie n tly  c a lc u la te d  from th e  s ta n d a rd  t r ig o n o m e tr ic a l  

fo rm u lae ,

1
r

23
= 2 oI!P

2 23-
a
n

= (' r  } £ ZbkHr  cos n t

* II o

= (■
o 23

£ A H r  s in  n t r
n=0

r  i s  th e  number o f  h o u rly  v a lu e s .

................. ( D

*•«•!•••( 2.)

...(3)
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The actual details of the method of computing 
the harmonic coefficients depend on the type of the 
computing machine available.

The most convenient graphical representation 
of harmonics is by the harmonic dial. The harmo-'
nin dial is essentially a vector'diagram of a particular

I
harmonic component, the length and direction of the vector

f

representing th| magnitude and hour of maximum of the 
particular harmdnic component of the daily variation. In 
this representation the harmonic for any hour is plotted 
in carte-sian coordinates with as the ordinate and
bn as the absrcissa. The amplitude C, 
the distance from the origin.

- xfa2 + b2 is

The phase @ n = tan a^/b is the angle 
from the b^ axis in the. counter-clockwise direction to the 
line connecting the line and the point. The time scale 
is represented by a dial starting with +ve axis and moves 
forward in a clockwise direction each hour being 1 5° for 
n = 1i, 50° for n = 2, 45° for n = 3 and so on.

The lunar monthly and lunar semi-monthly tide 
can be studied better by the Lise of harmonic dials. The 
harmonic dials can be prepared for r1 V^, r1 T 1 and

V 2T r2 ^*2 stained from the. Table 7. An illustrative 
example of harmonic dial is presented for semi-monthly
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lunar tide in H at Kodailcanal. In Fig.

}

I

U " “ R H 0 E 6  . *  H  A T  K O 0 M M u L

on the left side semi-monthly tide amplitude rg are 
plotted on a harmonic dial in terms of lunar age ^

The plot encircles the origin. The sign ct o ? in the 
diagram shows the vectorial mean point of all the rg g



\
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points. The rectorial mean of r2 amplitude in terms of 
lunar age is quite small. 0$" the right side of
the diagram same r2 amplitudes are plotted in terms of 
lunar time • 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 r2 T  2 

points and,it is seen that vectorial mean of r2 2 
points is quite large as all the r2 'f 2 points have 

concentrated in a narrow sector. These diagrams help us 

to study how the factors lunar age and lunaf time control 
the lunar semi-monthly oscillations,

lErobable 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 probable 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 harmonics of 1 
variation. Here the probable error calculations are 
made along with the average A h  daily variation calcu­
lation for each V value ( p = 0 to 23 ) are made on 
IBM 1620. The procedure is as followss As already



discussed, the first step to determine the L variations 

from the data is to remove the average monthly S 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 values containing 

lunar daily variation. Refer fable 3 for its format. The 

second step described in this analysis was to compute the 

average A H  in daily variation for each» value. What was 
obtained in Table 4 is

%J 0............................23 solar hours.

0 AHq , AH.,, AHg .......................... .............................AH23
1 
2
3
4
f

f

!
f

23

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

the following are computed;

(D ££i)2
2(2) A H  rwhere N is total number

(3) H [of H values * used to get A H  on 

a particular y  value.

From this, the probable error calculation are simple.
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(Standard Deviation) 6 = /̂N /N

Jfobable error = 0.275 x €,

The symbols used are listed below;

t local solar mean time
T local lunar mean time

lunar age at Greenwich noon
P local lunar age

1. hr. lunar hour = 1/24-th mean lunar 
day.

s.hr. solar hour = 1/24-th mean solar 
day.

J > ^ E )V lunar diurnal oscillation in H 
at fixed lunar age 3J .

l2(h)v lunar semi-diurnal oscillation 
in H at fixed lunar ege p  .

°n> to- amplitude, phase angle and
"1j Iblphase constant of the n 

harmonic of lunar daily varia­
tion according to 
L = Cn sin | nT + <j>n j

= Cn sin | nT + (n-2)J> + ®<cn 
lunar monthly oscillation in 
H at fixed solar time t .
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M2(H)t lunar semi-monthly oscillation 
in H at fixed solar time (; .

£n amplitude and phase angle of 
the harmonic of lunar daily 
oscillation averaged over the 
whole lunation.

(r2 0 2)amplitude and time of maximum 
positive deviation of and
M2 oscillations respectively.
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3 • 3 (1) Lunar 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 average daily variation at fixed lunar

The mean lunar daily variations of A H  values 
are derived separately for days with lunar ages 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
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and midnight are indicated by the upward and downward 
arrows respectively. The presence of lunar diurnal 

and lunar semi-diurnal 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 lunation.

0>) The whole-lunation curve i.e. average of all lunar 
daily variation curve for different lunar ages ( = 00,

0 3 .... ..........21) 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 amplitude of 

tides is found to be 1.55 Y in 1951-55 and 2,01 Y  in 
1956-60.

The harmonic coefficients (' Cn ) 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 (I» . = £  C sin ! n T  + <k|
n=1 n * '

where 4 ^  = | eC + (n-2)V I)
\  *

are given in tables 1a, 1b, 1c, 1d.
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The relations between < f >  and % >  for any 
particular harmonic are shown in Fig. 2.

KODAIKANAt

It is seen from Fig. 2 that the phase angle 4 k  for both 
the perious 1951-55 and 1956-60 remain about the same during 
a whole lunation. Further the annual average values of C y i  

are nearly same for the two periods. The phase angle 4>i 
progressively decreases by about 560° and phase angle 4*3 
progressively increases by 360° in one complete lunation. 
Similarly < f > ^  is to follow through 720° during one lu“ • 
nation. Referring to table 1y it 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 ) )  .. During the period
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o f  low su n sp o ts  (1951-55) th e  annual average C-j am p li­

tude  i s  1 .28  + 0 . 2 6  V ? th e  an n u al average  C2 am pli­

tu d e  i s  1 .73  + 0 .1 5  Y • D uring  th e  p e r io d  o f  h igh  

su n sp o ts  (1956-60) th e  average  am p litude  i s  2 .07 +

0 .9 9  Y and th e  average  C2 am p litu d e  i s  2 .12  + 0 .8 9  Y •

The h ig h e r  harm onics a re  p ro g re s s iv e ly  sm a lle r  in  magni­

tu d e .

The phase c o n s ta n t  «c  ̂ i s  325° + 23° d u rin g  

1951-55 and 334° + 18° d u r in g  1956-60. The phase c o n s ta n t  

i s  196° + 14* d u rin g  1951-55 and 184° + 18° d u rin g  1956-60. , 

The phase c o n s ta n t has n e a r ly  same v a lu e s  f o r  th e  two 

s o la r  ep o ch s. U n lik e  th e  phase a n g le s  th e  phase 

c o n s ta n ts  rem ain  n e a r ly  th e  same d u rin g  a whole lu n a t io n .

The lu n a r  d a i ly  v a r i a t i o n  averaged  over a 

com plete  lu n a t io n  i s  shown in  D ig . 1 . The harm onic coe­

f f i c i e n t s  o f th e  whole lu n a t io n  av erag e  o s c i l l a t i o n s  f o r  

K odaikanal d u rin g  1951-55 and 1956-60 a re  g iven  in  

t a b le  3 . I t  i s  seen  t h a t  most s i g n i f i c a n t  component i s  

th e  lu n a r  se m i-d iu rn a l  one ( A2 ) srid o th e r  harm onics 

in c lu d in g  th e  a re  v e ry  sm all as they  c an ce l ou t in  

a v e ra g in g . The lu n a r  s e m i-d iu rn a l component A2 i s  1 .6  Y 

and lu n a r  d iu rn a l  component i s  0 .4  Y f o r  th e  whole 

y e a r  d u rin g  th e  p e r io d  1951-55. S im i la r ly  d u rin g  1956-60 

A2 i s  2.01 Y and A1 i s  0 .3 3  Y . Thus th e  am p litu d es  

of a l l  components e x ce p t A2 a re  s t a t i s t i c a l l y  i n s i g n i f i c a n t .
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The phase angle f ° r  Ag o s c i l l a t i o n  i s  found

to  he 189° d u rin g  1951-55 and 182° d u r in g  1955-60. The 

phase of th e  lu n a r  t i d e  does n o t seem to  change w ith  

th e  s o la r  a c t i v i t y .  The mean t i d e  f o r  th e  e n t i r e  p e r io d  

1951-60 i s  1 .8  y  w ith  a phase an g le  o f 185° i . e .  th e  

maximum p o s i t iv e  d e v ia t io n  would o c cu r a t  8 .8  hours l o c a l  

lu n a r  t im e .

Annual average  lu n a r  m onthly  v a r i a t i o n s  a t  

f ix e d  s o la r  tim es

Lunar t i d e s  can a lso  he e s t im a te d  hy s tu d y in g  

lu n a r  m onthly  and lu n a r  sem i-m onthly Mg v a r i a t i o n  o f 

AH a t  each f ix e d  s o la r  hou r. f i g .  3 shows th e

H ig . 3
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annual average curves of A H  at fixed solar hours 00,

03.......... ...........21 as a function of lunar £ge

(at Greenwich noon) for both the periods 1951-55 and 
1956-60. The coefficients of lunar monthly and semi­
monthly oscillations derived from these curves are given 

in Table 2. In the tables the phase of oscillations 

are presented in terms of local lunar age 2? whereas 

the phase of Mg oscillations are presented in terms of 

local lunar time 'T .

Referring to Rig. 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, 

oscillations are small and insignificant. 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 oscillations ( ) do not

show any dependence on the solar time. Its value being 

between 2 to 5 Y for both the stations,, the amplitude 

of Mg oscillations .( rg ) is very small for the night-



:93 s

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 he noted that the maximum 

amplitude of rg during 1 9 5 1 -5 5 is about 5 V and during 
1956-60 the maximum rg amplitude is 9.4 V at Kodaikanal.

The ( ft.j ©  i ) 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

Fig.4.
X  M E A N  O F  A L L  S O L A R  H O U R S

various (  ̂ ) 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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course of one complete solar day. The vectorial average 
of the amplitudes over the whole solar day is reduced 
to a small value of 0.57 Y whereas solar mean value 
is 1 .4-2Yfor the period 1956-60 and corresponding figures 
for 1951-55 period are O .4 6 Y and 3.13 Y respectively.
On the lunar age dial the points (ri 2J 1) corresponding 
to different solar hours group themselves in a rather 
narrow sector and thus vector average value of the ampli­
tude is not different from the individual value of the 
amplitude. Its vectorial mean for Kodailcanal 1956-60 is
1.17 Y and arithmetic mean is 1.42 Y and similar figures

*

for the period 1951-55 are 3.11 Y and 3 . 1 3 Y .

The amplitude and phase of lunar semi-monthly 
oscillations ( t 2 & 2). for different solar hours are 
plotted on the harmonic dials of lunar age and lunar time in 

Fig. 5. On the lunar age dial the 'points for different 
hours of the day move around the origin giving rise to a 
very small value of the vector average from all the hours.
On the lunar time dial the points for various hours of 
the day-time do not move around the origin giving rise 
to a very small value of the vector average from all the 
hours, but lie within a narrow sector and solar hour 
average of the Mp amplitudes are comparable to 
arithmetical (scalar) average. Lt Kodailcanal (1956- 60)
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arithmetical average of Mg amplitude ( rg ) is 5.63 Y 
and the vectorial average is 2.67 Y  . Corresponding 

figures for (1951-55) period are 2.09 T and 1.9 /  
respectively. The phase of maximum deviation of Mg on

Fig.5

U JN A R  SEMIMONTHLY TIDES IN H AT KOB -K A N A L

A N N U A L  AVERAGE

X  m e a n  o f  a l l  solar  hours

3

the lunar time dial is 9«4 l.hr. for the period 1951-55 
and for the period 1956-60 9.20 l.hr.

Lunar daily variation of H t 
seasons o:

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, the whole lunation average curves 

were also derived by averaging eight individual curves.

As described earlier for the annual average curves, 

it is found that during any particular season also, the 

oscillations arc predominant during the day-time hours 
and the peak occurs earlier in lunar time with increasing 

age of the moon. Individual curves were harmonically 
analysed for finding the coefficients Cn and oCp for 
each season. ■ During any of the seasons the variation 
of the phase of a particular harmonic with the lunar age 

■was found as expected of Chapman's phase law, The 
whole lunation average curves were harmonically analysed 
and the amplitude and phases in individual seasons are 
given in fable 3.

It is seen from the table that most significant 

component is the second harmonic component with perio­

dicity of 12 lunar hours. Amplitude Ag (1956-60) 

ranges between 1.4 Y  to 2.7 Y in contrast to Ag 

amplitudes (1951-55) ranging from 1,4 Y to 2.0 Y . The 
phase of Ag amplitudes i.e. (1956-60) is 208°

during D-months, 157° d tiring I-months and 189° during 

J-months. Thus the maximum deviation due to Ag osci­
llation occurs about 2 hours later during equinoxial 
months, than D-months. In the low solar activity period
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the picture was little different, the maximum deviation 
due to iig oscillation occurs about 2 hours later during 
J-months than during D-months. Regarding amplitudes, one 
finds that for KodaiEanal (1956-60) the maximum ampli­
tude of A occurs during D-months (2.7 Y ) little less 

2
during E-months (2.60 Y ) and least in J-months (1.43 Y )• 
During (1951-55) the maximum amplitude of Ag occur during 
E-months (2.0 Y ) than follows J-months (1.8 Y ) and 
lastly by D-months (1.4 Y  ).

Lunar monthly oscillations in H at fixed solar
» .

time during different seasons of tho year

In Dig. 6 comparison is made between diurnal
I

variation of M2(H) amplitude and normal diurnal variation 
in H. The diagram presents the picture of each season
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during the-periods 1951-55 and 1956-60. The 
drawn with dotted lines are for the period 1956-60.
The following things stand outs-

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

b) The range of daily variation in both M2(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 M2(H) range in J- 
months being about the same for both periods.

c) The range in H itself is greatest during 
equinoxial months and are comparable in D-months and 
J-months.

d) The range in M2(H) during .1956-60 is greatest 
in E-months less in D-months and least in J-months.

e) The range of M2(H) during 1 951-55 seem to be 
more during J-months and comparable in D-months and E- 
months.

The lunar monthly (M^) and lunar semi-monthly (Mg) 
oscillations in H in each of the solar hours were computed 
separately for different seasons of the year.

(r2 X 2) 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 dra?m
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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' rg , © 0( T  ),

2 ^

E-MONTHS
KOOAtKANAL 1931-55

J -months

U' '

. / $
4 / /  
<sv  /-ig-rx _

xo

—

K
K 5 ? ! -

r~i
rs *

*s
\

r  3

br T  .
lunar TIME X

X — MEAN OF A IL  SOLAR HOURS 

*-!► MEAN PROBABLE ERROR

Figure,7 .
A H and probable error values for each

solar hour are given.
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3 3 (2) L u n a r  t i d e  i n  *I){ a t  K o d a i k a n a l  d u r i n g

•periods o f  l o w  a n d  h i g h  s u n s p o t s

T h e  l u n a r  d a i l y  a n d  l u n a r  m o n t h l y  o s c i l l a t i o n s  

i n  D  at K o d a i k a n a l  f o r  l o w  s u n s p o t  p e r i o d  ( 1 9 5 1 - 5 5 )  a n d  

h i g h  s u n s p o t  p e r i o d  ( 1 9 5 6 - 6 0 )  ar e  d e t e r m i n e d ,

A n n u a l  a v e r a g e  l u n a r  d a i l y  v a r i a t i o n s  at f i x e d  

l u n a r  ages

T h e  m e a n  l u n a r  d a l l y  v a r i a t i o n s  of A D  

v a l u e s  a r e  d e r i v e d  s e p a r a t e l y  f o r  the d a y s  w i t h  l u n a r  

a g e s  v 2J0 = 00, 06, 0 9 ,  12, 1 5 , 18 a n d  21 l u n a r  h o u r s ,

T h e  w h o l e  y e a r  a v e r a g e  l u n a r  v a r i a t i o n s  i n  D  a t  K o d a i k a n a l  

f o r  e a c h  o f  th e  e i g h t  l u n a r  ages f o r  t h e  p e r i o d s  1 9 5 1 - 5 5  

a n d  1 9 5 6 - 6 0  a r e  s h o w n  i n  P i g ,  1. T h e  p o s i t i o n s  of t h e

F i g u r e „ 1 ,

LUNAR TIME T
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solar midday and midnight are indicated by the upward 

and downward arrows respectively. The presence of lunar 

diurnal l-j and lunar semi-diurnal Lg variation 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 Cn and &c ̂  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 aid 1956-60 

are presented. It is seen from the Tables that ampli­

tudes Cn are independent of lunar age. The relations 

between and for any particular harmonic are

shown in Pig. 2. The Pig. 2 verifies Chapman's phase 

law. The phase constants eCn unlike phase angles 

remain nearly same during the whole lunation.
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KOOAtKANAL 0

1951 -  55 ! 9 5 6 -  6 0

\  -
3 0 0 r-.-. -
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\ > 1 __
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- _ 2 0 0

i 0 0 -  ✓ v v
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LUNAR AGE V

Figure.2 .
The lunar daily variation averaged over a 

complete lunation is shown in Fig. 1. The harmonic coeffi­
cients of the average lunar daily -variation for the whole 
lunation for the periods 1951-55 and 1956-60 are given 
in Table 2. The lunar semi-diurnal component Ag is the 
most prominent component, others are very small. The 
amplitude of A 2 is 0.046 minute and A^ is 0.02 minute for 
the whole year during the period 1951-55. Similarly during 
1956-60 Ag is 0.067 minute and is 0.012 minutes* The 
phase angle /S2 for ihe A 2 oscillation is found to be 

183° during 1951-55 and 193° during 1956-60.
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Annual average  lu n a r  

f ix e d  s o la r  tim es

;ions a t

Lunar t i d e s  a re  e s tim a te d  by s tu d y in g  lu n a r  

m onthly BLj ■ and lu n a r  sem i-m onthly  Mg v a r i a t i o n  o f  AD a t

o f A D  a t  f.ixed s o la r  hours 0 0 , 0 3 ................................ .. *21

as a fu n c t io n  o f  lu n a r  age Vo ( a t  G reenw ich noon) f o r  

th e  p e r io d s  195^—55 and 1956-60. The c o e f f i c i e n t s  of 

lu n a r  m onthly  and sem i-m onth ly  o s c i l l a t i o n s  d e riv e d  

from  th e s e  cu rves a re  g iv en  in  t a b le  3« In  th e  t a b le s  

th e  phase o f M1 o s c i l l a t i o n s  are p re s e n te d  in  term s of 

l o c a l  lu n a r  age p  and th e  phase o f Mg o s c i l l a t i o n s  

a re  p re s e n te d  in  term s o f locaL  lu n a r  tim e  9T *
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Referring to Rig. 3 , one sees similarity in 

character "between the_ two sets of curves for the two 

periods of different solar activity. The tide for both 

the periods is significantly large during day-time hours 

and its amplitude reaches maximum value near midday. During 

night-time oscillations are 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 lunar hours while the night-time o sci- 

llations have predominance of twenty four lunar hour 
components. 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 r1 of lunar monthly oscillations 

are so small that the repreisentation of ( r1 0 1 ) points 

on a harmonic dial will not serve any quantitative purpose. 

The probable errors will mask the picture. Hence ( r^ )

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 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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a very small value of the vector average from all the 
hours. On the lunar time dial the points for various

1---
KODAIKANAL C

A N N U A L  

1951 -  55

1 9 5 6 - 6 0
12 12

/ 9  

/  2I 1b r \ f o ~

L U N A R  A G E  V  L U N A R  TIME T

Figure.4. ~

hours of the day-time trace a loop with ai elongation in 
a preferred direction. During 1951-55 the scalar average 
of r2 is 0.055 minutes and the vectorial mean of r 2 in 
lunar age dial is 0 . 0 1 3  minutes and the vectorial mean 
of r2 in lunar time dial is 0.045 minutes. During 1956-60 
.the scalar average of is 0.096 minutes and the vecto­
rial mean of lunar time dial is 0.07 minutes. The 
phase of maximum deviation-of M 2 on the lunar time d ial 
is 9.5 1.hr. or 284° during 1951-55 and 9.2 l.hr. or 275° 
during 1956-60.
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l u n a r  d a i ly  v a r ia t io n , o f  D d u rin g  d i f f e r e n t  

se a so n s

lu n a r  d a i ly  v a r i a t i o n s  at th e  e ig h t lu n a r  

age groups a re  computed s e p a r a te ly  f o r  each  season  and 

th e  r e s u l t i n g  cu rves a re  shown in  P ig . 5 and F ig . 6 . The

LUNAR DAILY VARIATIONS IN D AT KODAIKANAL 
I95 I -  55 LUNAR DAILY VARIATIONS IN D AT KODAIKANAL 

19 5 6 - 6 0

0 - MONTHS E -  MONTHS J -  MONTHS

F ig u re . 5« F ig u r e . 6 ,

whole lu n a t io n  average  cu rv es  f o r  each season  are a ls o  

drawn. In  c h a r a c te r  th e s e  cu rv es are  i d e n t i c a l  to  the 

cu rves in  F ig .  1 , Here a ls o  Chapman's phase law  i s  

obeyed. The harm onic c o e f f i c i e n t s  f o r  the  whole lu n a t io n  

lu n a r  d a i ly  v a r i a t i o n  cu rv e s  a re  p re se n te d  in  Table 2 .
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It is seen that semi-diurnal component Ag is the most 
prominent. The amplitudes of Ag 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 /3g is 1

232° during D-months :
162° during E-months, and 
133° during J-months.'

The amplitudes of Ag 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 ^2 is

239° during D-months 
148° during E-months 
131s during J-months . ’
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KQDAIKANAL D I9 5 6 -6 0
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- , . c  V

3 0

z. 0 !

I 0  I
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06  12 16 24 00  06 12 18 24 00 06  12 IB 24 00 06

LOCAL STANDARD TIME

12 10 0 4

oscillations in D at fixed solar 

seasons

In Pig. 7 and Pig. 8 comparison is made

Figure,7. Figure,8,

between diurnal variation of M2(b .) aijoLrtuds and the normal 
diurnal variation in D. M2(D) and D itself vary in a 

similar way during the course of a day. The range of 

dai!y variation in D is leas~ in D—months and greatest 

in J-months for both the periods of low and high sunspot 

number. During 1951-55 range in Mg(D) is comparable 

in D and J-months and least in E-Eionths. During 195G-60 

the Mp(D) range is greatest ia D-months and least in
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E-months.

In Tables 4a and 4b r^, 0 2( T ) , ----^ ----- >,
A D  and probable error values for each solar hour are 

given. In Pig. 9 the ( X 2 ) points in different solar

K O D A IK A N A L  D

1951 -  55
D -  MONTHS E -  MONTHS J -  M 0NTH5

12 12 12

figure,9
hours for each season during the period 1951-55 and 
1956-60 are separately plotted in the harmonic dial of 
lunar time. The ( rg T 2 ) points trace a loop with a 
marked elongation in a preferred direction in 1-months 
and during E- and J-months elongation of loop traced is 
not so marked. In general both the set of harmonic dials 
for different solar activity period are similar in character.
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(3) Lunar tidg_lg_^Z;__at Kodaikanal during 
PP-I'̂ oub of low and high sunspots.

The mean lunar daily and lunar monthly oscillat­

ions in Z at kodaikanal for the periods 1951-55 and 1c56-60 
were determined.

Annual average lunar daily variations at 
fixed lunar ages

The mean lunar daily variations of A Z  are derived 
separately for the days with lunar ages 2) Q ~  00, 06, 09,

12, 15, 18and 1 lunar-hours. The whole—year average lunar 

variations in Z at Kodaikanal for the periods 1951-55 and 

1956-60 are shown in Figure 1. The presence of lunar
LUNAR DAILY VARIATION OF Z

diurnal L-j and lunar semi-diurnal I2 variation in the 
lunar daily variation is indicated by two distinct peaks 
in the lunar daily variation curves. The two sets
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of curves for the tyro periods have general similarities.

The maximum 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 daily variation for a whole lunation does not seem 
to contain a significant diurnal component.

The harmonic coefficients ( C<*.) and (**%) of the 
average lunar daily variations in Z at Kodaikanal for 
different seasons and for the whole year are computed 
according to Chapman's phase law equation and listed in 
table,1. The resultspresaatod-i-n bhiS’ table; confirm Chapman's 
phase law.

The relations between and for the first four 
harmonics are shown in fig.2. It is seen from I'ig.2 that

LUNAR AGE 1>

or both the periods 1951-55 and
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1956-60 remain about the same during the whole lunation.

Ihe phase angle f l  progressively decreases by 

3 6 0°, and phase angle progressively increases by 36O 0 

in one complete lunation. Similarly changes by nearly 

720 during one lunation. The phase constants c^unlike

the phase angles ^ r e m a i n  nearly same during the whole 
lunation.

ihe lunar daily variation averaged over a complete 

lunation is shown in f'ig.1. The harmonic coefficients of 

the whole-lunation average lunar daily variations in Z for 

Kodafkanal during 1951-55 and 1956-60 are given in table 2 . 

ihe amplitude of the harmonic coefficients are very small.

In (1951-55) , the annual- average of A 1 is 0.10 V  and of A2 

is 0.22 y  . In (1956-60) the. annual average of A 1 is 0 .4 1 Y 

and of A2 , it is .0 .1 2  Y  . During the low sunspot period 

A2 >  A-| and during high sunspot period A-j >  A2 . Higher 

harmonics are very small. The phase anlge ^  2 for the A2 

oscill&cion is found to be 3 3 2° during 1 9 5 1 -5 5 and 2 90° 
during 1956-60.

^.Hddl.average lunar monthly variations at

fired solar_times.

In Dig . 3 are shown the annual average lunar 

monthly variations at fixed solar times for the period 

1951-55 and 1956-60. The coefficients of lunar monthly 

and semi-monthly oscillations derived from these curves
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MARLY AVERAGE

Figure.3 .

are given in Table 3. In the tables the phases of Mi 

oscillations are presented in terms of local lunar age 

whereas the phase —  of M2 oscillations are presented in 
terms of local lunar time 7",

It is seen fi-om 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 greater 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 picture is different. The semi-diurnal character of 

the lunar oscillation is seen in almost all the hours,
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and tne amplitudes of the oscillation during nighttime 
are comparable to those during daytime..

The amplitudes of lunar monthly oscillations 
are so small and the probable errors so large that ( % . \  )

representation in a harmonic dial for different solar 
hours is not considered worth while.

The amplitude and phase of lunar semi-monthly 
oscillations ( for different solar hours are plotted

Figure.4 ,

This diagram presents a confused picture as compared to the 
similar diagram for Kodaikartal 'H* field. The amplitudes 
of are very small and the probable errors are comparable 
to This can be seen from tables 4a and 4 b : .
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The annual average fl£Ẑ ±s 0.36 V  In 1951-55 
and 0.34 y in 1956-60. The vector average of annual 

average is 0.86 Y in 1951-55 and 0.32 Y  in 1956-60, 
whereas the scalar mean of 0.79Y( 1951-55) and 4,59 Y
(1956-60).

Lunar daily variation of Z during different 
seasons

Lunar daily variations at the eight lunar age 

groups were computed separately for 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

lunar daily variations in z at kodaikanal

LUNAR TiME T

Figure.5 a Figure.6.
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cu rv es  were a ls o  draw n. As- d e s c r ib e d  e a r l i e r  f o r  th e  

annual average  c u rv e s , one f in d s  t h a t  d u rin g  any season  

th e  o s c i l l a t i o n s  a re  p redom inant d u rin g  th e  daytim e hours 

and peak te n d s  to  o ccu r e a r l i e r  in  lu n a r  tim e w ith  in c r e a s in g  

age o f  th e  moon. The in d iv id u a l  c u rv e s  a re  h a rm o n ic a lly  

a n a ly se d , and Chapman's phase law  i s  found to  ho ld  good 

f o r  lu n a r  d a i ly  v a r i a t i o n  in  e v e ry  se a so n , The whole 

lu n a t io n  average  cu rv es  f o r  each seaso n  were h a rm o n ic a lly  

a n a ly se d , th e  c o e f f i c i e n t s  a re  g iv en  in  t a b le  2 . I t  i s  seen  

th a t  th e  s e m i-d iu rn a l  component i s  com parable and in  

some c a se s  l e s s  th aa  .  The phase  o f A2  o s c i l l a t i o n s  i . e ,

(1951-55) i s  412° in  D-m onths, 301° in  E-m onths and 304°

in  J-m o n th s , an d * (1956-60) i s  4519 in  D-m onths, 296°
0in  E-m onths and 316° in  J-m o n th s . The phase a n g le ^ fo r  

D-months i s  d i f f e r e n t  from  E and J  m onths. T h is i s  seen  

from  F ig . 5 and E ig .6 .  The whole I t in a t io n  lu n a r  d a i ly  

v a r i a t i o n  curve f o r  D-months has a d i f f e r e n t  phase from  

s im i la r  cu rv es f o r  E and J-m o n th s .

> Dunar m onthly o s c i l l a t i on Z a t  f ix e d  s o l a r

tim e dur i n g d i f f e r e n t  s e a s o n s .

The lu n a r  m onthly M-j and lu n a r  sem i-m onth ly  M2  

o s c i l l a t i o n s  i n  H f o r  each o f th e  s o la r  hours were computed 

s e p a r a te ly  f o r  d i f f e r e n t  seaso n s o f th e  y e a r .  The 

c o e f f i c i e n t s  o f  M2  o s c i l l a t i o n s  a re  l i s t e d  in  T ab les  4a
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and 4“b- I he probable errors are also included in Sables 
4a and 4b.

data utilised in this analysis. The diagram shows that 
1 2 (2 ) varies inversely as Z during the course of the day 
in both the periods,. At about midday, the value of Z 
reaches a minimum and the value of Mg (Z) reaches a 
maximum. The diurnal variation in Z was greater in 1956-60 
than in 1951-55. A similar proportion in the diurnal 
variation of M2 (Z) is not observed in the periods 1956-60 
and-1951-55. M2 (Z) seems to be of comparable amplitude 
in both the periods. Only in 1-months M2 (Z) is a little 
larger in 1951-55 than in 1 9 5 6-6O.
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Kfll points for different solar hours for 
each season are plotted in a harmonic dial of lT«jar time in 
Pig.8. Ihe picture is not very clear. However? some

KODAIKANAL Z ( I si- ss)
D M O N T H S  E M O N T H S  J a n a m

KODAIKANAL Z (isss-so)

Figure.8.

similarity is seen in the plots of both the periods viz. 

1951-55 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, I and Z at Kodaikanal, Here, the results are summarised 

so as to compare the oscillations in the three components.

Pig, 1 shows the lunar tidal variations of

these parameters for individual lunar ages averaged for 

the whole year. It is seen that the curves for D and f r  H 

for any of the individual lunar sgea are almost identical 

indicating that any increase in H is associated with a 

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

variations in D or H.

In Pig, 2 are drawn the lunar monthly varia­

tions of the three parameters at different fixed solar

Pigure.2.

hours. It 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 electro jet 

currents.
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In Fig. 3 are shown harmonic dials of lunar 
semi-monthly oscillations in-D, H and Z averaged for the

H
0 have a long

.loop centered between 9 and 10 hours, whereas the night­
time displacements are small and the loop is centered
round the origin, indicating direct relationship between

HD and 0 variations. - 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 H. To get the seasonal variation in the lunar “ides
the Mg oscillations averaged over 11 to 13 hours are
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subjected to harmonic analysis and the coefficients are 
plotted in Fig. 4. It is seen that the seasonal variation

KODAIKANAL 1951-60
M- OSCILLATION 11-13 HR MEAND H Z

Figure, 4.
in the amplitudes and phases of Mg oscillations in D 
and H are almost identical further confirming that the 
tides at D. and H are related to each other.
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3.4. lunar tidal oscillations in H during IGY/IGC at 
equatorial stations

The lunar tide oscilllaticns in H field at various 
stations on the magnetic equator are determined for the 
IGY/IGC period. The^stations considered are

(1) Trivandrum
(2) Addis Ababa

(3) Koror

U )  Jarvis
(5) Hu-ancayo

The results cflunar tide at Huancayo previously 
determined by Rastogi (1968) have been inoluded in tho 
discussion for comparative study. The results for each 
station are described separately,, and at the end, the 
results for all the stations' are summarized. •

(1) Trivandrum'

Trivandrum is' situatedon the Western Coast in the
Southern part of the Indian 
described as

Geographic*! latitude
Geographic longitude 

*
Geomagnetic latitude 

' Geomagnetic longitude 
Dip angle =

Peninsula. Its position can be

8 0 291 li 
76°57fE 
190 5 'S 

146®21«E 
0 .6°S •
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Trivandrum magnetic data used: in this study (IG-Y/IGC) 

are published by the India Meteorological Department of 
the G-overnment of India, The data tabulated are hourly 
values. Each hourly value is the average for sixty minutes 
centered at each full hour of G-.IvI.T, The data are continuous. 
By the suitable choice of the tabular base value, the 
printed entries 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 analysis. About 20$ of 
the total data were discarded to remove irregular distur­
bance effects.

At Trivandrum the mean value of the H field is 
about 40050 gamma and the mean vertical field is -45C gamma.

The lunar daily variation at fixed lunar ages

The annual average lunar daily variation in H at 
Trivandrum (1957-60) for lunar ages centered on 00, 03, 06,
09, 12, 15, 18 and 21 hr. are shown in the Eig.1. The 
presence of lunar diurnal 11 andilunar semidiurnal I>2 
variation is shown in each lunar daily variation curve 
by two distinct peaks of unequal amplitudes. The;psrt 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 xs nearly
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sinusoidal with two peaks of nearly the same magnitude within 
one lunar day. The lunar diurnal component seems to be 
largely cancelled out by averaging the curve over a whole 
lunation.

Fig.1

The harmonic coefficients ( On. } and phases 
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



s 1 38 s

4 | ]
1  =  £  ° n  S i n   ̂ n T  +  1

/ ;

where 4>* = (n - 2) V + «?Cn I
 ̂ ,

ar e  g i v e n  in  T a b l e s  1a, 1b, 1c, 1&. It  c a n  b e  s e e n  t h a t  t h e  

a m p l i t u d e s  o f  t h e  h a r m o n i c  c o e f f i c i e n t s  do n o t  s h o w  a n y  

d e f i n i t e  r e l a t i o n s h i p  w i t h  t h e  l u n a r  age.

I h e m e a n  v a l u e  o f  01 i s  2 , 3  Y  a n d  of  O 2 is

2. 5  V  . T h e  h i g h e r  h a r m o n i c s  ar e  p r o g r e s s i v e l y  s m a l l e r  

i n  m a g n i t u d e .  O n l y  t h e  senii^urnal c o m p o n e n t  is p r o m i n e n t .

I n  P i g . 2 a r e  s h o w n  t h e  v a r i a t i o n  ofjjhase a n g l e s  w i t h  l u n a r

A N N U A L  A V E R A G E

T R IV A N D R U M ' h ’ ((95 7 -60 )
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age. Chapman's phase law is seen to be obeyed. The phase 

angles of the first harmonic and third harmonic are seen to 

decrease and increase by 2IT over a whole lunation. The 

phase angle of the second harmonic does not change appre­

ciably oyer a lunation. The-phase of the fourth harmonic 

increases by 4IT in a whole lunation.

The annual average lunar daily variation averaged 

over a complete lunation is shorn in Fig.1. The harmonic 

coefficients of the average lunar daily oscillations (over
O

a whole lunation) for Trivandrum (1957-60) are shown in 
Table 2. The amplitude of lunar semidiurnal oscillation 

12 is 2.4 Y and theanplitude of lunar diurnal oscillation 
A-j is 1 .0 Y , The amplitudes of all components except the , 
second are statistically insignificant. The phase angle 2 

_ for the A2 oscillation isfound to be 193°•

Annual average lunar monthly variations at fixed 
solar time

The annual average curves of A H  at fixed solar hours

^00, 03j 06, 09 ........... ......21) as a function of

lunar age are shown in the Pig.3 It is seen that

the tide is significantly large for the daytime hours and 

that the maximum tide occurs 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 
oscillations indicate a twenty-four lunar-hour component.

w a a l y  m ta tti
LUNAR MONTHLY VARIATION CT H 

TRNUIOMM

08 Oft 12 (ft 2ft 

LUNAR ASE Ud L HRS

Pig. 3

The coefficients of annual average lunar monthly 
M-] and lunar semimonthly M£ oscillations are given in Table 3* 
The amplitudes r-j of! lunar monthly component are seen to lie 
between 0.45 Y  and 4.41 V  . The amplitudes v-] do not
seem to vary systematically with the solar time whereas 
amplitudes r2 vary systematically with the solar time. The 
values of r£ are very small at night and start increasing 
at sunrise, -reaches a maximum value round about midday and
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start falling thereafter to the small nighttime value.

The amplitude °£ the semimonthly lunar oscillation in H 

at midday is 7,8 Y at Trivandrum (1957-S-60) .

The amplitudes r-j of lunar monthly oscillations are 

s© small that the representation of (r-j © 1) points on a 

harmonic dial do not show anything significant. The 

probable errors mask the picture. Hence (r-j © 1) points for 

different solar hours are not represented on a harmonic dial

The amplitude and phase of lunar semi-monthly oscilla 

tions (r2 ©2) for different solar hours are plotted on the 

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

Fig.4



s 14-8 2
On th© 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 hut lie within a narrow sector. At

lTrivandrum the mean amplitude for all hours gives an annual 
average value of 3.7 Y  while the vector mean is 3*2 Y 
on a lunar time dial, and 0.79 Y  on the lunar age dial.
The phase of maximum deviation of M2 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 ©omputed separately for each season and the resulting 
curves are shown in Pig.5. Por any particular season,

L U N A R  D A I L Y  V A R I A T I O N  I N  H  

A T  T R I V A N D R U M  0 9 5 7 * 6 0 )

O-KQKTKS E-MONTHS J-MONTHS

Pig*5



J H 9  *

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 annual average curves, one finds that-during any season 
the oscillations are predominant 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 and <*!«*,for each season.
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 from the 
Table 2 that the second harmonic component is significantly 
larger than the other harmonics. The amplitude of the 
second harmonic component lies between 1,3 y  and 4.0 Y 
whereas the first harmonic amplitudes range from 0.6 Y 
to 2.2 Y  . The higher harmonics are still smaller.
The phase of Ag oscillations i.e. J3g is 222° during D-months,
161p 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. The 
maximum semi-diurnal component Ag of 4 Y  is in D-months, 
during E-months A2 is 3 f  and during J-months Ag is 1.3 ^ •



:1 5 0:
-oscy ^ J k i o as in H at fixed solar time 

different seasons

The lunar monthly M-j and lunar semimonthly M2 

oscillations in H for each of the solar hours were computed 

separately for different seasons of the year. The coeffi­

cients of M2 (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 variation 

of M2 (H> amplitude and normal diurnal variation in H. The

fig. 6
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diurnal, variation in H is derived from the data utilised 

in the analysis. She diagram shows that M2 (H) and H itself 
vary in a similar way during the course of a day. The range 

in H variation is greatest in E-months and are comparable 

in D and J monthss whereas the range in M2 (H) variation 

is more during B-months vhan E and J months. The range 

in M2 (H) variation in J-months is the least.

(r2 TT 2) points for different solar hours for each 
season are plotted in harmonic dial of lunar time in Pig.7.

Fig. 7
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It 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 course v/ith no preferred elongation. But nighttime tide' 

amplitudes are fairly large.
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3-3(2) miS^ABABA,
Addis 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°3SN
Geomagnetic longitude 109°2' 

dip angle 1,8 S-

!h* hourly values of the H field at Addis Ababa are
taken from the Bulletin of the Geophysical Observatory,
published by The University Oollege of Addis Ababa. In

*

the present analysis the data for the period 1958, 1959 
and first six months of I960 are used. The data are 
good and continuous. The days on which 0p index is 1.2 or 
more are dropped from the -analysis.

At Addis Ababa the mean value of the H field is 
about 36100 gamma and the mean value of the vertical field 
is about -600 gamma.

.The lunar daily variation-at-fixed lunar ages;
The annual average lunar daily variation in H at 

Addis Ababa (1957-60) for lunar ages centered on 00, 03, 
06, 09, 12, 15, 18 and 21 are shown in Figure 1.
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HhG .presence of lunar diurnal 1-] and,"Vinar semi— 
diurnal L2 component is indicated in any lunar daily 
variation curve by peaks 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 lunajtion progresses. The average lunar daily 
variation curvej for the whole lunation is a . sinusoid 
with two peaks pf nearly equal amplitude.
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The harm onic c o e f f i c i e n t s !  Cn ) and ( vC n ) o f 

average  lu n a r  d a i ly  v a r i a t i o n  in  H a t  A ddis Ababa f o r  d i f f e r ­

e n t  se aso n s  and a whole y e a r  on d i f f e r e n t  ages o f th e  moon 

a re  computed a c c o rd in g  to  th e  Chapman's phase law e x p re s s io n  

and a re  ta b u la te d  in  t a b l e s  l a ,  1b, 1 c , 1d.

I t  can be seen  th a t  a m p litu d e s  o f  harm onic c o e f f i ­

c ie n ts  do now show any d e f i n i t e  r e l a t i o n s h ip  w ith  th e  lu n a r  

age . The irean v a lu e  o f  C-j i s  3 .6  Y - and th e  mean v a lu e  

o f  C2 i s  3*7 Y . The h ig h e r  harm onics a re  p ro g re s s iv e ly  

sm a lle r  in  m agn itude .

In  f i g . 2 a re  shown th e  v a r i a t io n  o f  phase a n g le s

ANNUAL AVERAGE 

ADDIS ABABA H* 0957-58.
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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 2TT over a whole lunation. The phase angle 

of second harmonic does not change appreciably over a 

lunation. The phase of the fourth 'harmonic increases by 

4 77" in a whole lunation. The phase constant do not vary 

appreciably with lunar age. The phase constant of 2nd 

harmonic e C 2 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 annual average lunar daily variation averaged 

over a complete lunation is shown in M g . 1 .  The harmonic ■ 

coefficients of the whole ■ lunation average lunar daily 

oscillations for Addis Ababa (1957-60) are given in Table-2. 

The amplitude.of lunar semidiurnal oscillation A2 is 3.6 Y 

and the amplitude of lunar diurnal oscillation A1 is 0.2 Y 

The amplitudes of all components except A2 are statistically 

insignificant. The phase angle p2 for the A 2 oscillation is
found to be 2210.

Annual average lunar month!v variations at fixed solar times;

The annual average curves of A H  at fixed solar

hours (00, 03, 06, 09 ............. ...... 21) as a function

of lunar age degree are shown in M g . 3. It is seen
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YEARLY AVERAGE 

LUNAR MONTHLY VARIATION 

OF H AT ADDIS ABABA 0 9 5 7 -5 8 )

SOLAR HR

00 06 12 16 24

LUNAR AGE 1>0 L HRS

I

Ii

Fig.3

from the Fig. 3 that the tides are. aî aiCicaatly' large for the 
daytime hours and the maximum tide occurs near midday.

The oscillations are small during nighttime. She oscilla­

tions during daytime have a predominant periodicity of 

tv^elve lunar hours while the nighttime oscillations have 

predominant — twenty four lunar hours component.

- The coefficients of annual average lunar monthly LI-] 

and lunar semi-monthly M2 oscillations are given in Table 3.
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The amplitudes (rl) of lunar monthly component are seen 
to lie between 0.2 Y  and 3.3 Y  . The amplitudes J3 ?t| 
do not seem to vary systematically with the solar time but 
amplitudes r2 vary systematically with solar time. The 
values of r2 are very small at' night and early morning, 
start increasing' at sunrise reach a 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 
so small that the representation of (r1 Q1) points on a
harmonic dial will noo serve any quantitative purpose.
The probable errors will mask the picture. Hence (r1 ©1) 
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 lunar 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 
very small value of the vector average from all the hours.
8n the lunar time dial the points for various solar houis 
do not move around the origin but lie within a narrow se­
ctor and here the Scalar average and vector average of M2 amp­
litudes are conparable ,At Addis Ababa the amplitudes for all hours '
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LUNAR SEMI-MONTHLY TIDE IN H 

ADOIS ABABA (I957-60)

- P i g . 4

give an annual solar hour mean of 6.3 y  while the vector 

mean is 4.3 Y  on a lunar time dial and 2.06 Y on a lunar 

age dial. The phase of maximum deviation of M 2 on the lunar 

age dial is 255° or 8,5 1 . hr.

Lunar daily variation of H  during different seasons;

Lunar daily variations at the eight lunar age groups 

were computed separately for -each season and resulting curves 

are shown in P i g .5 . Por each season the whole lunation
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average curves were -also derived by averaging eight individual 

curves and the resultant curves are also shown, in the 
diagram. As described earlier for the annual average curves, 
one finds that during any season the oscillations are 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 
0n and. aC n for each season. Chapman's phase la?/ is found 

to hold good for lunar daily variation in every season.
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• T h e  w h o l e  l u n a t i o n  a v e r a g e  c u r v e s  f o r  e a c h  s e a s o n  

v/ere h a r m o n i c a l l y  a n a l y s e d . /  T h e  c o e f f i c i e n t s  a r e  g i v e n  i n  

T a b l e  2. It  is s e e n  f r o m  t h e  T a b l e  2 t h a t  t h e  s e c o n d  h a r m o n i c  

c o m p o n e n t  is s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  o t h e r  h a r m o n i c s .

T h e  a m p l i t u d e  o f  t h e  s e c o n d  h a r m o n i c  ( A 2 ) c o m p o n e n t  l i e s  

b e t w e e n  2 . 3  Y  to 6 . 2  Y  a n d  t h e  f i r s t  h a r m o n i c  a m p l i t u d e s  

l i e  b e t w e e n  0 . 5  Y  to 1 . 2  Y" . T h e  h i g h e r  h a r m o n i c s  are 

q u i t e  s m a l l .  T h e  p h a s e  of  A 2 i.e. i s  238° d u r i n g  D - m o n t h s  

2 5 0 °  d u r i n g  E - m o n t h s  a n d  255° d u r i n g  J - m o n t h s .  T h e  m a x i m u m  

p o s i t i v e  d e v i a t i o n  d u e  to A 2 o s c i l l a t i o n  o c c u r s  e a r l i e s t  

i n  J m o n t h s ,  a l m o s t  at t h e  same t i m e  i n  E  m o n t h s  a n d  a b o u t  

h a l f  a n  h o u r  l a t e r  i n  E - m o n t h s .

T h e  m a x i m u m  a m p l i t u d e  o f  i 2 ( 6 . 2  t  ) o c c u r s  in  

E - m o n t h s ,  d u r i n g  E - m o n t h s  A 2 is  3 . 2  Y  » a n d  -during J - m o n t h s  

-A2 is  2'.3 Y  .

d i f f e r e n t  s e a s o n s ;

in' H  • at f i x e d  s.olar- t i m e  d u r i n g

T h e  M-j (H) a n d  M 2 (H) f o r  e a c h  o f  th e  s o l a r  h o u r s  

y/ere c o m p u t e d  s e p a r a t e l y  f o r  d i f f e r e n t  s e a s o n s  o f  t h e  y e a r .

T h e  c o e f f i b i e n t s  o f  M 2 (H) o s c i l l a t i o n s  are l i s t e d  i n  T a b l e  4*

T h e  p f o b a b l e  e r r o r s  a r e  a l s o  i n c l u d e d  i n  t h e  T a b l e  4.
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In Pig.6, comparison is made between the diurnal 

variation of theamplitude of M2 (H) and the normal diurnal

Pig.6

variation in H. The diurnal variation in !H’ is derived 

from data utilised in this analysis. The diagram shows 

that M2 (H) and H itself vary in a similar way during the 

course of a day. The range in H variation is greatest in 

B-months and comparable in D and J months; whereas the 
range in M2 (H) variation is largest in B-months, the 

range M2 (H) in E months is slightly less tten that of 
D-months and least in J-months.
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U 2 'T’ 2> points for different solar hours for 
each season are plotted in harmonic dial ox lunar time

m

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

Fig.7

form a loop elongated in a preferred1 direction. But it 
is noteworthy that nighttime points also tend to form a 
separate loop rather roirtLish with no preferred elongation. 
But nighttime amplitudes are fairly large.
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(3)  K o r o r ;

-  m a g n e t i c  o b s e r v a t o r y  a t  K o r o r ,  an  i s l a n d  i n  

t h e  P a l a u  g ro u p  o f  i s l a n d s  ‘was e s t a b l i s h e d  a t  t h e  

b e g i n n i n g  o f  t h e  IGY programme.  The c o o r d i n a t e s  o f  

t h e  o b s e r v a t o r y  a r e s

G e o g r a p h i c l a t i t u d e T 0 2 0 1 IK

G e o g r a p h i c l o n g i t u d e  \ 1 3 4 ° 3 0 'E

G e o m ag n e t i c l a t i t u d e - 3 ' . 2 °

G e o m ag n e t ic l o n g i t u d e 213 p * 4 °

- d i p  a n g l e ii 0 •

O &
The h o u r l y  v a l u e s  o f  H a t  ICoror a r e  t a k e n  f r o m  

t h e  d a t a  book  i s s u e d  by  ‘t h e  C o a s t  and  G e o d e t i c  S u r v e y ,  

W a s h i n g t o n .  Iri' t h e  p r e s e n t  a n a l y s i s ,  d a t a  f o r  t h e  y e a r s
i19 5 7 -5 8  a r e  u s e d ,  r o r  l u n a r  t i d e  a n a l y s i s ,  15 m on ths  

d a t a  a r e  t o o  s h o r t  a p e r i o d  t o  g i v e  a  d e f i n i t e  p i c t u r e  

o f  t h e  phenomenon.  However K o r o r  b e i n g  an i m p o r t a n t  

s t a t i o n  on t h e  m a g n e t i c  e q u a t o r ,  a n  a t t e m p t  h a s  b e e n  

made t o  s t u d y  t h e  l u n a r  e f f e c t s  on t h e  g e o m a g n e t i c  f i e l d .  

O n ly  d a y s  w i t h  Cp i n d e x  l e s s  t h a n  1 . 2  a r e  c o n s i d e r e d  

i n  t h e  c o m p u t a t i o n  o f  l u n a r  t i d e s .

Kt K o r o r  t h e  mean v a l u e  o f  t h e  H f i e l d  i s  a b o u t  

37850 gamma and t h e  mean v a l u e  o f  t h e  v e r t i c a l  f i e l d  i s  

a b o u t  - 1 0  gamma.

The l u n a r  d a i l y  v a r i a t i o n  a t  f i x e d  l u n a r  a g e s

The a n n u a l  a v e r a g e  l u n a r  d a i l y  v a r i a t i o n  i n
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H at Koror (1357-58) for lunar ages centered on 00,03., 

06, Q?, 12, 15, 18 and 21 are shown in-Pig.1.

The presence of L ^ H )  and 1>2 (H) is indicated hy the two 

unequal peaks in the lunar daily variation curves. 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 

whole lunation average lunar daily variation curve is 

nearly a sinusoid with two equal peaks.

The harmonic coefficients Cn and *Cn of the average 

lunar daily variations in H at Koror for different 

seasons and the whole year are computed according to



Figure.2.

The fig.2 verifies Chapman’s phase law. The phase 
constants «Cn 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

s 1 74- s

Chapman’s phase law expression and listed in tables 1a, 
1b, 1c and 1df

It is seen -from the Table 1 that the amplitudes 
Cn are independent of lunar age. The relations between 

and X) for any particular harmonic are shown in fig.2.

annual average
KOROR ‘h’ (J957-583
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of che average lunar daily variation for the v^hole 

lunation are given in table 2. The lunar semidiurnal 
component A 2 is the most prominent component; others 

are very small. The amplitude of A 2 is 4.2 Ywhile 
is only 0.4 r. The phase angle ̂ 2  is found to be 212°.

.avey&£g_ lunar monthly variat-inns at 
fixed solar times2

In Fig.5 are shovn annual average lunar monthly

y e a r l y  a v e r a g e  :

LURAR MONTHLY VARIATION 
OF H A T  KOROR CIS57-SB5

Figure.3.

variations at fixed solar times. . The coefficients of 
lunar monthly and semimonthly oscillations derived from
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th e s e  cu rves  are g iv en  i n  Table 3. In  th e  t a b l e  th e  

phase o f  M-j' o s c i l l a t i o n s  a re  p re s e n te d  in  term s o f  l o c a l  

lu n a r  o.ge whereas th e  poase o f  M2 o s c i l l a t i o n s  a re  

p re s e n te d  in  term s o f  l o c a l  lu n a r  tim e .

I t  i s  seen from f i g . 3 t h a t  th e  l u n a r  monthly 

o s c i l l a t i o n s  a re  g r e a t e r  o n ly  d u r in g  d a y l ig h t  hours and 

i t  rea ch e s  maximum n e a r  m idday. D uring n ig h t t im e  th e  

o s c i l l a t i o n s  are  v e ry  sm a l l .  The o s c i l l a t i o n s  d u r in g  

daytime show se m id iu rn a l  c h a r a c t e r  v;hile n ig h t t im e  os­

c i l l a t i o n s  show predom inant d i u r n a l  c h a r a c t e r .

The am p li tu d es  .̂1 do n o t  show any dependence on 

s o l a r  time and ra n g e s  between 2 .0  / t o  6.8V; whereas ^ 2 '  

show s o l a r  d iu r n a l  v a r i a t i o n  w ith  maximum v a lu e  n e a r  

midday and minimum a t  n i g h t .  T h e^ l^ v a lu e s  range  from 

0 .2  y  to  18,0 y  . The ( ©j) p o in t s  f o r  d i f f e r e n t  s o l a r

hours a re  p l o t t e d  on a harmonic d i a l  o f lu n a r  age and 

lu n a r  tim e in  f i g . 4 . I r  i s  seen t h a t  p o in t s  i n

f i g u r e . 4 .
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lunar time dial move around the origin and form a loop 
during the course of a soler day. The vectorial averageof 

over a day comes to be 0.52 T and just scalar mean of K \  

is 3.9 Y . When plotted on lunar age dial ( M , >  , the 
points group themselves in a narrow sector and here the 
vector average and scalar average of $.( come out to be 
nearly the same, the vectorial mean being 3.74 Y and 
solar mean 3.9 Y  . Similarly ( )  points are plotted 
on a harmonic dial in Pig.5 cn the lunar age dialo
iluTlaA t?7*ie Jiia.Jl ■

l

Figure.5.
I he t a*©*) points trace a near circular loop., but the 
whole of it is on the right side of the origin. So 
the vectorial • average of ^ o f  6.06 Y is comparable to the
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scalar average of 6.7 V  . On the lunar time dial 

( h.^Qz) points trace a loop with an elongation in a 
preferred direction. 'Jn linear time, vectorial average ' 

of is 4.76 Y  and the phase of the maximum deviation 

of ft^in lunar time is 252° or 8.4 1.hr.

Lunar daily variation of H during different seasons

Lunar daily variation at the eight lunar age groups 

are computed separately for each season and the resulting 

curves are shown in Pig,6. The whole lunation average

Figure.6.
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curves for each season are also d r  arm. In character 
these curves are identical to the annual daily variation 
curves described previously. Here also Chapman’s phase 
law is obeyed. The harmonic coefficients for the whole 
lunation lunar daily variation curves are presented in 
Table 2. It is^seen that the semidiurnal component Ag 
is the most prominent harmonic. The amplitudes of A2 ' 
range bet?;een 3.8 Y and 5.6 Y in the order of

E-months 5*6 Y
J-Months 4.1 Y
1-months 3.8 Y

The phase P2 is 2399 during 1 months, 207p during
E-months and 195c during J-mcnths-. Thus the maximum 
deviation of Ag oscillation occurs about one and quarter 
hour later during 1-months than in J-months.

Lunar monthly oscillations in H at fixed solar 
time during different seasons„

In Eig.7 comparison‘is made between diurnal 
variation of Mg (H) amplitude and normal diurnal 
variation in H,M2(H) and H itself vary in a similar way 
during the course of a day. The range of daily 
variation in H "and Mg (H) is least in J-months and 
nearly jSa-wein 1 and E months.
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KOROR H C 1 9 S 7 -8 8 )  

D-MONTHS E-MONTHS

ISO

IOO

2 10 24 00 06 2 IQ 24  00  0 9  12 16 24

LOCAL STANDARD TIME

Pigure,7*

In Table 4, ---------g ^ C r ^ A H E  and the

probable errors for eac! solar hour are presented. The' 

P°in ^s f°r different solar hours for each season 

are plotted in the harmonic dial of lunar time. (Pig,8.)

The ( points for D and E-months when 

plotted in a harmonic dial trace a loop with a marked 

elongation in a preferred direction and the poinrs

for J-months trace - two circles, the inner smaller one 

representing nighttime, a m  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 ( during J-months
is not small.

The average of

( %£CZ) D-months 
( ) -^-months 
( J-months

is 4.4 Y , 221
is 6.2 Y , 256
is 4.8 Y , 274
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(4) J arvis

Jarvis island is near to a junction of the 
geographic and magnetic equators and hence of a special 
value for study of the equatorial 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°i''forth.

The hourly values of H field at Jarvis are 
taken from the data book issued by Coast and 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 Gamma and the mean value of V  field is about 1335 
Gamma.

daily variation at fixed lunar ages

The annual average lunar daily variation 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 1, 
(H) and L2 (H) is indicated by the two unequal peaks in 
the lunar daily variation curves. The part of the curve
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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 whole lunation lunar 

daily variation curve is a sinusoid \-vith two nearly equal 
peaks.

The harmonic coefficients Cn andoC n for 
each of the average lunar daily variation curves are 
presented in Table 1a. It is seen from the Table 1a that 
amplitudes Cn are independent -of lunar age. The relat­
ions between and for any particular harmonic are 
shown in Fig.2. The phase constants o^unlike phase angles K  

remain nearly same during the whole lunation.
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Figure.2.
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 

whole lunation are given in.Table 2, The lunar semidiurnal 

component A2 is the most prominent component, others are 

small. The amplitude of is 3.6 Y  while A1 is 9.0 Y.

The phase an'gpe p2 is 194°.

Average lunar monthly variations at fixed

solar times.

In Fig.3 are shown annual average lunar

ANNUAL AVERAGE ■ . 
JARVIS V (l957-58)
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YEARLY AVERAGE 
LUNAR MONTHLY VARIATION 
OFH AT JARVIS C (937-58 5 '
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f i g u r e . 3.

m o n t h l y  v a r i a t i o n s  a t ' f i x e d  s o l a r  t i m e s .  T h e  c o e f f i ­

c i e n t s  of l u n a r  m o n t h l y  an a  s e m i m o n t h l y  o s c i l l a t i o n s  

d e r i v e d  f r o m  these c u r v e s  a r e  g i v e n  i n  T a b l e  3. In liable 3, t h e  

1> haas pf Mi o s c i l l a t i o n s  are p r e s e n t e d  i n  t e r m s  o f  l o c a l  

l u n a r  a g e  y w h e r e a s  t h e  p h a s e  o f  M 2 o s c i l l a t i o n s  ar e  

p r e s e n t e d  i n  t e r m s  of l o c a l  l u n a r  t i m e  .
It is s e e n  f r o m  f i g . 3 t h a t  t h e  l u n a r  m o n t h l y  

o s c i l l a t i o n s  are g r e a t e r  o n l y  d u r i n g  d a y l i g h t  h o u r s  a n d  

it r e a c h e s  m a x i m u m  n e a r  m i d d a y .  D u r i n g  n i g h t t i m e  t h e  

o s c i l l a t i o n s  ar e  v e r y  s m a l l .  T h e  o s c i l l a t i o n s  d u r i n g
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d a y t i m e  s h o w  s e m i d i u r n a l  c h a r a c t e r  w h i l e  n i g h t t i m e  

o s c i l l a t i o n s  s h o w  p r e d o m i n a n t  d i u r n a l  c h a r a c t e r .  U n l i k e  

flt^emplitudes 9l\ d o e s  n o t  s h o w  a n y  d e p e n d e n c e  o n  s o l a r  

t i m e .  T h e  ( ^ i ^ i ) p o i n t s  a r e  p l o t t e d  on  a h a r m o n i c  d i a l  

of l u n a r  ag e  a n d  l u n a r  t i m e ,  F i g . 4. T h e  p i c t u r e  e m e r ­

g i n g  f r o m  ( A i $ i ) p l o t s  i s  c o n f u s i n g  .

LUNAR MONTHLY TIDE IN H

LU N A R  AGE JJ L U N A R  T IM E  T  .

F i g u r e .4.

Th e  v e c t o r  a v e r a g e  of (&|£/).yis 1 . 2 6  V ,  20° 

and t h e  v e c t o r  a v e r a g e  o f  is 0 . 8  V  ?27 0 ° .  T h e

so a l a r  a v e r a g e  of  is 2 . 3  V .  S i m i l a r l y  (k^) p o i n t s
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are plotted on a harmonic dial in fig.5 on the lunar

LUNAR SEMI-MONTHLY TID E  IN H 

JA R V IS  fl»S7-5S)

Figure.5

age dial ( points trace a near circular loop, with 

most of the part on the right side of the origin. The 

vectorial mean of $L2 is 2.0Y and scalar average is 5.1 Y. 
on the lunar time dial trace a loop with a marked

elongation in the third quadrant. In lunar time ̂ v e c t ­

orial average —  - is 4-«4Y and the phase of the

maximum deviation of *̂2 in lunar time is 8.8 l.hr.

Lunar daily variation of H- during different 
season.

-bunar daily var rations at the eight lunar age 
groups are computed separately for each season and the
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resulting curves are shown in F i g . 6. The v.hole lunation 

average curves for each are also drawn. In Character

F i g u r e . 6.

these curves are' identical to the curves in Fig.1. Here 

also Chapman1s phase law is obeyed. The harmonic coeffi­

cients of lunar daily variations 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 seen that semidiurnal 

component ■**2 is the most prominent harmonic. The ampli­

tudes of the Lo range between 1,9 Y  to 6.1 V  in the follow­

ing order
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D-months 6.1 Y
E-months 3.2 Y
J-months 1.9 Y

The phase p2 is 189° during D-months, 1990 

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

Lunar monthly oscillations in H at fixed 
solar time during different seasons.

In Pig.7 comparison is made between diurnal

figure.7.

variation of M 2 (H) amplitude and normal diurnal variation 

in H . M 2 (H) and H itself vary in a similar way during 

the course of a 'day. The range of daily variation in H
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±0 least in J-months and greatest in l-months. The 
range of daily variation in Mp (H) is greater in l-months and 
about the same in E end J months.

In Table 4, ( T  >, A H  and
the probable errors for each solar hours are given. The 

points for different solar hours for each season 
are plotted in the harmonic dial of lunar time I Refer Eig.8^

P\ - S '

The (itj^)points for l-months when plotted on a harmonic 
dial trace a loop with 'a marked elongation in a preferred 
direction, whereas ( 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 and other by solar nighttime 
points.

The vector average of

D-mont hs is 7.1 V f 263
E-months is 4.5 r , 260
J-months is 0.6 r , 40
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3 ‘3(5) Huang ay 0 °

Huancayo is situated on the magnetic equator. 

Its coordinates are t

Geomagnetic longitude - 3 5 3.8 °East 

dip angle = 1 .9 °Morth.

Lunar daily variations

The annual average lunar daily variation in H 

at Huancayo (IGY-IG-C) for lunar ages centered on 00, 0 3 , 

06, 09, 12, 1 5, 18 and 21 are shown in fig.1 . The lunar

Geographic latitude 12.3° South

Geomagnetic latitude 0.6°South

Geographic longitude 7 5 °1 9rWest

00 06 12 18 
LU N A R  T IM E

Figure-1
■■ss -
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daily variation at Huancayo is similar in character to 
the lunar daily variation at other equatorial stations. 
Compared to.other stations on the equator Huancayo shows 
larger amplitude of lunar daily variation,

Ihe harmonic coefficients (Cn) and (^n) of ave 
rage lunar daily variation in H at Huancayo are given in 
table-1. In fig.2 are shown the changes of phase an'gle

with lunar age in accordance with Chapman's phase law 
equation.

She annual average lunar daily variation 
averaged over a whole lunation is shown in fig-1.
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She harmonic coefficients of the whole lunation average 
lunar daily oscillations during different season are -

given in table-2,

Lunar monthly variations at fixed solar times i  

She lunar monthly variations are computed at 

fixed solar hours. In table 3 are given the coefficients 
of lunar monthly (M-]) and lunar semi-monthly (M2) oscillat­
ions obtained from the curves representing annual average 
lunar monthly variations. In table-3 the phase of M i , 
oscillations are presented in terms of local lunar age 
whereas the phase of M 2 oscillations are presented in terms 
of local lunar time TT . In table-4 the coefficients of 
M 2 oscillations are presented 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 maximum near noon 
and decreases to low value by sunset. This is seen from 

Pig.3.
annual

HUANCAYO H IGY/IGC
D-HCHTRS C* MONTHS J-MONTHS

12 ■ M
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The phase of lunar monthly (Mi) tide in H for 
a particular season is controlled by lunar age and not 
by lunar time. The lunar semi-monthly (l2) tide in H 
for any hour of .the day time hours is maximum at the same 

lunar time for months September to April and at the same 
lunar age for months May to August, The lunar semidiurnal 
(a 2) as well as the lunar semi-monthly (M2) tide is 
larger during D-months than E-months, It is suggested 
that the phase of lunar tides in H at the equatorial 
stations is caused by two independent sources controlled 
respectively bv 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.

figure.4.
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LUNAS SEMI-MONTHLY OSCILLATION IN H  AT HUANCAYO C Y /e d .

Fig



3.4-( b) Summary

The lunar tidal oscillations (I2 ) in H field 
at various stations near the magnetic equator are found 
to have large amplitudes. It would he natural to connect 

these large (L2> oscillations with another well-known 

abnormality of large daily range in the H field variation 

near the magnetic equator. In fig.1 are depicted linear

relationship between L2 (H) amplitude" and daily range
in H observed at various stations. It suggests equatorial
electrojet must be included in the lunar current system.

In Fig.2 are shown lunar semi-diurnal (1*2 ) 
amplitude in H with the angle at which I»2 is maximum fcr 

the station, Trivandrum (TV), Ko dark anal (KD) ,Addis ilbaba(iJ)), 
ICoror (KO), Jarvis (JA) and Euancayo (Hu), It is seen 

that the -time maximum remain qiiite close and fall into the
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f r ' LUNAR SEMI-DIURNAL AMPLITUDE IN H
* „ * *
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Figure-2.

same quadrant. For annual average L 2  max. occur between 
0800 and 0900 hrs. in lunar time for all the stations.

During 35-months Xi2( a m p l i t u d e s  are more 
hut angle of maximum -I1 2 (H) show greater scatter hut 
fall in a same quadrant. While during E-months and 
J—months 1*2 (H) amplitudes are lesser than D—months, 
nit hough angle of L2 ‘(H) maximum show greater scatter, 
remain not very different for all the stations. More­
over angle of L 2  (H) maximum seems to increase from 
D-months towards J-moriths.

From the study of semi-monthly (M2 ) os­
cillations in H field at various station, daily variation 
of (r2T2) points -in J-taoriths have shown striking chara­
cter. In the figures ofT2T2 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. Moreover r2 X  2 graph create 

two loops centered at the origin. The larger loop is 

formed during daytime and smaller during nighttime. This 

character has been consistently noticed at all the equa­

torial station considered here. Same semi-monthly osci-
\

nations (Mg) are plotted on a harmonic dial in terms of 

lunar age i.e, r2 X? 2 plotting5 the striking character 

for J-months vanish. In Pig.3 are shown T2 P  2 variations 
at stations Trivandrum, -addis Ababa, Jarvis,Koror and

/

Huancayo.

Pigure-3.


