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Synopss

- The subject of the prosent dissertation is the doter-
mination and discussion of the dally variations of the geo=
magnotic field at Alibag, noor Bombay (geographic s latitude
18036'H, longitude 72052'Ej geomagnetic s latitude 9%.5M,
longitude 1439.6) Ihe doninant varlations uhich can b
ropresented as harmonics of solar day are attributed to the
mugnetic effects of the eloctric curronis induced in the
wpper atmosphore, made conductive by the Sun's ionising
radiation (end hence called ionosphere)y by the tidal movo
ponts of the ionised layers across the earth's. nagnetic
£i01d under the influence of the thermal and the gravitational
actions of the Swun. The mochanism is analogous to & self-
exciting dynamo end therefore this foroulation is called the
dynamo theory of dlurnal variations. The Moon by its mature
can exert only gravitaticnal mﬂmncoand, being noarest
to the Eartly produces preceptible ﬁide‘a in tho ocean walters
and in the atmosphere. These lunar tidalrmovements in the
jonosphere also constitute a dynamo, the effect of which on
the geomagnetic ficld is obviously related to lumr tim and
48 of relatively smaller magnitude corpared to the solar
4nfluences Lumar gravitational tides, mainly lumar setie-
dlurnal in perdod (Mp), act in conjunction wvith tho electrie
enl state of the atmosphere vhich is e function of solar
time. GSolar ond lunar days boing incommensurcble, the geo=
pagnetic lunar variations are not purely lunar semidiurnal
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but contain other harmonics whose phases are, in 3ﬁs%ij /
dependent on both sclar and lunar timeg and are therefore
called luni-solar variations. The geomagnetic solar and
lunar variations are conventionally rapresented by the
lotters 6 end L respectively, Studies of 6§ and L in
rolation to different paramoters viz., season, relative
sunspot nuober and magnetic activity, that affect the iono-
spheric conductivity in preference to the alr motioms yield
valuable informesticon emabling one to havé a precise under-
standing of the relative importance of the tidal oscillae
tions end conductivity. Although studies of this nature
appear simple, thelr execution has proved remarikably diffie
culte The results of such studies have s0 far beenl conflice
ting and inconclusive which implies that the simple dynamo
theory may mot be sufficient to explain all the variations
adequately and sources other than the ionosphere have also
to be considered for their contributions to the dally
variation. &

Recent advances in the knowledge of “the propertlies of
solar vind and magnetosphere have suggested thal contzjibu-
tions to the dally variation fgon mgmtosphe_xd.c curr&zta,
fleld alizned curremts, quictetime and partial ring currents
are also to be taken into accounts Declinational (04) and
elliptic (Np) components of the licon's orbital moticn round
the Earth are also found to make detectable contributions
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to the lunar gravitational tide, Determination of the
variation assoclated with L,, the lunar distance constie
tuent, enables ono (0 test whother L effects are in direct
proportion to the gravitational pull of the Moon or note.
04 component has the same froquency as the seasonal modue
lation of the first hayoonic of L associated with ip, L(ip),
and thus it 4s likely that the estimation of the L(!%) may
bo conteminated by the 04 associated effects which are to
be removed for a propor estimation of L(ip)e. A contribution
from the oceanic dynamo, resulting from the tidal movcments
of the conducting waters of the sea across the geomagnetic
field, complicates the lunar variations; It ;f;;‘e, therefore,
nocessary to teke all these contributions into account -
wiile attempting a study of the morphology of the ionospherie
dynamo variations, Further, L is determined statistically
by removing the effect of & and since the magnitude of L is
very much smeller than that of § and of tha irregular effects
of magnetic disturbance, any attempt .£o a reliable dotermie
nation of L demands the analysis of a large anount of data.
To fulfil this requircment, comparatively lorg and eon.‘.:lnmm
series of homogeneous magnotic observations at Alibag haa
baen taken advanbage of in this study.

Pioneering studies of S and L with the data A'rmm the
Coleba lagnetie Observatory, Dombay, predecessor to the
Alibag Magnetic Observatory were made by Dr. Charles Chambers
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and Dr, N.A.F. Moos in the last part of the 19th and
early yoars of this century, and were discussed in the
Light of the then very imperfect knouledge of the iono-
sphere and the tidal aend thermal oscillations of the
atmosphere, later several workers analysed Alibag datay
particularly of the horizontal cozponent, for limited
periods to serve opocial purposese Zhelr results will
serve as a gulde to and indcpendent chock on the results
of the presont study,

The data used in the analysis consist of mean hourly
values of forizontal intensity, Hy Declination, D, and
Vertical intensity, Z, of the Larta's matﬁc field at
Alibag for the perdod 1932 to 1972. The compubaticns have
boaen carriod out on CDC=-3600/160-A computer system of the
Tata Institute of Fundamental Fesearch, Borbay.

The study has been separated into eight Chapters.

Ihe Chapterwise description is as followsi

In the first Chapter the relative merits and demerits
of various methods used for the estimation of solar and
1unar daily variations, S and L respec‘c&ysly, are briefly
revieved. The Chapman-tiller method, gencralised by linch,
has been chosen for the present analysis becauso of its
many advantages over the other methods. The method permits
the determination of longer period tide and partial tide 4in
addition to the ueu'knmm Chopmon's phase law tide associsked



wlth the atmospheric lunar tides % and 04 Hamonics of
the solar tide are also oblained ms a bye-product. While
deteraining L, the effect of nonecyclic variation and of
& oro complotely removed., In addition, the mothod allows
greater freedom in tho selection of datae A briof account
of the lunar phase lew and partial tides is given and the
numerical procedure of the mothod is dotalled, A listing
of the Fortran IV program incorporating the various steps
is eppended. V

~ In the second Chaptor, the first four harmonics of
soler tide and lunar phase lav and partial tides in the
three seasons and the yuar are computed and thoir vardations
vith scasons are discussed in detail, Consldering all the
eloments, seasonal changes of 5 at Alibag are of the type
eppected for any northern homispheric station i-.e. ampli-
tudes are paximum durding sumner and minimum in winters The
solar daily variation in D and Z during winter are complex
due to the morthvard incursion of southern current systenm
4n the carly porning and lote evening. Seasonal changes
of L are radically diffcrent. Amplitudes at thelr maximunm
amlargeatm\dmamd]aastmeqm The dsily varia-
tion of L in D shous almost a complete reversal of phase
botween winter and sumoere From the study of seasonzl day=
graph of H, D and Z coupled with vectograns of L(H) in hord-
gontal plane, it 1s conclusively proved that lunar varietions
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at Alibag auring vinter months are under the control of

the southern current system. Seasonal changes of partial
terms are not consistent in the three elements. The
results further indicate that though the seasonal move=-
ment of the current vortices assoclated with S and L

are in the same dircction, the extent of seasonal move=
ment for L is greater than that for S.

In the third Chapter, the solar cycle influence on
S and L is studied by first examining the hormonics, day-
graphs and vectograms for varied epochs of solar activity
derived by analysing the data for four sunspot groups
classified according to the anmual sunspot Immbers, R,e
Both S and L exhibit definite positive association with
sunspot number but changes in L are not as systematic
' and sharp as those for S¢ Next, the assoclation 1is
mimerically estimated by computing the Wolf ratio, M,
derived from the coefficlent of straight line fitting
R, and ranges of 8:a3d L in different elements for
varying epochs of solap actlivitys The Wolf ratio
shows considerable variation from element to element
and from one season to another, The overall enhance=
nent of 8, as measured by the mean Wwolf ratio for the
three clements, 18 about 1.7 times the emhancement of
L. The mean Wolf ratio for L at Alibag is close to
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the value of Wolf ratio for Tercgion conductivity,
suggesting that solar cycle modulation of L at Alibag
results prinarily from the corresponding variation in
the re=region conductivity., The source for the excess
enhancement of S over the effects caused by the increase
4n ionospheric conductivity are discussed in terms of
oolncx}'thE.xL:dnlauon of the various other contributing
sources, c.ge thermal tides, magnetospheric compression
and partial ring current field etce The amplitudes of
the harmonics of 8 do not increase in the same proporte
ion and the time of maximm of the first harmonie¢ shifts
to the later part of the day vith increasing R,s This
could be the effect of increasing contamination of S

by geomagnctic disturbances or 1s the result of skew-
ing of the latitude axes of the Sq current system. The
behaviour of lunar partial tide to sunspot is not signie-
ficantly different from that of phase law tidee Results
of the analysis are compared with those avallable for

other stations.

In Chapter four, the association of solar and
lunar daily variations, S and L respectively,dith the
degree of magnetic activity in each of the geasons amd
the year is investigated by direct comparison and by
conputing Wolf ratios using index Ap as a mecasure of
magnetic activity. While the amplitude of solar hare
monics are found to show an increasing trend with
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incrcaging magnetic activity, the lunar harmonics, in
general, shov a negative dependence on magnetic acti-
vity., The enhanocment of S appears to arise from the
superposition, on the dynamo field, of an additional
ficld due to asymetric ring current, Seagsonmal differ-
ences in the behaviour of S to magnetic activity are
aseribed to the changing position of symmetric and
partial ring currcnt with respect to the latitude of
Alibag. Comparison of the results of L reported carlier
for some stations and those of Alibag suggests that
there 18 a general decrease of amplitude with increase
i.h magnetic activity at stations where the lunar tine
of maxirum is around the time of magnetospheric expan=
sion for the lunar tide and an increase in amplitude
for stations vhere lunar time of maximm 1s around

the magnetospheric contraction, No definite trend

with increesing Ap 1s discernible in the amplitudes or

phases of lunar partial termse

In the fifth Chapter, long-term variability of
S and L, and 1ts assoclation with solar amd magnctie
activity, in the three geomagnetic elements, Hy D and
Zy at Alidbag 1s studied by an analysis of the data
separately for each year during the period 1932=1972¢
For S, changes in applitude are found to be more impore
tant than changes in phase, whereas, for lunar dally
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variation, phase changes are of significances Prominent
solar eycle influcnce 18 observed in solar as well as in
lunayr ranges the observed influence of magnetic activity
on these variations appears to be merecly a reflection of
the strong association between solar and magnetic actie
vitiesy About 96 per cent of long=-term variability of

S is accounted for by solar and magnctic activities.

The corresponding figure for L is only about 32 per cent.
As indicated by the waviness parametors, the solar dailly
variation in H is dominantly diurnal in all phases of
solar activity and, in D amd Z, 1t tends to be promie
nently diurnal with increasing sunspot activitye A
suggestion of a probable modulation of L by 22-ycar
cycle in the polarity of sunspots 1s noticed in D.

In the gixth Chapter, the formulae due to Malin
are applied to the lunar harmonics presented in
chapters 2 and 3 to examine the mamer in which oceanic
and fonospheric dynamo modulate L and its variations
with seasons and .solar activitye. The results indicate :
that oceanle dynamo 18 weaker in the vicinity of Alibag
than that observed at median and high latitudinal state
dons, This is ascribed to the small vertical component
of geomagnetic fleld in low-latitudese Amplitudes of
ionospheric part are greater than those of oceanie
part in all seasonse ¥venthough the occanic effecta



are smll and do not show any marked seasonal variate
ion, they appear to play an important role in determin.
ing the seasonal changes of total lunar daily variation,
particularly in D and Z. This is primarily due to the
varying phase of ionospherie part with respect to the
oceanic part. However, seasonal variation of the phases
of ionospheric and lunar semidiurnal components are alikees
It is clearly important to remove oceanic part prior to
any study of seasonal change with respect to the overhead
{omospheriec current system responsible for Le Removal of
theocoandﬁmoparetbeemtmkomdmnoant
chmomthehahavimroft.uthnspecttoaomcycle.

In the seventh Chapter, & search for geomagnetic
lunar daily variation, L(04), associated vith atmospheric
tide 04 1s padee The results indicate the existence of
clear and s&gniﬁéan& I.(O,) tide in all the clementse
Partial tides are small f£a comparison with phase law
tides, suggesting that the variation resulting from the
product of atmsphezie tide Oy and Mgher harmonics of
fonospheric conductivity contribute little to the L(04)
at Alibags 04 tide being lunar diurnal in nature, the
first harmonic of L(04) 1is expected to be dominants
but the first harmonic observed here 18 smaller than
the second, The posaibility that 4t is duc to the
presence of oceanic dynamo contribution to L(O‘) is

2
£
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exnnined by separating L(O,) into parts oc oceamioc and
ionospheric origin by sultably modifying the method of
Malin, The scparation showed that the primary source
of L(04) 4n Z 13 the oceanic dynamoe. But even after
the removal of oceanie part, first hammonic s smaller
than the second harmonic, Discussing probable reasons,
"4t 13 concluded that even yearly I{04) contain some
contribution from lunar variation, L(Hz). assoclated
vith the atmospheric tide M,e This also exnlains vhy
the observed ratio of L(M,) to L(04) 1s gignificantly
less than that predicted by tidal theory. HNext, by
apnlying formmlae due to Winch, the seasonal harmonics
of r.(o,) nnd L(M,) are corrected for the possible conta-
mination of onec by the others It 1s found that smsonal
progression of L(0,) and LOL) prior to and after the
removal of the effect of onc from the other remain

the same,

In the eighth Chapter, the dependence of L on lunar
. fistance in differcnt seasons and for varied epochs of
solar activity 1s investiguted msing the horizontal '
4 ntengity obscrvations at Alibag, The ebserved ratio
of L vhen the Moon is at perigee to that vhen it 13 at
apogeey during different seasons and for the total period |
closely agroes vith the expected from gravitationsl tide

theorye This not only strengthens the belief that the
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direct effect of the Moon on the upper atmosphere is
primarily gravitatiomal, but also suggests that the
observed amplitudes ratlio N, s M, in all seasond departs
insignificantly from that expected from tidal theorye

A systematic increase of the ratio of L at lunar perigce
to apogee with change in phase of solar cycle implies
that n, s azhu a measure of dependence of solar acti-
vitye JIomosphoric and occanlc parts of L are poorly
determined at both apogee and perigees

The results obtaincd and the main conclusions
drawvn from each of the above investigations are summa-
rizcd at the end of the corresponding chapterse
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Geomagnetic Solar and Lamar Dally Variations and theip
Determination

1.4 Solar and Tunar Dally Variationsy

One of the most spectacular variations exhibited by
all the geomagnetic elements is the dally variation having
a pericd of one solay day and wm@ently denoted gencrally
» by Se This has been the subject of many elaborate and extene
sive studies since its discovery from observations of mph;o
needle motions by Graham (1724)¢ Besides the solar dally
variation, there is also a systematic, though smaller,
periodic variation discovered by Kreil (1850), called the
lumr daily variation and is denoted by Le This variation
is associated with the period of rotation of the Farth $
relative to the Moon, about 24,84 solar hourss The carlier
studies of L dealt only with its monthly mean, and rcvealed
mainly the semdiurnal components Broun (1874) and later .
Chambers (1887) independently showed that L depends on the
lunar phase and that at any epoch in the lunation its changes
o.m’ greatest during sunlit hours, indicating that r.. is

-
T 4

dependent on both solar and lunar time and therefore Chaxbers :

called it lunie-solar daily variation. The phenomenon vas
further studied by Moos (1910) and extending his discussion
of Ly Chapman (1913) gave the formula

S

LeSh, =5 1, sin[nt+ (ne2)) +),]



WhereC denotes mean lunar time reckoned in angle
from mean lover transit of the Moony v , a measure of the

lunar phasey, and 18 equal o € «T vhere ¢ 1s the mean solar
tine,

Stewart (1852) put forth a hypothesis that solar daily
variation 18 due to the effect of electric currents induced
in the conducting laycrs of the upper atmosphere on the
sunlit side by a regular system of winds carrying the ionie
sed gas across the lines of force of the Tarth's main mag-
netic field. This has become known as dynamo theory, which
has been quantitatively formulated by Schuster (1889, 1908).
This theory could also explain the generating pechanian of
L. Hovever, the alr motions in this case are probably
entirely dne to gravitational tide, since the Moon could
hardly affect the atmosphcre a-preciably in any other vays
Later, Chapman (1913, 1919) developed dynamo theory suitable-
for both S and L and mapped the distribution of equivalent
overhead current systems vhich could reproduce the major
reatures of S and L at all latitudes. Since then, it has
been a popular and fascinating exercise to postulate these
overhcad current systems using ground-based data for different
conditions of solar activity and for each seasolle However,
for a precise understanding of the dynamo theory of either
S or Ly one necds to know details of the following(Malin,

1971



(1) the source of cnergy that canses atmospherie
movement

(44) the response of the atmosphere to (1)

(111) the distribution of the conductivity of the ionose
phere both in space and in time

(iv) the distridbution of the Farth's main magnctic ficld

(v) the effect of induction within the Farth,

Given these data, 1t should be possible to construct
a model that would ascurately reproduce the observed S and
L variations. Since clear understanding of these factors
is still lacking, a practical approach to this problem would
be to make certain assumptions about the nature of (1) to
(1v) and test the validity of these assunptions by comparing
the predicted with the observed variations., A history of
the various assunptions made and their modification with
the gain of further knowledge about (1) to (iv) have been
revieved by Matsushita (1967), Maeda (1968) and Price (1969).

varlier studies of the ionosphere by groundebased radio-
wave soundings revealed that the assumption of the tine-variate
ion of conductivity being proportional to solar-gentth angle
was satisfactory and from a consideration of the magnitude
of the required conductivity in space, it was thought that
the electrieal currents responsible for S and L uould flow
1n the T=reglon of the ionosphere.  Rocket and satellite
observations, made in the last few years, dectected currents



good agreement vith that deduced from geomagnctic 8 variat.

' ‘4ons on the ground, These studies not only provided confie
dence in the exlstence of actual dynamo region but also
permitted the measurements of various geophysical parameters
by which electric conductivity could be determined more
accurately, From the study of Maeda and Pujiwvara (1967),

1t has become certain that alr motions associated with L
arise from gravitational tide, but the sources of energy for
the movement of atmosphere associated with 8 are less certaln.
The gravitational forces only do not scem to be the main
ealises otherwvise lunar effects should have been greater than
the solar effectse This problem has received the attention
of several vorkers and thermal excitation of solar tides
vas emphasized, 1.e. the rotation of the Farth in the radia-
tion field of the Sun and the absorption of rodiation by
different atmospheric constituents cause periodic heating

of the atmospheree The anomalously large applitude of the
solar tides in atmospheric pressure in comparison vith lunar
ci&e could be interpreted as an even stronger indication of
thermal rather than gravitational origin of the vinds for Se
The solar oscillations due to Sun's heating of the atmosphere
have periods identical with those of conductivity, so for 3
the effects of solar modulation of conductivity and the response



of the atmosphere to thermal oscillation are inseparable.

In the pasty S has been studied in more detail than
Ls mainly decause the amplitude of § is, in general, about
ten times that of L, and is, therefore, more readily dcters
mined from observantional datae. However, despite its small
amplitude and the labour involved in reliably determining
it for even a single station, it is likecly that a study
of L vill reveal more information about the dynamo mechanism
than vill a study of S There are two main reasons for
thise Firstly, the source of energy for the oscillations
of the atmos-here associated with L is purcly gravitational
and is known in greater detail (Doodson, 1921) whereas for
g 1t is both gravitational and thermale. Secondly, the main
harmonic term in the lunar tidal atmospheric oscillations
has a period of half a lunar day (12,420 mean solar hours)
and 1s quite distinct from the periods associated with the
changes in the ionospheric conductivity, which have periods
of a solar day and simple fractions of a solar daye Further,
the comparison of the mechanisms of the solar and lunar
‘dynamos would be greatly simplified if the electric currents
agsociated with L and S were similarly distributed in the
ionosphere, If this were soy the differences between 3 amd
1, would be more directly related to the corresponding air
motions than if the currents were differently distributed.
Also, it would imply that the variations of L and S with
parapeters that affect the ionospheric conductivity in



preference to the alr motions should be essentially similar
for L and S¢ Tvwo such parameters are sunspot mmber and
the seasons Thusy the studies of 8 and L in relation to
sunspot murber and in different seasons could be of great
significances Unfortunately the results available regarde
4ng the general dependence of 8 and L 9n sunspot mmber,
R,e and the scasons are inconclusiyes Chamman (1925) and.
Chapman et ale (1971) have arrived at the conclusion that
the znnuenceorg.onnuanyabmmuumormt
on 8, vhereas Matsushita and Maeda (1965b) have concludcd
that solar activity dependence of L does not differ partie
cularly from thet® or Se Sizmilarly for seasomal depcndences
Hatsushita and Maeda (1965b) state fthat seasonal variation
of the L ficld 1is similar to that of the S field® which 1s
4n conflict with the view of Chamman and Bartels (19%40)
'that the seasonal varlation of L is mich greater than
that of S'e¢ More contradictory are the results of Cupta
and Malin (1972) wvho have reported the similarity of
seasonal variations of L and S for one sample of data and
1 exceeding 8 for another samples Can these conflicting
results be reconciled? | |

It is less easy to resolve this question. However,

the results point ocut to several possibiliticsy namcly @
‘({) there are differences in the changes of S and L alr

tides with sunspot mumber, (ii) the electric currents



associated vith 8 and L are not similarly distributed in
the ionospherey (1i1) the main part of 8 and L current
systems are situated at different levels 4in the ionos-

pherey (1v) the differences are due to the small magnie
tude of L, compared to solar variation, vhich makes its
determination 1iable to uncertainty, (v) the theories of
S and L are over simplified,

Recent advances in the knowledge of the properties
of solar wind and the magnetosphere sugzest a mmber of
interesting ideas and conjectures relating to the theory
of daily variations. One of these concerns the possidle
contribution, to the S field, of the electriec currents,
produced on the magnetospheric boundary by solar wind
(Mead, 196%)s Another concerns the modification to
dynamo theory which may be required by linkage of the
ionosphere with the magnetosphere due to high effective
conductivity along the lines of force of the Farth's
main field, Some workers have also indicated the pree
gence of contribution from quicte-time and partial ring
currents (Olson 1970,a,b: Sarabhal & HWair, 1969, 1971)s -

One complication present in L, but negligible in
8, 18 the presence of a contribution from an ocean dynamo,
powered by the tidal movements of the sea across the
Tarth's nmain magnetic field. Recent attempts by Malin
(1970) and a few other workors have revealed that the



removal of the ocean dynamo effect leads to a more consis-
tent pattemm of ionospheric dynamo. Since the conductie
vity of ocean waters does not change with splar activity
or scasony it would be interesting to know how the presence
of this constant tide would modulate the secasonal and

- Solapr activity variations of the part of L of ifonospherie
origin, However, there are other complications as welle
The dominant term in the lunar tide-producing potential
being the lunar semidiumnal tide, denoted K,, the dis-
cussion of time dependent terms in L 1s facilitated by
simply assuming that M, only gives the atmospheric tidal
movements But in fact there are other terms in time-
producing potential, especially o, and lla comnected with
changing declination of the Moon and its changing distance
respectively, wvhose amplitudes are not insigmificant
canpared with that ofnzo More recently it has been found
that these tides are able to produce dectectable variate -
ions in the atmospherie pressure (Malin and Chapman 1970a)
and in the geomagnetic field (Gupta and Chamman, 19693
uinchy 1970b). Because of the coincidence of the period
of 04 tide with that of the 1st harmonic of luniesolar
variation associated with “2 tidey 1t is likely that

each such transient variation might contribute to the
mumerical estimate of the others Using Toolangl data,
Winch (1970b) showed that by making proper adjustments



to the computed seasonal L varlation associlated with ¥,
tide for the presence of 0y associated variation, the
scasonal variation of L reduced almost to equivalence
vith the seasonal variation of the solar terms, He
sugzsested that if this result wvere found to hold at
other observatories, the obstacle of unduly large scae
sonal variations in L will be removed, thereby permitge
ing the assumption that the currents responsible for
solar and lunar geomagnetic variations flow in the same
ionospheric layers, Many others working with the problems
of S and L variations have stressed that answers to some
of the above mentioned ambiguitics must await the results
of lunar amlysis of many more long series of observatory
data. F¥xtensive analysis of long series of data carried
out in the past were mostly con’ined to the data from
higher and middle latitude stations, Auroral electrojet
in the high latitudes and the location of the Sq current
foci in the middle latitudes further complicate the

A interpretation of the results of analysis in these |
latitudes, Analysis of data from a station frece from
these comnlications should provide a better insight into
the understanding of sovlar amd lunar daily variations,
The magnetic observatory at Alibag in the Indian region
by virtue of its location in the low=latitude-; away from
3q focus and outside the equatorial electrojet belt,
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pruvides guch datas 4n attempt 1s made 4n this dissertation
to otudy the various features of geomagnetic solar and lunay
dally veristions in all the three compononts using the long
series of data from Alibages Tho coordinates of the Alibag
Obsorvatory ares Geographic late 18°38'N and long, 72°51'E
and Geomagnotic laty 9°5 N and long, 143%6 ,

Pioneering studies of 8 and L with the data of Coleba
magnotic observatory, Bombay, predecessor to the Alidag
magnetic observatory, were made by Chambers (1867) and Moos
(1910), and were discussed in the light of the them very
imperfect knowledse of the ionosphere and the tidal and
thermal osciliations of the atmosphoros later several
wvorkers analysed Alibag data, particularly of the horizone
tal intensity, for limited periods to serve special pure
poness Their presults will serve as a gulde to and inde=-
pendent: check on the results of the present study,

1+2 Mothods of computlng solar ond lunor magnetic veriationss

The determination of colar daily variation in geo=
mognetic field oving to its relatively large magnitude
and simpler form is coumparatively easy. In fact, the estie
mation of 8 can simply be accomplished by averaging hourly
.irnlma, arranged in solar hours, over & good number of -
‘days so chooen that they are unifornly distributed with



respect to the phase of the loon and hence the contribute
ion of L sums to 3cro in the average field, But becanse
of the small amnlitude of L and 1ts changing pattern, it
1s very difficult to separate the lunar effects from the
pronounced S effectse For this reason, several methods
have been put forward to estimate effectively the lunar
daily variation. The available methods can be broadly
divided into two classes s (1) Harmonic analysis, (2)
Spectral analysis.

The complete description of =1l the methods will
be out of the scope of the present dissertations Theree
fore, only the primary features and relative merits of
some of the methods are bricfly rovicved heree However,
the method chosen for the extensive analysis done here
will be discussed in dctail.

1.2,1 Method 1%

Under this classical analysis proccdure two distinct
submethods of analysis have been developeds

(a.)' Fixed-hour methods 4n this, variation of L with
lunar age is studied keeping solar tine constant.
Bossolasco and Tgedal (1937) and Bartels amd
Johnston (1940 a,b) were among the earller workers
to use this method.



(b) rixed-age methods this method permits the :éuwor
L vith lunar as well as solar time at different
epochs of lunation.

In this fixed-hour method it 1s not possible to
eliminate a day in between the sequence of data scte The
merits of fixed-age method are aprarent in the Chamane
Miller (1940) method, hereafter referred to as C-M mcthod,
vhich 15 based on the principle of this method and has

many advantages.s The important ones areg

(1) method's ability to analyse brokem data sequences
(permitting grouping of days by season, sunspof
mmber, magnetic character figure etc.)

(11) method's ability to provide a provable error with
the estimates of amplitude and phase of magnetic
variations

(111) Varié.tions having a period of solar day or simple
fraction of solar day are determined as a bye
producte

(iv) allowance is made for non-cyclic variatione

on the Aother hand, the disadvantage of the method
4s that it determines the parameters of only prespecified
frequenciesy ie.ees 1t docs not examine the spectrums’ There
is, thus, no check that periodicities under investigation
are not contarinated by other periodic signalse With

12



slight modification the method can be easily extended to
deal with other periodic signals predicted by tidal theory
(for cxzample see «» Tarpley (1971), Winch and Cunningham
(1972))

Yet another method developed under this category 1s

by Matsushita and Campbell (1972) and 1is ealled the Fouricr i

analysis of residuals, This method is essentially similar

_ to the fizedehour method except that it has been suitably
modified to utilize the fine-time digitized data (scaled

at 2.5 min, interval), Although the amplitudes of funda=
mental lunar semidiurnal component only were found to be
significant, Matsushita and Campbell felt the method to

be useful for studies of short period data, However, the
method 1s computationally costly and they have stated that
the best way to obtain L with hourly data is the C-M method.

122 Mcthod 23

Using the Blackman & Tukey's (1958) approach of power
spectral analysis, Gupta & Chapman (1969) initiated the
frequency domain study of lines in the geomagnetic spectrug
due to atmospheric tides in the ionosphore causgsed by lunar
gravitational forceses In addition to the first four harmoe
nics of L associated with atmospheric tide M,, they also
observed some minor terms, wvhose periods closely agreed
wvith those of minor terms predicted by tidal theory.

13
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this method 1s very suitable for detecting periodic

signals predicted by lunar tidal theory which have remained
unexplored till this day. But the spectral methods have
several linitationss

(1)

- (1)

(111)

8ince in the Blackman=Tukecy's approach resolution is
directly proportiomal to the lags (M) and the stabie
1lity of each spectral estimate is inversely proporte
ional to My a trade off between resolution and stebie
1ity of estimate 1s adopted. Therefore, the method
is able to provide only a rough approximation to the
true spectrum.’ ‘

The spectrum does not provide information about the
phase of the fluctuations contained in the original

scries.

If a series 1s dominated by a very strong periodie
variationy the spectrum cnn be slightly influenced
at other wave-lengths by leakage through the lobes
of the spectral windowes As the geomagnetic time
series 18 known to contain strong solar harmonics,
vhose periods are quite close to the periods of
lunar harnonics, there always remains the possibie
1ity of lunar harmonic amplitudes to be biased

through leakages

14



(1v) The method adopts equivocal attitude regarding the
significance of the spectral estimates.

(v) Like the fixcd-hour method, this method also cannot
be applied to analysis of time series with breaks.

However, the limitations (1) and (i1) can be circum-
vented to a great extent by using the method of rFast Fourier
Transform based on Cooley-Tukey (1965) algorithm: But any
attenmpt to overcome limitation (111) either by pre-whiten-
ing a series before processing the data or by averaging
together spectral values in the hamming and hanning processes
vill result in loss of information and will also inhibit
the application of any realistic statistical test of signie
flcances Black (1970) has given a mcthod of arriving at
the tbest' estimates of amplitude of any periodiec variate
ion in a time scries by combining the discrete Fourier
transforms of the block of data, not necessarily consecue-
tive, in such a way that the best estimate is not biased
by nolse at the same froquencys Thus, the method is
advantagtous because it is not only possible to estimate
the probable error but also provides amplitudes of signals
free from noisees However, in the processes of block aver-
aging, generally done in the frequency domain, phase infore
mation is lost. This method 1s used by Raja Rao et al.
(1973) and Raja Rao and Reddy (1973)e:

15
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More recently, Burg (1968) has orginated a funda-
mentally nev approach to power spectrum annlysis baged on
the information or entropy content of %?io series which is
tcrmed as Maximm Tatropy Method (MEM) has been applied by
Currie (1975) to Hermarms horizontal intengity data to
detect major and minor lunar tidal terms, Among its various
advantages, the important ones are 3 the ability of the
mcthod in detecting weak signals due to its high resolue-
tion capabilitys unbiased estimates of spectrum because
no fixed smoothing windows are applieds

Beside the potential superiority of MEM over other
spectral estimators, the usefulness of this approach is
marred bys

(1) the lack of criterion for choosing the length of
prediction error filter,

(11) the spectrum peaks in Maximum I'ntropy spectrum are
not dircctly proportionmal to the square of the
aenplitude as 19 the case with the techniques
mentioned abovej it ia the area under the curve
vhich is proportional to the output power,

(111) no confidence limit is yet available for the spec-
tral estimates,

(iv) phases of the waves are not obtained.’

It is felt that this method in the present fom is
gsuitable if the interest is confined to detecting periodic



gignals, The possibility of detecting minor lunar tidal
terms in the horizontal intendty at Alibag and Trivandrum
has been investigated by Rangarajan and Arora (1976) apoly=

ing this techmquee

1.2.3 Cholce of the mebhody

As stated by Chapman (1942) choice of the method 1s

partly one of taste, and partly 1t depends on the results
desired and the computational resources availables

To examine the relative dependence of S and L on
various geophysical parameters, 1t would be required to
group the days according to various indicess And also to
avoid the camplication of interpolation of the loss of
record due to various reasons, fev days have to be exclu-
ded, Hence, the method should be able to work vith broken

data scquences.

significance of the results can only be judged by
considering thelr uncertaintys GSince lunar terms are usua-
1ly of very small amplitude an estimate of the accuracy

of the measure (e.ge probable error) is esscntiale The
method should, therefore, pemmit the determination of

probahle errorse

The understanding of any vector quantity is not
conplete unless both the magnitude and dircection are

|



avallohle, No study of 8 and L is, therefore, complcte

unless their amplitudes are supplemented by phase apglese
#he met'iod should be able to provide these,

~ ALl these requirements are largely met with by
the Chamman-Miller methods Therefore, in view of the
sbove requirements end many other advantages of CeM
method 1isted earlier, any mcthod based on the principle
of C=M method is suitable for the present work. MNore
recently, Chaimane}{iller method has been gencralised by
Winch (1970a) to ensdle detemination of partial tides
~ and long period tide (defined lat er) in addition to
phasec-law and solar tidess The method of Winch closcly
follows the statistical procedure of C-M mcthod and re-
tains most of the advantages of C-M mecthods Hence this
method 1s used in the present dissertation. The mmerie-
cal procedure of the method is given in the following

gectionsg,

Lunar phasce-law and parti ides and th
repregentation
As stated earlier, the dominant tem in lunar tide
producing potential is the lunar semidiurnal tide denoted
by liye The time dependence of the atmospherie tidal
movement associated vith M, can be represented bys
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- ( demotes mean lunar time, increasing by 277 per solar day).
Similarly the time variation of electrical conductivity of

the lonosphere is represented bys
K = k) +kg sin (¢ 0/31) + k, sin (2% 0/32) (2)

The product of the expres:ions (1) and (2) indicates
the time dependence of the lunar geomagnetic effect, and
has the formg

k, A sin (2T + N,) + (og sin (27V= teny)
+ (03 ein (27T ¢+ ¢ +73) + (t:o sin (2T« 2¢ 07\0)

+ (o sin (2T + 28 + ) (3)

gsolar time € increcases alightly faster than lunar time—~v ,
i.es

t =2Tey M)
vhers increase by 277in a mean synodic month of M mcan
gsolay days (M = 29.53?62
If ¢t aT +v is substituted in equation (3), then the
expression is analogous to the emperically derlved
Chamman's phase law given bys

.’ i l" 4
LOt) =5)  In =3 _Cn sin [nv+ (@=2)Y +np]  (5) *

However, the phase law can be more simply represented
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by subgtituting T = t=) 4in equations (1) and (3)

%
and I.(na)-zmo Cpsin (ot = 2y 4 (6)

Symbol L(M,) indicates the geomagnetio lunar effects
associated with atmospheric tide Mye For brevity of symbol,
M, 13 often omitteds It 18 clear that the phase law tcrms
have a phase angle vhich decreases by 477 during the symodic
month reclative to solar time ¢ regardlesgs of the order n of
the harmonic.

If the third and fourth harmonics
ky sin (3t 4/‘33) s+ X, sin (48 +Fy)

are added to the expression for electrical conductivity K,
then in the notation of Schuaelder (1963), the following extra
terms:

T, =C-28in (2t +2v+ Na2)
) =C-lsin (t 42V ¢ 7y)

I,s ac,)-lin(5t—21) 0?\5)

I, =Cgsin (6t~ 2V + 7g)

pust be added to the expression for the geomagnetic transient
lunay variation. Schinder (1963) suggests that those terns
vhose phase angle relative to solar time increases by LT per
synodic month be denoted as ‘partial tides'y uiilst those
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torms whose phase angle decreases by 477 per synodic month
relative to solar time be denoted as *phase law tides's

The term partial tide used here should not be confu~
sed vith Chapman'’s (1942) use of the term to represent
various minor harmonic constituents in lunar gravitational
tide producing potential developed by Doodson (1921)s Ale
though 1t should be kept in mind that partial tide torms
hore do not stem from alr oscillations of period (T + 3V)
and (2T + &Y) superposed on expression (1); they originate
in the conductivity factor in (2).

Chapman (1913) states that the amplitudes of partial
tides, as predicted by dynamo theory, are much smaller than
the amplitudes of the corresponding phase law tides, there-
by Justifying exclusion of partial tides in the expression
for geomagnetic potentiale It seems that there 1s a need
to deternine from observational data whether or not the
theoretical prediction that nartial tides are negligible
i1s justificd. The first results of such an analysis were
pregsented by Schneider (1963), showing from observations
of declination at Batavia, that the partial nd.eaE*"_.',

% were not negligibles Winch (1970a), using data
from Toolangl magnctic obsgervatory, showed good agreement
with the corresponding results for Batavias Rao end Sastri



(1972) studied the lunar partial tides using observations
in the Trdian region and showed that the second harmonle
of partial tide, in both H and Z, 18 generally prominent,
As the computation of lunar partial tides in addition to
lunar phase law and solar tides require very little extra
effort, it is considered worthvhile that further computat-
ion of nartial tides with the long secries data of Alibag
may provide additional useful information over and above
that provided by the phase law tidee

1. Mmerical Procedures

The Moon moves eastward relative to the cun and the
hour-angle between the Sun and the Moon (measured eastward
from the Sun) is called the phase or age of the lioon and
1s denoted by Y « It increases from O at one new Moon %o
24 at the next. A/i: alternative megsure of the Moon's age
19 A mumbers The/mumber o in contrast to) mumber, is
a decreasing measure of Moon's age, le€eyit 13 zero or 2%
at the new Moon but decreases from 24 to O in the interval
from one new Moon to the mexte In the present analysis it
mrbers (rounded off to intcgers) calculated by the proe-
cedure outlined by Bartels ond Fanselem (1938) are used,
Thus, At is the hour-angle (counted positive towards west
from the upper transit) of the-mecan-leoh-al-—the-tizmeof
the mean Moon at the time of Greenwich mean nooNe:



To determine the geomagnetic effects of the atmospherie
tide M,y it 1s sufficient to consider half lunation, and %o
use the integer L' which increases from O to 11 twice in
each lunationy . is defined as the nearest integer to the
Greenwich noon value of iy but 13 diminished by 12 or
during the interval from near new loon to full Moon, 80O
that it 1s always between O and 11 dbut never sxcecds 11,

The nractical method of analysis proceeds by assigne
ing a gequence of S+1 observations for the day J and inciue
ding the first observation on day J+i to one of tae R
(R=12) groups by means of characteristiec mumber v’y 8 18

2% as hourly data are useds
A group sum sequence 8gp
( 8 = 00132 evevey S§/t = 0g1y eeeey R=1) 13 formed for

each of the R groups: .

Egxn 'Zgh far

sumation being over the N» days of thex th groupe.

Mumerical analysis of geomagnetic group sum Sequenccs can
be divided into three distinct rnarts:

(a) determination of lunar terms, _
", (b) determination of solar ternms,
(e¢) detormination of probable errors,



Parts (b) and (0) were mot discussed in the original
paper of Chapman and Miller (1540), but are usually carried
out by means of average group Sum sequences g4 /Iy rather
than by use of the group sum sequences g,, directly., It
gseens to be a logical step to carry out (a) also by using
average group sum Scquences for the determination of lumar
tems and this is Wilkes® (1962) modification, Its use
implics that the intractable temm is reduced to serog it
also simplifies the calculation, prevents contamination of
terms by those predicted corresponding to higher harmonics
of atmospheric oscillation, and prevents contamination of
lunar terms by solar termss On the other hand, the use of
avcraoge group sum sequences does not give equal weight to
the group sum sequencesSe

According to Winch (1970a) the advantages of Wilkes'

podification outwrigh the disadvantages and therefore this
modification has been used, The calculations can be descrie

bed dbriefly by the following stepss
(1) Hormalige the group sum sequences by computing
83~ '%‘ L7/ M
8 =:0plgeceeyS=13 2 = OplgenceyBe=ie

(2) *Primary* harmonic analysis of the normalized group
sum sequences, with correction for moncyclic variation.

"03?2 -25 g;n - % (S 1) (g'gn - ‘;)z )' B°3n =0



A* 8x=Zg 8 ,,,oo-(zzrw/s) ’é (3 vc;;
wn'i g'. gin(27ps/8) oé (‘o o)z)cot(n o/3)
(3) A4 *seccndary! harmonic analysis of the coefficients
‘.pS}z and B']ﬂnmed in the primary analysis givess:

ZA'”‘ '?,"187: cos (277/R)y

A'w- -z Ay sin (277/R),

B'oaa =3 BYpg, CO8 (2%/R)

Bl s * =2 B g, 5in (27/R)e

As the days are grouped according to the value i of

day, at the secondary harmonic analysis stage the signs of

A'sp and B'p& are changed (Iindzen and Chapman, 1969)s

() To smoothen the amplitudes and phases, the {terative
procedure 18 initiated with °

g = 5 [ (Relps) BpaiA ™) = (Tlags)
a0ty | /e
(Ba)o = 25 [‘Be"ups’ (A% 578" pgn) ¢ (Tofaps)
(B'pSA-A'p@)] /R3eq
(g")p = 23| (ReDn'PS) (B*pgu#A" ) = (TpP'DS)
(A'pSA-B*yqp) | /RSeq
(gy")p = 25| (elgpg) (A'poiB'pen) * Tullaspg)
(8 gp + A'pep)| /ESey



Vhere e, = sin (7/R)/7/Rj vhen Re12, eR = 0,9886 ana 1s

a factor included to compensate for the effect of sumiing
days according to mearﬂlmgglgu of /.t mmber in group % §
BRmerical values of aen.mix‘im_.w and mn'ps are given
in Table 1.1 "

(5) Four tices ‘“hiteratiom 18 carried out for final
converged valueg;

%)JO‘I B (hll)o *>n [(%03) (h..)’ + (nfh'ﬂ)
(8ns)g I
(8m)i+t = (&n)o -Zn [‘nﬁ_.s) (‘ﬂ"j - (Mn's)(b.'))‘]

(') e1 = (y'), ’%[ (Refly 1pg) (By)g  (LRp'rg) (89) |

(a")3e = (8 ’%[ (ReBpomg) (Bn)5 = (TpFin'ms) ‘%’3}
B =k« 2/29,53060 m* = k + 22945306,
Ky B=041,2,3,%
(6) Iunar phase lawv and partial tides:

If gne Dy 8,%e h,* denote finel converged values,
then amplitudes and phase angles of phase law tides and
partial tides are given by

ety cosxp mh § ¢y sin’m =g
an@ ClyCOS e m g Clut sin) ¥V = g f
respectively. (Notation m,m* designates phase law and



Table 1,1
(a) Mumerical values of Re Dmpsy Im Dppg for hourly data

5 Re Dmps; llk-%.%“'s-&
p=20 1 2 3 N
0 04963766  0,028165  =0,005849  <0.019575  =0.028993
1 0,004695 - 1.,073680 0147720 0121519 0.118897
2 04001052 «0.03469% . 1.031281 0103655 04077263
3 0.000445 «0,010553  «0.046977 1.018966 04092771
b 0.000237 «0.004917 «0.015938  «0.051759 1.016856
¢ Inm Dmps; mak -_22_;:5306| S =24 |
p=0 1 2 3 b
0 «0,206516 04223860  =0236325  «=04249643  «0.271779
1  «0.001006 04001091  «=0,001151  «0.,001216  «0,00132%
2 20.000225 =0.00024%  «0.000258 ~ «0s000272  =0.000297
3 =0,000095 =0.000103  =04000109  «0+000115  =0,000125
b «0,000051 0000055  «04000058  «04000062 . «0+000067 |

contd,



Table 1.1 (contd,)

() Numerical values of Re L,ip, &nd In B, 1pg fOr howrly data

Re Dpipy D' =k 059'.5306' 8 =24

k
p=0 1 2 3 "
0 00963116 «0.101122 . «0,062668 =0,049182 «0,040598
1 0,004228 0.93763% 0123970 «0,083485 «0,066836
2 0.,001212 0,033797 0.965150 «0,097339 «0,056738
3 0,000599  0,012856 o.owm 04976239 =0,085195
b 0,000387  0.,007411  0.089698  0.,09236% 04986090
In m® =k + S =24
X Hatpey ®' =K * &5 206"
p=0 1 2 3 %
0 0,20622% 0.189428 04179322  0.169864+ 04156703
1 0,000905 0,000832  0,000787  0,00074%  0,000688
2 04000259 04000238 ~ 04000226 ~ 0,00021%  0.000197
3 0.000128 0,000118  0,000112  0,000106 0,000097
» 0,000083 0,000076  0,000072 = 0,000068 04000063




partial tides respectively). Mmerical values of Bl 'ge
m%os, RE,'ng and InfF_* o are given in Table 1.2.

(7) Solar tidesgs
The amplitudes 'p and phase angleC p of the solar
terms are calculated by

.Qs-,mo-’,-mw,m
iBsplinfp -ppm,'n

vhere "psn and B'wn_m the sums of the computed harmonie
cocfficients

A'psw * % A'pasd B'psm =% Blpaxe
(8) Corrections to phase angless

The phase angles for solar terms in Winch's method

refer to the local solay time whereas the data of the stat-

ion under analysls vize Alibag is tabulated in Universal

Tinme (U.T.)e The corrections for this effect have been

discussed by Malin and Chamman (1970b) and are as followss
The correction that is to be added to the determined
values of phase angles, o ps for solar terms ( Op in degrecs)

/

arets
p(L* = L) = 15 PH* (degrees)

where
L = Tast longitude, in degrees, of the station to

which the data refer,
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Table 1.2
(a) HNumerical values of Re Eypipg, In By 1pg £OF hourly data
S a2
Re pgf @ 3k = } m'an o«
" -pa 59'-‘5306 59‘.5306
nso0 1 2 3 L
0 0.000000 0.,103206 0073363 0,06274+0 04057161
1 0,000000 «0,04023% «0,053790 «0,061156 «0.065956
2 0.000000 «0,012125 «0.,018328 «0,02235% «0,025266
3 0,000000 «0,009811 «0,009423 «0,012045 «0,01%093
L 0,000000  «0,003330 «0,000660 «0,007490 «0,009007
In BEom'sy m = k - m'=n +
Kk * 5306 85,5306
n=0 1 2 3 L
0 0000900 0203983 00215806 04221440 0,225027
1 0000000 0.,0009% 0,001051 0,001079 0,001096
2 0000000 0000223 0000236 0,000242 0,000246
3 0.,000000 0,00009% 0.000100 0,000102 0,0001 0k
L 0.,000000 0,000050 0.000053 0,000055 0.000059

contd.
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Table %.2 (contd.)
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(b) BRumerical valuog of Re Ep tmpg &0d E.omp. for hourly data

8 =2y
Re En meskKe '» =
k m j m n+
o 85,5306 25.5306
ns=s0 1 2 3 ly
Os 0,000000, =0,029980 0.00%399 0.015110 04020376
1  0,000000 0.028551 0,038923 0.,043969 0.0%7006
2  C.000000. 0,010986 04016927 0,020511 0.022980
3  0,000000  0,006148 0.,010161 0012904 0.014966
b  0.000000.  0,004259 0.007375 0,009696 0,011558
Im meske ot =sn e+
. ke £5.5306 S5u5306
nso 1 2 3 b
0  0.000000 «0,208456 «0.196158  «0.,190966  «0,187841
1 0,000000 -00000915 «0,000861 «0,000838 000000825
2 0,000000 «0,000262 =0,000247  «0.000240  «0,000236
3 0,000000 0,000130 =0.,000122 «0,000119  «0.000117
b  0.,000000 «0,00008%  «0,000079 «0,000077  =0,000075
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L* = rast longitude, in degrees, of the meridian of
time reckoning in vhich the initial data are tabulated,

H* = Solar timey in hours, according to the same
time reckoning as L%y of the first value of each daily

sequences
The first term of the correction compensates for
the difference between local time and the meridian time
used in the tabulation of the data, and the second term
corrects for the difference between sero hour meridian
time and the meridian time of the first value of the

dally sequences
The value of phase angloy N,e corresponding to lunar

terms 13 based on local lunay time and local 3olar time.
"~ In the analysis \ mumber 18 used, vhich 13 defined in

terms of the phase of the Moon at Greenwich noon instead
 of local moon. The corresponding correction to be adied

. to the determined value of Mg OF »Mn (expressed in degrecs)
13 p(L'~L) = 15 PH? 4 C (15 h*-L)e The first tw terms
'are the game as thoso used to eorrect 0P and the last

term compensates for the difference between the vzlue of

L gt Greemrich moon zand the yv=2lue of /fat the time of

the first velue of each dally sequences G is a constant
depending on the nature and period of the tide corresponding



to n=0 4in the expressica (6) of gection 1.3« For M ~tide
the factor is 2/29.5306« As the data of Alibag is in U.T.,
L=lL' and nL'=15 nH', hence, one need to correct ornly for
the longitudinal difference between Greerwich and the stat-
ione The same corrections are carried out in the analysis
of phase aungles.

(9) Corrections to amplitudes:

Toe amplitude of sime: curve, dzduced from dliscrete
mean values rather than spot values, are less than the
true amplitude. (Bath, 1974)s Since the tabulated values
used in this analysis are mecan hourly values, the amplie
tudes of harmonie components of solar, lunar phese lav and

partial tides are muitipliz=d Ly the correction factor
obtained using the expression given by Winch (_1970:. TPe
301 and 309)e The relevant correctlon factors for the

" amplitudes of solar, lunar phase law and partiesl tides
are given in the following Table fe3.

(10) Vector probable errors:

The accuracy of each vector 1s measurcd by its vector
probable eyrcrs The radii of the probable error circles
for egtimates of phase law, partial tide and fortnightly
tide amplitudes are

1.6652 Sp/(S eg [ R)
whilst for the solar terms, the radil of the probable
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1.6652 S /(8 Vv B)

wvhere 6puthcs@aremotormdoquarosorren.
2
dualse The value ot‘o’p ‘u derived from the following

expressions
6y o [ 5B + M) = Gt o 25,07
-{ (B'psn-upsa)"’ * (BB ¢ A',BA?} /R
- {Brph ¢ a0y ¢ (At = BUg)®} /R]
Probable errors are also corrected for the use of mean
hourly values using the procedure deotall in step (9) of
this mcthode Though the correction factors for the
probable error of lumy phase law and partial harmenics
are different (Table 1s3), the probable errors after
correction for both the tides are almost equal becanse

the magnitude 6f the probable errors themselves and also
the differences in the correction lactors are verjyt smll,

Therefore, the probable errors for piase law have been

35

used for both the tidese A listing of the Fortran IV program

incorporating the various steps is given in Appendix.

(11) Test of Significarce:
solloving Leaton et ole (1962) vector is to be

considered significantly difrerent from sero at five
percent level only 1f 1ts auplitude is not less than
2,08 times its vector probable Crrore This criterion

of significance will be ugd all tharough the dlssertation.
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1.5 Treatment of Datas

The data used for major part of the analysis are
the absolute hourly values of Horizontal intensity (H),
Declin: tion (D) and Vertical intensity (2Z) of the Trarth's
magnetic field at Alibag during the period 1932-1972.
While the data of H and Z are . In units of nano Tesla
(nT5 1 o = 1 gamma = 10° GCauss) basic data for D are
" expressed in degrecs and mimutes west (negative)e. Decli-
nation at Alibag is westerly throughout the period amd
therefore 1s treatod as/negative quantity in all the
ccoputations so that results of analysis directly refer
to east declination, H data were available on magnetic
tape while D and Z data were available only on punched
cardse The data were checked for punchirg errors by
camparing directly with the published data, A very few
vild values may casily masik the true lunar effects To
avoid this possibility, the differences detwecn successive
hourly values were computed and a 1ist giving date and
hour of value excecding by 20 nTy (or 2.5 min) on an average
quiet day and 30 nT (%.0 min) on disturbed day, from its
preceeding value was prepared and examined for the causes
. If the cause was spurious such days vere excluded from
' the analysise Days on wvhich even a gingle hourly value
was missing, wvcre excluded. Because of these reasons
the nuomber of days available for each element were slight.

ly differcnte.
\

)
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Malin (1967) and Chamman et ale (1971) have shown

that omission from the analysis of five International
Disturbed days of each month reduces the probable error

of L at all dip latitudes, varying from adlight reduction
near magnetic equator to over 40f reduction at latitnde

60° Since such reduction in probable errors would be
very small in low=latitudes, only very highly disturbed
days (dally magnetic character A, > 100) are omitted,

Amnlitude and probable error of 8 and L harmonics
for D have been multinlied by 0,000291 H, to convert them
to force units; here the numerical factor is the value of
14 of arce When data for the period 1932-1972 are uscd
as a vhole, the mean value used for H was 38298 nT. But
 when analysis is done for each of the years sepdrately or
by grouping years according to Mal sunspot mubery, the
respective mean values of H are usede Symbols s, and o,
dcnote the amplitude and phase of the n'® harmonic of Se
The corresponding symbols used for lunar phase lew and
partial tides are 1,y A, and 1°'n, NMn respectively. In
the tables the units of 8, 18 0.1 nT and for 1, or 1'a
1t 18 0.01 nTa Phase angles ong Aw and At are all in

degreese
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APPEND
* BALPEV 3AJ ARORA « LR » s
PROGRAM L\NiShL
* B,R. ARDRA .
gérsgsxou Ni'P(12),G5(12,25)
MON/7/ DeE1(5,5),n1M1(5,5),DRE2(5,5) DIM2(2,5),ERE ' ERE
1,5), EIM115,5)15142(5,5) : ' e .

PROGRAM TO CAMBUTE THE WARMONIC COMPONENTS oF
SOLAR AND LUwAe PAILY VARIATIONS RY THE METHOD 9F! WINgH

«'THE GROUP sUuS FoR 12 SETS-OF LUNAR PHASES ARE FQRMED SEPARATELY

READING OF MATAIAES REQUIRFD FOR ITIRATIVE PROCEPURE
MATRICES ARE CiRRIED TO: SUBROUTINE PARSHL THROU31 sCOMMON =

DO 60 1=1"8H
READ 20, (pRelil,J),u=1,5)"
READ 20, (nlIwu1tl,d)»Jd=1,58)
READ 20, (nRrR2(1,J)»J=1,5)
READ 20, (nln2¢l,Jd);dz1,5)
60 COITINUE
20 FORMAT(8FR.4).
DO 21 =15
READ 20, (FRmP1¢l,d),J=1,5)
RBAD 20,(rIviel,J),Jd=1,5)
READ -20,(RRE2¢1,J),J=1,5)
21 READ 20,(rIM2¢IlJ)nd=1,9)
NSET=2 , .
DO 5 NRT=1,.nNSET w

READING GRoUp sUM SEQUENCES FOR 12 LUNAR PHASES

Do 15 =115 :
15 READ 10,N1'PelYy»(G8(1,J),Je1,25)
10 FORMAT(BX . 12,1X,9FB.0,7.(2%,9F8,0))
CALL PARSHL(NL'P,GS) , ,
5 CONTINUE
END

SURROUTINE AARSHLI(N, XY

SUBROUTINE Ta ~OMPJTE CQMPONENTS OF LUNAR PHASE :AJ. PARTIAL AS WELL
AS SOLAR TIPAE=, HIURLY SEQUEYCES ARE USED , Si2#

THIS SUBROUTINE CaL.S ANDTHER SUBROJUTINE FIX

! 5 X )nQS(S,lHF(S;q)léH(SIS‘I
MENSION X(l9l25)‘AP(lng)-Ep(lszlrnS(S S (
135@?5:5)onHH(F;B).M(1?).DIF(12).AA(D).AB(S)-EA(S!nd,(5).
DAL(12) XX By aYY(5) ) XXX(B),YYY(5),PEL(S),PE2(5),

3Sp1(5),5P2(R)
DIMENSION Ve1(5),vP2(3)
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697

61

NO

130
603
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11

53
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CONMON/7/ DREf(S,5),H1k , 59 ,ER EREA05
1'5>._Elwlis;sg.eizé(23§§(5'5)'DR52(5'5)'jqu(:'?)'C‘EI(S'S)' RE&0
PIE=3,141595

S=24.0 $ Ep=(SINF(PIE/12,0))/(PIE/L12,0)

ElL. 272.87
EL= EAST LnNalTUDE OF THE STATION, ALIBAG

PRXHT 697',(('(f)01=1012) -
FORMAT(/,sX"«n0 OF DAYS IN DIFF,LUNAR PHASES«11214)

Do 61 [=175

Do 61 J=1'5

HM(I:J)=0.0 @ 3M(I,J)=040 T HMM(I,J)s0.0

G”H(Ir\]):dtﬁ

RMALIZAT10n AF GROUP SUM SEQUENCES, STEP=y OF METHID

DO 130 1=7,72 & AL([)=N(1) § DO 130 J=1,25

XCLyJdd=x(rrd) /A (1) :
PRINT 603 , N(1),(X(1,J)»d=1,25) :
FORMAT(/,20¥,s _UNAR PHASE 0 NJ, OF DAYS®,151% HEAN DIURNAL VARIA

ATION®,/, (X, 9P12.1))

IMARY HARMANTC AVALYSTS nF NNRMALIZED GROJP SJM SEAUENCES, STEP= 2
ALL=0.0 &

DO 5 1=1,12 $ DO 5 J=1,8 $ AP(1,J)=0,0

BP(I,J)=s070 ‘

DO 6 171,12 8 DIF(I)E(X(L1125)=X(1,1))*0.5

DD 8 K=1.724

AP(1,1)=zAP (T 1) ¢X(1,K)

DO 7 J=2,5 9§ AJ=J~1

Do 9 K=1,724 § AL=K=-1

AP(T e ) =AP(T2) X (1 K)*COSF(2,0*PIE*AK*AJ/24,0)
BP(1,J)=BR(Tr ) eX(1 K)*SINF(2,0*PIE*AK®AJ/24. )

AP(T»Jd)=AR(T»J)¢DIF ()
BP(I'J)=Bh(f:J)t(COSF(PIE*AJ/24.0)/SINF(PIE-AJ/24.0))'DIF(I)

AP(I,1)=AR(T,4)=DIF(1)*23,0 $ BP(1,1)=0.0

ALL=ALL+ALCT) .
DO 11 J=1°5 @ aS(J)=0,0 3 RS(J)=0.0 § A(J1=0,0 5 AB(JI=0,0

BA(J)=0.0 ¢ RB(J)=0(,0 |
Do {1 I=1512 $ AB(J)EASCJI*AP(INJ)

BS(J)=BS () +BP(1.J) g oaeeC
PRINT 53,aL1 » (ASC(J),BS(),J=1,5)

FORMAT(40y F10,070 (4%, 2F15,2))

SECONDARY HARHONTIC ANALYSIS STARTS, STEP= 3

14

DO 13 J=1.5

Do 14 l=1717 $ Al=I-1 & ANsAT*«PIE/6,0
AA(J)=AAC) +AP (T, J)wCOSF (AN

AB(J)=AR (D) #AP (T, J) *»SINFCAN) - :
BA(J):BA(J)+BF(I.J)chSF(AN)

BB(J)=BR(1) +Be (1, ) »SINECAN)
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64

63

71

AB(J)==aB1J)

BB(J)==aB(J) 40
CONTINUE

R=12.0

QUA I=R*gugp

ITIRATIVE PROFEDURE STARTS, STEP - 4

DD 63 1=15

DO 64 J=15

HMCT o) eHM (T o 1)« (DREF (T )= (BA(J)=AB(J))aDIMe (1)) ¥ (AACI)4BR(UYY)
GMCI»1)=GM (T g) +(DREQ (T ) e(AACI)+BBCU))eDIM I 1) {BALI)=AB(U))Y)
?HM(lnl)=uWu(!ol)*(DR52lI.J)a(BA(J)+AB(J))-01'2(laJ)-(AA(J)-BB(J))
1
?HH(1.1)=GHM(fa1)¢(D§52(l.J)-(AA(J)-BB(J))001”2(loJ)-(BA(J)*AB(J))
1

CONTINUE

HM(T,1)=270aHM(T,1)/70JAN

GI(I 1) =2 0ulGM(I,1)/70UAY

HMH (T, Lyso, A®pMI(T,1)/7QUAN

GMM(I,Ly=2,A*aMM(1,1)7QUAN . a

CONTINUE g

Do 71 1=2°5%5 = 1l=1=-q

PEL(II)=Gu(1,1) Y

PE2(IT)zH4(1,1)

FOUR TIMES 1TIRATION FoR FINAL CONVERGED VALUES STEPE

466

65

67

68

26

DO 67 K=2'5 § K<«=«-1

D0 65 1=1'5

Do 66 J=175 |
HMC(ToK)=Hu(T2#) # (ERELCT ) wnMM (1 KK)#ETMLCT, JY#GMM (T, KKDD
GM(TsK)=AM( T K) & (EREL(T ) #AMM(T, KK)=EIMLC], JY ariMM (T, KIK))
HAM (T Ky =nlli (1o &) ¢ (ERE2 (T ) wHM T KK) #EINM2( T, )*GH (T, KKD))
GUU (T KyzaMmCr o <)+ (ERE2(T JIWGH T, KK)=EIM2( T, d)*HA (T, KK))
HACT oK) =Y (10 1) ¢HM(],X) .
GA(IrK)=GM(12g)=GM(T,X)

HHM T Ky saifu (T 1) +HMM T KD

GHH (L, KyzaM (1,11 -GMMLT K)

CONTINUFR

CoHTINUE

Do 68 1=1"5

XXCI1)=GM(Tr8) $ YY(I)eMM(]1.5) $ XXX(1)=gM1(1,5)
YYY(I)=uMM(T,5) 2

DO 26 J=1.,5

SP1(J)=(2.0sAG(J))I/(R*S)

SP2(J)=(270«BS(J))/(R*S)

PROAABLE FRROR DETERMINATIOY, STEP-10

po 30 J=175 & vPi(Jr=0,0
Do 31 1=171°
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31 VPLODIZYPT( ) e (AP (Ts ) mn2eRR () J)us 60
AAA=(AS(J!*AS(J)«BS(J)-QS(J);i(gza)z’
BSB=((BAC])aAR(U)) D¢ (BB(J)4AA(J))**2)/ (RaR)
CCC=((BA(])4AR(J))**24(AA(J)~BR(J))I**2)/ (RuR)

VP1(J)=ABSF { (VPL(J)-R*AAAmR=BBB=R=CCC)/(Rm2.0))
VP1(J)=8QRTF (VPL(J))

VYP=VP1(J)

VP1(J)=1,46F2«VVP/(S«ER«SORTF(R))

WARMONIC COEFF OF LUNAR PHASE LAW TIDE, STEP=g§ A

30 VP2(J)=1.66524VVP/(SaSQARTF(R))
PRINT 33 '

33 FORMAT(, 37X, »aMPLITUDES AND PHASES OF LUNAR PHASE LAY TIDESw,, |
14X, =HARMON]TE nNO0w, 18X, “AHPLITUDE*,10X)»PHASE ANGLE=,410X%,»*VECTOR pRO
2BABLE ERRARG) ’

DO 35 J=1"5 § JJsJd=l
CALL FIx(xXeJd)oYY(J).JJsVRL(J)HELD)
35 CONTINUE

HARMONIC CnEFF OF LUNAR PARTIAL TIDE, STEP = 6 3

PRINT 3Js
36 FORMAT(, T37X #AMPLITUDES AND PHASES OF LUNAR PARTIAL  TIDES«,, |
14X,y »HARMON IR NO®, 18X, "AMPLITUDE*, 10X, *PHASE ANGLE=,10X,*VECTOR pRr
2BABLE ERRnNRw) \
JJ:q-l
CALL Fly(xXy(J),YYY(J),JJ)VPL(J),ELI2)
40 CONTINUE

WARMONIC COEFF OF SOLAR TIDE, STEP - 7

PRINT 44 :
41 FORMAT(/ 737X7=aAMALITJUDES AND PHASES OF SO AR TIDFS #,/
14X, sHARMONT A NO#, 18X, *AMPLITUDE =,10X,*PHASE ANGLE=,10X,*VECTOR PF
20BA3LE ERRORW) ;
DO 45 Ju=y,a § J=JJUs+l
CALL FIX(gP4(d)sSP2(J)»JJaVP2(U)EL3)
45 CONTINUE

MARMOMNIC COEFFT oF LUNAR PHASE LAW TIDE CALCULATED WITH
THE INITIAL VAI'UES REFORE ITERATION FOR FINAL cOYVERGENCE

PRINT 72
75 FORAMAT(20%,e AMPLITJINES AND PHASES OF LUVAR cIMPONENTS BEFORE
LITERATION®:, /)
DO 73 IP=1,4 _. .
CALL FIX(PET(IP),PE2(IP)2IP,0,0.ELIL)
73 CONTINUE
311 CONTINUER "
427 CONTINUE
END
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SUBROUTIMNE FIX(A,B,1P,)VYPE,EL, JK)

THIS SUBROUTINE GETS AMPLITUDES (CORRECTED FOR JSE OF
MEAN HOURLY vAj UgS,USING FACTOR8 FROM RL=ARRAY)A D PHABES IN DEGREES

RECKONEBD FROw | OrA_ MIDNIGHT

50

JK=1 FOR pPMaSE (AA TIDE» JK=2 FOR PARTIAL TIDE, JK=3 FOR SOLAR TINE

DIMBNSION RL(3,4)

RL(1,1)=1-0n249 § RL(1,2)=1,04074 § RL(1,3)51.02408
RL(1,4)=1.04556 § R(_(2,1)=1,00326 3 RL(2,2)%71.01232
RL(2:,3)=1.02739 8§ RL(2,4)=1,04886 § RL(3,1)31.00206
< RL(3,2)=1701182 3§ R (3,3)=1,02617 § RL(3,4)=1,04720

PI=sIP . § P1Ead,1415802 $ CoRR=s=Pl=EL

CORR=CORRECTION YO PHASE ANGLE -FOR THE DIFFEZRENGE
RETWEEN LOcAI' TYIME AND UNIVERSAL TIME = STEP 8 ol

C=SORTF(AxA+B«B)

. IF(B)110,118,110

115 Q00=0,0 § Qn TO 78

110 QO=ATANF(ABSF(A)ZABSF(B))
IF(A)74,105 68

74 IF(R)()O.?”';SO’W .

90 Q0=180,0+n0eln0,0/P1E
GO TO 7s

500 Q0=360.n=nQx1R0,0/PIE

GO TO 75
85 IF(B)120,11%8,125
120 0Q0=160.0-n0«180,0/P1E
GO TO 7% -
125 QO0=0Q*1R0-0/P{E
GO TO 7%
105 IF(B8)130,715,133
130 QN=180.1
GO TO 75
75 Q2=1Q+CnRA : ¢
IF(nQy1n00%, 101,101
100 QR=360.n+30Q
101 CONTINUE

THE METHOD

CORRECTION Tn aMPLITUDES AND PROBABLE ERROR FOR VSE OF MEAN

HOURLY VALUES - 8TZP ‘9 ofF NUMERICAL PROCEDURE

IF(JK.En,f.aAND,IP,EQ/0)20,25
20 YPR=VPE & n0 TJ 30 .
25 C=C«RL(JKTIP) & VPR=VPE wRL(JK,IP)
30 COHTINUE
PRINT 40171p,c,20,VPR
401 FORMAT(RX|I12,15X,F13.4,10X,F10.2,12XsF15,4)

END
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General Features and Seasonal Progression of Solar and Limar
Daily Variations

2+1 Int roduction 3

Of the more systematic chonges in the geomagnetic
daily variations at a station the most obviocus ones are
assoclated with seasons, Ionospheric currents, mainly
responsible for the dailly variations, vary in intensity
and form due to two factors, conductivity and winds in
the lonosphere. Conductivity is, to a large extent, cOn=
trolled by the solar szenith angle which is maxinum in loecal
sumor and minimm in local wintare. The winds, resulting
fronm the ever changing atmospheric structure, modify the
gravitational as well as solar-thermal atmbospheric tides.
Changes in the conductivity would cause variations primarily
in the amplitude of solar and lmar'fvariauom, 8 and L
rospectivelyes But the large observed changes in phase and
shape of § and L, practically at all stations, are suggese
tive of the variability in the atmospheric dynamics, which
would cause the movement and deformation of current system
to produce required changes in S and L with seasons. After
normalising the monthly mean solar quisteday ranges in H at
Alibag for solar-zenith-angle modulation of conductivity snd
partly the solar thermal effects, Yacodb (1970) derived the - = ™
residual annuel varistion in solar ranges wvhich showed a
remarkable similarity with the annual variation of the easte
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west component of the prevailing wind reported by Greenhow
and Neufeld (1961)e This suggests that the winds have en
important role in determining the seasonal variation of geoe
mognotic daily variation. OSeveral other workers have galso
stated that the magnitude gnd nalure of seasonal variation

of 8 can not be explained by the seasonal modulation of
conductivity or its differences in the two heaisphere alone
(Pogrebnoy 19693 Stening 1969). However, it 1s not yet
clearly understood as to what extent the seasonal variations
in S and L are due to (1) solar modulation of ionospherig
conductivity and (11) changing movements of the atmosphere.
Gupta (1967) and Brown end Williems (1969), in their studies
of soler veriations, have stressed on solar radiation as the
primary sgency contributing to the varlation both in the eleo~
tyical conductivity and the winds in the conducting layers

of the upper atmosphere. The combination of changes in the
two factors, conductivity and winds, produces a variety of
seasonal changes, which are different at different stations,
These changes in § and L at Alibag are exanined in ti:ds Chapter.

2.2 Analysis 3
As a first step to study the seasonal variatlon of S

end L in the three elemonts H,D and Z at Allbdag, the data
for the period 1932-1972 have been divided into three Lloyd's

seascns @

d = December solstice 3 November, December, January and
TFebruary



@ « Equinoctial months s March ril, Sept
Eq C b;rlp » Septemder end

J « June nﬁum t May to August

Results for all seasons, added wp, have been desige
nated as the 'year' whlch is indicated by the letter 'y'.
The first fouwr hamonics of solar tide and lunar phase law
and partial tides together with their probeble errors are
determined by the procedure given in Chapter 1« The first
four hamonics of § for the throe elements are listed in
Table 2,1« Tables 2,2 and 2.3 give similar hamonics for
lunar phase-lav and partial tides respectively. The total
mmber of days includes in the amalysis for cach growp is
also given in Table 2.1s 4hen compared to the amplitudes,
the probable errors in the case of S are very &mall, < 0.2
nT, and hence they are omitied in Tadble 2.1« Since lunar
phase-law tide is the primary tide in lunar dally variation,
the symbol ‘L' will generally refer to the deily variations
of phascelay tide only.
2.3 Scasonal variation in the harmonics of S and L 3

2+3.1 Solaor hamonics 3

' The prominent hammonic of S(H), 1.0 § in Hy is the
dlurnal components The semidiurnal tera is quite signifi.
cant and its amplitude is about 40-50 per cont of that of
the firste. Though the adplitudes in summer months are the
largest, they exhibit little scasonal variation. The phase
angles also do not shov any significant change with season,

40
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indicating f.hac' the changes in the fora of 8(H) with season
aro megligidle, Unlike S(I), the amplitudes of the first
throe harmonics of 5(D) and £(Z) are of comparable magnie
tude and undergo strong scasonel veriation with the largest
values in summer and the least in wvinter. Thus, the seasonal
variations of S at Alibog are of tho type expected of a
northern hemispheric station. The phase angles of £¢(D),
84(D) and 54(Z), the subscript indicating the harmonic mm-
bor, show a phase difference of about 1209, 110° and 210°
respectively between summer and winter months,

It 1s interesting to mote that 1) the proportion in
which d@ifferent hermonics constitute solar dally vardation
in H and D (or 2) are significently different and 14) the
scasonal changes in D as well as in Z are greeter then those
in I, Variation in D is a consequence of the variation in
the meridional, northesouth (N=S) currents and variation in
B 4s due to variation in the zonal, caste-west (E-W), currents,
The tims dependence of H and D variations is determined by
the product of a term representing the ionospheric movement
and & sum of the terms representing the varlaiions of 10no-
gpheric conductivity. Sinco ell components of the conductie
vity tonsor, 1.e. eithor BeS or Esl, depend strongly on the
electron density, it 18 unlikely that the relative sizes of
gll the compononts will chonge differently either wvith local
time or with seascm. FHence differonces in the characteristics
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of 5(H) and 5(D) epparently result fyom cOrresponding
differences in the N=S and E-W components of ionospheric
wvinds. :

Radar observations of meteor tall by Creenhow and
Noufeld (1961) heve supplied some information sbout the
winds in 80-100 ko region. They indicated dominantly @&
sanidiurnal pattern fopr the Eed component and a diurnal
puttern for the NS cogponent. Thus, it scems that these
dif fering wvind petterns coupled with daily vardection of
conductivity would produce the observed seascnal variation
in 5() end 8(D)e 5

The larger seasonal variation in S5(D) than in S(H)
further requires the meridional currents to undergo stronger
annual variation than the gonol currents, This is in accord
with Johnson's (1964) idea that during solstices the asym-
metry in the heating of the two homisphores sots off cone
vection currents at the lonospheric level with & meridional
component, Kochanski (1963) also indicated that there is a
nott flow directed from the summor to the winter hemisphere.

2.342 Lunar Hormordcs §
2.3+2a Phace law tidos ¢

Uith the exception of I4(d) during equinox and L3(H)
19 sumner allthe firgt three harmonics of L given in Table
2.2 are statistically well determinede L(H) 1z malnly
composed of lunar diurnal and semidiurnal oscillations of
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comparable magnitude but in L(D) end IL(Z), like in 8(D)

and 5(z), first three hamonics have larger amplitudes.

The amplitudes of all the hamonics aystematically have
higher values in winter except for 14(Z) aend 13(D). Ampli.
tudes are in gencral nmininun during equinox., It is intee
resting to note that phase angles of (D) during j and ©
peasons are mearly bonc;.bid differ by about 2309 fron that
of d scason, Significont phase differonces between d and

j seasons can also be secn in the phase angles of Ip(Z)
and I4(D)e ihe mpgnitude of variation in the phase angles
of L4(D) and Ip(D) between the seasons 1s such that they
produce equal but opposite changes in the time of maximum
of the respective uaves.

The scasonal variations in Ip(H) observed here are in
agrecmont with results obtained earlier for the same station
using data for low solar ectivity years 1950=-195% (Haja Rao,
1962a), for high solar activity years 1956=-1961 (Fao, 1972a)
and for the period 1931-1966 (Raja Reo and Feddy, 1973)e :
Crvazechilli and Alexander (1959) moticed seasonal variation
in 1,(8) at Ibadan similar to that of Alibage At Kodelkanal
elso similar seasonal variations were observed (Raja Rao,
49613 Tao, 1972a)e In generel, the scasonal variation of
the soplitudes at these stations, though in the northern
hemisphere, eppears to be simllar to that of southern herde
spheric stations, e.g« Huancayo, Apia (Raja Lao, 1902b)s
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G the other hand, the variations at Homolwlu and San Jusn |
aXe of the type expected for northem hemispheric stations
(laja Rao, 1962bj Sharma and Rastogl, 1970). Demonstrae 1
ting @ closer essociation ef the emplitudes of lunar Varioe
ticns with the geomngretic or magnetic latitude rather than
with the geographic latitude, Raja Rao,(1962b) explained

the simllarity betwoon seascnal varistions at Kodaikanal,
Allbag and Ibadan and those et Huancayo and Apia by envisae
ging that the scuthorn hemispheric current system in the iono-
sphere wuld extend at least upto 10°H geomagnetic latitude
in porthemn winter., He based his speculations on his study
of Lp(H) amplitudose It may be recelled that L, 1s not
purely of iconospherie origin but contains contribution from
occanic dynano (Halin, 1970) vhich mgy be considerable et
coastal stations 1ike Alibag, The contributions of oceanlc
and ionospherie dynamos of L have been studied in Chapter 6
vherc it is found, among other featurcs, that whilo the phase
of Ip and its seasonal progrossion is primarily determined

by icnospherie part, there are warked differences in the
seasonal behavicwr of the amplitudes, For example, the aopli-
tudes of the ionospheric part in D and Z are maximum in
sumer, whereas the correspounding amplitudes of Ip have |
maximm values in winter. Thus the postulation of the pene-
tration of southern hemispheric currcnts into the northern
hemisphere, based solely on the fact that the amplitude of
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L; is larger during winter than in summer, may not be
tonable, lore relevant would be an investigation of either
moaulyvanntIomdD.ndzin;ha seasons, vhich are
expected to show phase reversal between winter and sunmer
months if the above expocted penatration tekes place, or
by determining the direction of equivelent current systea
responsible for Lps This is studied in section 2.b,
2¢3¢2b Lunar Partial Tides ¢

An obvious feature of Table 2.3, where the lunar fOorie
nightly tide togother with partial tides corresponding to
D=1, =2, «3 and <& in H,D and Z at Alibag aro listed, 1s
that vhen compared to the phase law tide, the magnitude of
the partial tids torms, particularly n=e1 and <2, 1is not
mgligible and, thus, warrants their inclusion in the expres=
glon for geomagnetic potential,

No consigtent seasonal variation isseen in the amplitude
aod phase of the various hamonics, Hovever, there is a
suggestion that the amplitude of the flrst harmonic of pare
tial tide is larger during summer. Ihis may be ascribed to
the enhanced and complex nature of ionospheric conductivity
at this time of the year, as the soler zenith angle is minimm
at local noon in the region of the latitulde of Allbag.

Fortnightly tide (n=0) 4in D during ] season and in Z
during y and j secsons are significantly determined but are
considerably smaller than those obtalned by Rao and Sastri




(1972) for high solar activity period, 1956-1961. They
observed that prominent fortnightly tides in H durirg e
and J seasons are assoclated, especlally at the electrojet
 stations, wvith larger amplitudes of the second harmonic of
partial tide and with weaker fortnightly tide in d-season
the first and third hamonics bocome prominent, lio such
assoclation is, however, seen in the present analysis of
long series of Alibag data, The feature observed by them
may, thorefore, pertain to the lunar tide in the equatorial
electrojet region only,

The magnitude of variation at any instant 1s governed
by both the amplitude and the phase of the different harmo=
plecs into which the variation is approximately resolved. Two
mthods of representation of the simulianeous changes in ampe
litude and phase have beon devisod, viz.y the daygroph end
the vectogram, .The daygraph 18 a representation of the variae
tion in the 2u=hourly values synthcsigzed generally from the
first four hamonicse. A vectogran 13 a graph of the sinmultae
ncous variation in any two of the components of the field.
Vectographic representation of the dally variation of geomage
netie f£ield in the horizontal plane, i1.e. graph between H and
D hourly incqualities, has the added advantage of showdng the
pattern of change in the overhead ionospheric curronts rese
ponsible for the variation, when the v<4§ors are rotated

v\
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through a right engle in the clockwise dlrection. The
expected progression of vectograms I8 in clockwise oanse
to the north and counter-clockvdse to the south of the
focus in the northern hemisphere and vice versa in the
southern hemisphere.

The first four barmonic coefficlents haye been used
to compute for each element and Soason a Sequence of 24
hourly values, by,(reckoned from local midnight) 0, 1, 2,
esssy 23« The sequence represents S or L as departures of
hourly values from the dally moaon value of the element,
The following formulae have been used in synthesizing the
pomonie coofficiento of Sand L1 .

for 8 1 ’\. 2 ‘
hy u%?unain(n:l PG giin® RO = (1)
fer L 3 =

T~
LY

» - h’. -.-_!E!; 111 gin {ni-2v '7\n) o--.

As the sequence is calculated from 5&1? g flzpt o
 harmonic coefficients, it represents a slightly smoothed
version of S or L. Fig.2.1 illustrates the yearly and sea=

sonal daygraphs for S and L in all the three elementse Figs. -

2,2 and 2.3 give yearly and seasonal vectograms in the hori-
gontal plane for & and L respectivelye. The nunbers along
the wectogranms give the local time in hours. In vectograns,
the part traversed during the hours of daylight is drawn
thicker than the part described at night, night and day are
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also separated by vertical bars acyoss the curve. The
vertical bars, during any socason, correspond to the average
of the earliest and the latest time of sunrise or sunset

at a height of 110 km, this being the probable height at
waich the elsctric currents responsible for 8 and L flove
The L daygraph and vectograms refer to the epoch of new
Foon (V =0). The largest range, i.e. algebraic difference
botween the moximum and minimum values of the daygrsph or
the dimension of vectograms, shows approximataly the maximm
ciange in the curront intensity over the station during a
day. Since the patiern of dgygraph and vectogram changes -
wvith lumr ages the calculation of average lunar range oOr
dimension 1s more difficult to define, Following Chapman,
Gupta and Malin (1971), the lunar range, R(L), 1s calculated
by the expression $

L
R(L) = 25 ¢ 1n

vhere lp is the mplitudeortnen"hhamomcafphaso

.« 1oy tide, RE(L) represents the difference between the greatest
“and the leest values that L can attain over a long periode

The probable error of F(L) is givem by

£ 8‘ 1.146 [E’: Pﬁ]
where Py 18 the probeble error of the amplitude of n'® hare
monie., However, solar range, R(8), is simply compuied as
the difference between the greatest end the least of the 24
values of & synthesized at hourly intervals. The probable




erTor of R(8) 4s also compuled from the ahove relation
using probable errors of the solar harmordes. S and L
ranges thus defined are used throughout the thesis unless
othervise stated,

2.1 Ecasonal variations in Daygrephs and Vectograns 3

2.%.12 Solar torms

The general distribution of the Sq variation over the
Earth has the expected pattern, namely that uhich would
rsult from an lomospheric current system and its coople-
mentary induced earth curremt system, (For example see
Hatsushita, 1967). It 16 secn from Fig.2.2 that the fomm
of the vectogran, i.e, the sense of progressiocn of horizontal
£1e1d vector, S(E), during sumuer, equinox and for the average
of all the seasons, vis, the year, is similar and is of the
pattern that would result from the northern hemispheric
current system, The range of daygraph and the &lmension
of vectogram are the largest during summer and smallest in
winter. But both the daygrsph (Fig.2.1a) end the vectogran
(Fige.2.2) for vinter are of corplex nature.

Fron a study of the daygraph of Sq(Y), quiet-day variae
tion of the easterly component, in the equatorial reglon,
Price and Stone (196%) have shown that the boundary line bote
wieen the northern and the southern current system crosses
and mmsses the magnectic equator during all seesons, Hayaud
(1967) has shown that the phenomencn of invasion of Sq current
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of one hemigphers into the other is extremely frequent,
particularly at the winter solstice of either hemisphere,
The daily wvariation of declingtion in the equatorial region
of the northern hemisphere is characterized by a morning
eastward maximm eround 06-08 LI and a vestwerd minimum
arownd 13~1k LT, The effact of tho incursion of the sou=
thern current system into the northern hemisphere is rogis-
tored in declination as @ westward depression in a mainly
eustwvard field in the moraing hours and it generally ocours
bofore the morning meximum, Similarly an invasion in the
evening produces an eastward moximm in e mainly westward
fleld and gemerally occurs after tho westward minimm
(Hayaud, 1967). The daygraph of D for winter in Fig.2.1a
shows these secondary effects clearly. Theso secondary
effocts may at times tond to dominate the normal maximum
and minimum. The vectogram of D for wintor in Fig.2.2 also
shows that while the sense of rotaticn of the S(I) vector
between 08 and 13 L? 1s pnticlockwise and is tho sams in
all the seasonc, it becomes clockwise between 03-07 LT and
acain botveen {%=18 LT in the descason, which leads to the
conclusion that the ionospheric curronts that control S(H)
end S(D) during these hours have a clockwise Slow and,
clodicwdlse flow charactorizes the southern hemispheric current
gystem north of its focus.

This suggests that the incursion of southern current




%
systen during wvinter 1s as far north as Alibag. Price and
Stone (196%) estimated the geographic latitude of the
boundary between the northern and southern current systems
durdng vinter at mdday local time to be 11%i42 for western
Acia, The present results, however, indicate that during
morning and evening the bowndary 18 at least as high as the
latilhum ¢f Alibag.
2,’¥.1b Lunor terns

A3 nentioned sarlisr, the lunar dally variatdon changes
fron day to day so that tho pattern of L repeats iiself after
an interval of hal® o lunar month, approximataly 14,7653 solar
doyse For a complete study of the changlng paticrn during
half a lumation, lumar phase law end partisl tides for dif-
ferent pges of the ioon are plotted azainst local solar time
es obeclssa and lumar age (V) as ordinate (Winch 197%a).
for H,D and Z and are shown in Fig.2.% a,b and ¢ regpectively
Lunar phase lay tides fop different values of v were obteined
. from cquation (2) end porticl tides were synthesized from the
aexpression glven below

hy =xzb': 1; gin (nt + 2Y + 7\6) ene (3)

The noteworthy featurcs of Flgs.2,1b, 2.3 and 2.4 a,b,c
are the following:
¢1) The contour lines for lunar phase lav tides in Iig.2.%
a,by¢ are concentrated mostly in the daylight portions and
very few lines arc seen during night porticns of the diagranse
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Contour diagramg of iunar phase law and tides

in H at Alibag as function of lunar age (y) and solar
time in different seasons and the year.
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Ifids clearly brings out the luni-solar nature of lunar
phase low tides. Hovever, the effect of lumar partiasl tide
i3 the same during both the day and the night.

(11) The variaiion of L with lunar age at gny solar hour
shows one high (poxitive) and one low (negative) valuo,
indicating the dominance of lunar fortnightly haymonic in
the lumr variaiion, The amplitude of the fortmightly tide
is largest around locel noon in all the elements end in ell
the seasons, This 45 in sharp contrast to the results for
Sen Juan (Sharma and Rastogls 1970), s mid-latitude station,
vhere the lunar somimonthly oscilletion in H is nearly the
sane at all solar howrse But the results are in agrecment
vwith the rcsults of Rastopl end Trivedi (1970) and Sen and
Rao (1973) who find thet dally variation of the emplitude

of lunayr seminonthly tide in H at eguatorial stations is 1n.
the samo way as the intensity of Sq(il), viz. maximum around
local nocune

(111) The lumar phase lav tides are the largest in wAnter
and the least in equinox, The sumuer values are comperable
to the wvinter values in D and Z, vhile in I they are closer
to the equinoctial valwes, Another striking fealure of Fig.
2.1b and 2,4b,c 18 thaty in D, the dally variaticon of L dwring
d secason is nearly m phase opposition with that in both je
and e- scasons and resecbles that of a typical southern hemi-
spheric station, It 18 seen from Fig.2.3 that during nost

61




" of the daylight hours the diroction of traverse of the
vectogran in d season is clockwise and is opposite to that
in § season, indicating that the curremt system responsible
for L variation at Alibag in the d season is clockwise in
direction around morning hours which may be identifiod as
the {irst day-time loop of southern hemispheric current
system associated with L.
(2v) The amplitudes of partial tide in d and j seasons
are cooparable end are slightly larger than that in e season,
In Hy the amplitudes of phase lav and partial tides are of
comparsble magnitude during summer.
2<5 The ratico of 8 to L ¢

For the purpose of estimating the relative strengths
of 5 and L, the solar and lunar renges, R(S) and R(L) res=
poctively, as defined earlier are considered. Ihe ratios
of R(8) to R(L) in the three elements are given in Table 2.k
for different seasons and the yeare The ratio R(S)/B{L)
varies from element to element and from one season to another.
Considering all the eloments, S variations averaged over
all the segsons, i.e, in ysar, are about 12 times larger
than the corresponding average L varlatlions at Alibag, large
variations in the Scascnal ratios are probably due to the
differing Beasonal variations in 8 and L,
2,6 The relative changes 8 L with se s

The ratio of summer to uinter seasonal rarge which is
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sultable for Alibag because the minimum range is not obser-
ved always in tho sape season uniformly in all the elements.
Following Gupta and Malin (1972), the ratio of the range

for a season to the annual wan range is used as g megsure
for comparison of seasonal variations of S and I, The
ratios of scasonal to yearly ranges foy both S gnd L are
computed for each elament,

The probable error of this ratio is givan by the expression i

o = L] p2(season) + Ratio® x f2(year) 7%
Range(year)

The nean ratio of the three elements for each scason is
obteined by woighing the ratios for different elements for
a particulayr season by the inverse square of the respectlve
probable crgors { P

_E R

R=

&1 ¥n

The probable errors of R 18 given by the relation 3

R -
= 31Hn-7

Ratios and their welghted means are given in Table 2.5 both

(70

for S and L termse.

In the case of S, the ratios, in general, behave as
expected, being greatest for the summer season and least
for the winter season, except for H where the maximum ratlo
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{3 observed for equinoX. Yacod (1966) also showed that
monthly quiet-day renges at Alibag exhibit equinoctial
maxiome Ho infers that this phenomenon moy arise, as
suggested by Appleton (196%), from the two contributing
factors, namoly ionization of the conducting layer snd atmd=
spheric tidal oscillations boconing more in phase at theo
equinoxes than at the solatices. However, when all the
elemonts are combined, the highest ratlo 1s obtelned for
sumer, The mean ratio of sumoer to winter range is about
2.7, This value is higher than the corresponding ratio
given bys Matsushita and Maeda (19%65a) for total Sq oqui~
valent current systea for IGY perlod; Gupta and Maldin (1972)
fyom tho global data of IGY and also that obtained fron seven

stations with long series of data. However, the value obtained

45 in agreement with the theoretical valwp given by Zaytsev
(1968), in his study of the longitudinal, i.e, effoct of
umdversal time, and seasonal variation of Sq based on the
flux of ultraviolet radiation absorbed by each dynamo region.
The study has shown gmong other features, that at & U, when
the focus of Sg current scystem is epproximtely above Asia,
the sumner to winter change of the ebsorbed flux of wave
radiation will be 2.7 for northern hénisbhere. The agreement
betwebn the theoretical and observed valuos suggests that

the causative source of Seasonal variation in Sq 48 cssens
tially the wave radiction from the Sun,

e S




67

The picture is very differont when the ratios in Table
2.5 for R(L) are examinod, For all the three elements the
ratios are in genoral largest for the d.season and smallest
for e=season, The overall seasonal variation averaged over
all the elements given by the ratio of winter to equinox range
is 1.78 2 0,03, Sinco the natuyre of seasonal yariation of L
at Alibag due to the ingursion of southern hemispheric current
systen 18 remarirably different from that observed for other
northern middle-latitude stations, no direct comparisom with
other stations, of the extent of seasonal changes, is possible,
Hovever, it may be noted that at Allbag theo percentage change
of L from minimum t0 moximum 4s less than the corresponding
chonge observed for S, during the course of a year.

2.7 Alibag in relation to tho gition of overhead current

systoams of S and L »
Since the various components of conductivity tensor are

not expected to vary differently wilth season, one would oxpect,
if tho seasonal changes in S end L were only due to changes of
conductivity, the nature and magnitude of seasonal changes of

S 1n all the three olements to be the same eventhough they may
differ from the corresponding variations in L vhich may be
explained on the assumpiion that 8 and L currents flow at dife
ferent, heights in the lonosphere. But different elcments show
differing seascnal progression and dally variations in differemt
scasons show significant departures from the respective expected




patterns. This warrants an inference of the £0230Nal BOVe=
mmofthemmcndcurmtmtunofSQMLo While the
geographical distribution of 8q current system is known
vith fair accuracy, the distribution and pattern of current
systen t‘othnryMlusml'moﬂumd. This 1is
primarily beceuse most of the workers, in their attempts

to determine the overhead curremts, considered only the
semidiwrnal term and thus ignored the important difference
between the day end night timo variations. However, the

more recent attempt by Malin (1973) to determine the over-
hoad currents for different epochs of Ul and for different

ages of the Moon reveals that four of the vortices of L
current systen falling during the daylight howrs are enhanced
and the resulting pattern of daily varistion 4in H and D,
though prinarily senidiurnel, will nearly have the same lati-
tudinal distridution as those of S(D) and S(H), viz. daily
variation in H is moximum near the equabtor and minimum at
the focus end for D, the amplitude decreases from the latie
tude of focus towards thet of the boundary. Hence the ratio
of daily range in H to that in D, hercafter referred to as
ra%io H/D, may roughly indicate the position of the observae
tory with respect to the overhead current gystems The ratio
would be zero e the latitude of focus and will increase as
one moves tovards the boundary of -current systeme. In other
words smaller the ratio closer is the focus to the station

—,



and higher the ratlo noarer the boundary. However, it
moy be noted that this interprotation of tho ratio H/D
is possible only when the movement of the foci of current
systens and displacement of the boundary between the
porthern and southorn current systems are similar and
this would be expected if the entire current pattern moves
e3 a wvhole wvith tho seasons, The results of CGupta (1973)
and several other workers have revealed that both -northern
and southern current gystems move in the same direction as
a rigid system and tho boundary crosses and recrosses the
equator with season.

The ratic H/D for 8 during year and j,e and d seasaons
are 1.52, 0493, 136 and 4.27 respoctively. The correse
ponding ratios fo.r L are 1,58, 0¥, 0,80 and 1+13e

The ratio H/D for § is least during the summer and its

value, 0.93, suggests that D variation is slightly greater
than the B variation, a characteristic feature of a mid=

1otitude station. In the other seasons the ratio 1s greater

than one indicating that H varistions are larger than the
variations in D, a comuon feature of lowelatitude or equa=
torial sonee These ratios imply that during summer focal
latitude 1s closest to Alibag. During winter this valueo
tends to be very large and as already seen, D variation
exhibits, during the day, the characteristics of both the
northern and southern hemispheric stations. It may be ine
ferred that northern hemispheric current system is shifted
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morthward so that Alibag is close to tho boundary detween
northern and southern current systems and the focus of
northern system is farthest porth in vinter. This 18 in
gharp contrast to the earlier results of Matsushita (1960),
Price and Stone (196%) and Gupta (1973)s Thoy have all
shovn that the focal latitude in summer is higher than that
in vinter for the IGY period., O(n the other hand, using data
for the second polar year, Ota (1949) end Hasegowa (1960)
mmmumepouuondmommwwwmme

' pole in winter and towards the equator in sumwr. The Sano
conclusion 18 reached by Bartels (Chapman and Dartels, 1940)
from the spherical harmonic analysis of geomagnetlc data
obtained in the sunspot minimun ycar of 1902. Shiraki(1973)
4n his study of the seasconal progression in the focal lati-
tude of northern c.m'renc cell for differcnt phases of solar
activity £inds that during quict solar activity the focus
would be at a higher latitude in winter but during high solar
activity the focus would be at a higher latitude in summer,
Chapman and Fogle (1968), from the study of scasonal daygraph
of 5(X) at San Fernando, averaged over 1911-1960, find the .
focus to be at a slightly higher latitude in winter than in
sumner, as also indicated by the present analysise Thus,

1t eppears that seasonal progression in the focal latitude
for average condition of solar activity is aimnr to that
obtained for lov solur activity years. Yor L also ratio H/D
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15 found to be the least during jeseason but is smaller

than the corresponding ratio for 6 and indicates that, in
sumer, L focus 13 nearer to Alibag than S focus because

the smaller this ratio, closer is the focus, 7his leads

to the conclusion that L focus 13 at a lower latitude than

8 focuse This is in conformity vith the results of Hatsushita
and Haeda (1965a,b) who have reported the average position

- of northern focus for S and L to be 3%° and 20° dip latitude
respectively.

The interpretation of winter ratio for L is more complex
because during this season the sense of rotation of the field
vector is opposite to that expocted for a northern hemispheric
station., If 1t 15 accepted that variation at Alibag during
winter is associated with southern hemispherig current system,
then the value of 1.13 of ratio H/D for wvinter would require
the penetration of southern current system fur beyond the latle
tude of Alibag so that it could produce daily variation in
H and D of comparadble magnitude but of the type axpected for
southern hemispheric station. But a question arises whether
a deep penetration of this magnitude 18 fessible or whether
this is the effect of ocean dynamo whose effects are not
removed., When the ratios H/D are recomputed afresh using
ranges corrected for the effect of oceanic dynamo (defined
in Chapter 6), ratio H/D for sumwor and vinter are 048 and
1 wintef velue, though enhanced, is still less than the
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Corresponding value for & and still requires the boundary
of tho southern current system to be morth of the latitude
of Alibage.

B ougerie (1967) showed that at Chamdon 1a Foret (Ceog.
late 48%01'B, dlp lat. ¥6° ) lunar dally variation in H
during summer and winter show reverse Lronds. His Ip(H)
varlation for summer and winter when compared with 1, pattern
glven by katsushita and Maeda (1965b) warrants the conclu-
sion that in winter the station is to the south of focal
latitude indicating that focus of L 43 at a higher latitude
‘nmn the latitude of Chambon l1a Foret, Furthor support that
focus of L 1s at a higher latitude during winter than in
sumner comes from the oxamination of lunar harmonics of H
al Irelew (Geograph. lat. %3%15'6, Geomag. late <32° dip late
«-22%) reported by Affolter and Schneider (1972). Examina-
tion of the results given in their Teble 4 for wole period
(1958-1966) shows that the first two harnonics of L(H) are
nearly in phase opposition. Hature of Ip(H) varlation suge
gests that the focus of L 18 to the south of the station in
j=season (winter at Trelev) and to the north of the station
in d-season (sumser)e. Hence from the features of L at
Chambon la Foret, Irelew and those observed at Alibag, 1t
appears that northern and southern focl of L current systen
move, as @ rigid system, in the same direction so that during
d-season, nortuern focl have shifted northward as high as the




latitude of Chambon la Forot andin turn Alibeg comes
fully under the control of the Southern heamispheric current
aysteme Durl.ng J-seaaon, southern focl 4s to tho south

of Irelew and northern foel 4s closer dbut morth of Anbag.'

248 Sumnary

The various harmonics of S and L conbribute in diffo-
rent proportions to the daily variation of O,D end Z, The
dominant harmonics in the case of H are the first two har-
monics, while in D and Z, amplitudes of the first three
harnenics are nearly equal and account for most of the dally
variation. (n an averoge, solar dally variation is approxie
‘mtely 12 times larger than the lunar daily variation but
owing to their radically different seasonal progressions
" ratio of the range of 8 to that of L 18 highly varieble. In
5oner£\1, seasonal i:rogreasion of 8 in the three elepments 1s
of the type expected for a northern hemispheric station. The
solar daily vardations in D and 2 during vinter are complex
due to the northward incursion of southern current system
in the ecarly morning and in the late evening hours.

In contrast to Sy the seascnal progreassion of L is
markedly different. Amplitudes at thelr maxizum are largest
4n vinter and least in equinoxes., The dally variation of
1{D) shows almost a complete roversal of phase between winter
and summer. The study of the daygraphs of L{i), L(D), L(Z)
and the vectograns of L(H) in the horizontal plane reveals
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|
that L at Alibag during winter months 18 under the control ! "‘
of the southern current syotem. When all the olcments are |
considered the porcenbago change in 8 during the course of |
the year 18 greater than the corresponding change in L. j
Results, though ba3ed on a eimple assumption that the value ,1 |
of the ratio of range in.H to that in D 1s indicative of the
position of the obsorvatory in relation to the overhead current
system, have suggested several interesting features s scasonal
movements of the current vortices associated with 8 and L are
in the same direction and the extent of seasonal movement of
the focd associated with L 18 much more than that for S, Ruring
sumner, L-foci are closer to Alibag than the S-focus. In winter
because the Lefoel shift northward to as high as the latitude
- of 4LOCN, Alibag comes fully under the control of the soxthern
henispheric current systom, |
‘ The amplitudes of partial tide in 4 and j scasons are
comparsble and are slightly larger than those in e scalom.
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SOLAR CYCLE INFLUENCE OF S8OLAR AND
LUNAR DAILY VARIATIONS
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Solar Cycle Influsnce on Solar and
Lunar Dailly Variations

3«1 Introductions

The influence of sclar cycle on the quiet-day solar
dally geamagnetic variation Cﬂq) bas been studied fram
very early days. Ellis (1880), Walf (1892), Ctree (1903)
and Moos (1910) made significant contributions to this
aspect of solar-terrastrial relationshipe. Studies of
this swject upto about the year 1936 were sumearised -~
by Chaiman and Bartals (1940). Imediately after the
recognition of sunspot cycle contral of the electron
density in the ionosphere, attempts were made to asso~
ciate it with the already well known sunspot cycle Varia-
tion in the quiet geamagnetic field. Fras the sinilarity
of solar activity dependence of quiet=-day solar rangs of
Bast campanent (Y) at Adinger and Hartland and the elsct~
ron dengity of ionosphepic B-region_ at Slough, Apnleton
(1964 ) concluded that overhead Sq currents flowed in the
Beregions Hs thence deduced that the solarecycle effect
on the range of 8q could be entirely attributed to varia-
tion of E-layer conductivity. Matsushita (1968) abgerved
that the dependence of first three hammonics of 8q was
Jarger than that expected by the increase of E-region
conductivity and attributed this to the enhancenent of




the amplitude of thermal tides as sunspot maximm.

While the increase of § with sungpot nmumber has never
been in doudt, the mechanism responsidle for this incre-
ase vith salar activity is still not clearly understood.
If the changes in 8 with sunspot cycle is only due to
the changes in ionospheric conductivity, one would

- expect L and 8 to increase in the same propartion fram
sungpot minimun to sunspot maximume Although thig test
sounds very simple, its application has proved remarkably
difficults Firstly, the assumption of the origin of 8
golely dus to the dynamo action is over simplified, since
there are other contridbutions to 8 (such as contributions
fram non=ionogpheric gources) and L (such as an oceanic
dynamo contribution), and neither the thermal tides nop
the non=ionospheric contridutions may be indspendent of
sunspot numbere. Secondly, there has deen oonsiderable
disagreement over the observational evidence regarding
the dependence of L on golar activity. Views of research
vorkers are conflicting on this subjecte Chapman, Gupta
and Malin (1971), bave listed the investigators who
supported the association of lunar variation with solar
cycle and those who argued againsgt the association.
gabine in 1857, Chambers in 1887 and Figee in 1905 said
no agsociationj Broun in 187% and van der Stok in 1883
gaid there exists an association. Chapman in a seriles
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of papers based on studies of the fow good determinate
ions of L then available reached the conclusion that

the influence of solar cycle on L is much less than

on solar variations. Matsushita and Maeda (19651)
reached a contrary conclusion that the solar activity
dependence of L does not differ particularly from that
of the Sq fielde Opta (1972) using long series of
Sodankyls data found that the influence of sunspot
mmbersy R,y on L to be larger than that on S, espe-
cially at very high solar activity, and suggested that
the effects of increasing sunspot mmbers on 8 and L
in low and middle latitude statiocng are different than
those in auroral gonee Chamman et al. (1971) considored
the changes in 8 and L during IGY/C and preceding sune
spot mininum at a well distridbuted set of cdservatorics
and reached the conclusion that the influence of R, on
L is only one third that on S. Since the data used
were fram extremely high soler activity period, they
praised the doubt whether the results obtained vere
valid for all sunspot cycles or for interrediate values
of R, between sunspot maximum and minimume To overcane
this, they also examined longer series of data of a
fov stations, mostly in high latitudes or near the focus
of Sq current systems Shiraki (1973) found the focus
of overhead 3q current system to shift systematically
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with galar activity, particularly in winter monthg.
Thus, the estimation of solar dependence of S using
data of stationg close to Sq focus will include anoe
ther camponent of variadility agsociated with the
changing position of the station with reference to the
overhead current systeme mence a study of solap cycle
réspouges of 8 and L fram a station quits swvay fram
the focus and outside the influence of equatorial
electrojet may give a better insight in understanding
the mechanism of galar cycle variation of S and L and
the differences in their dependence on R;» Raja Reo ot
ale (1973) and Raja Rao and Reddy (1973) have analysed
the Declination and Horizontal data of Alidag, but they
divided the data accarding to daily sunspot numbers
Wilkes (1962) has pointed out that the daily sunspot
mxbers are not sufficient to charocterize the level
of general solar activity. For this reason along
Charman et al. (1971) excluded the results of Sitka
Mservatory (Cain 1957) while examining the dependence
of solar activity at stations with long series of data,
Rao (1972b) divided the Alibeg harizontal intensity
data for the period of 1925-1969 into ten groups so
that the mean R‘ for three consecutive three-year
periods were in the range 0-50, 51=100 and ) 100

He found that the sunspot cycle association in S was
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three times that of L. Bowever, his regulty suffer fron
lack of the detemmination of probable errar associated
vith Wolf ratio, used as & measure of salar activity
dependeance, As quoted by Chapman and Fogle (1968) compa-
rumd:MWMunmcnsmdmenuh
on the same bagis and careful attention should be given
to the probable errorss Therefore, in viev of this, in
thic chapter the dependence on solar activity of S and
L in the three elements H, D and Z of Alibag over the
Mﬂﬂ%ﬂﬂ.hmhﬁaﬂpﬁwmmm
data into four sunspot groups sccarding to the annual
sunspot numbers.

3«2 Analysis and Regultss

ibsolute hourly mean values of the three geamagnetic
elemonts Hy I and Z at Alidag for the period 1932-1972
are used in the analysis. The data of each elament are
first classifiad into four groups of solar activitys
quiot, low, medium and high solar activities with ennual
sunspot mmwbersy R,y in the ranges 0-30. 31-60, 61100
and > 100 respectively, The amnusl mean sunspot mmbers
for the years of data includsd in the above four solapr
activity grovps are 12.3, 39.5, 79«1 and 13%.5 respecti=
velye Days in each of the above groups are further sube
divided into three Lloyd's seacons, d,e and J.




fmplitudes and phases of the first four hamonics
of solar daily variation, 8, Chapman's phase law tides,
Ly and of partial tide of Schneider (1963) for@ the throe
ssgsong and for the whale period, denoted by y, of each
group of golar activity are camputed using the generalie
zed method of Winch (1970a), as detalled in Chapter 1.
The canputed 8 and L harmonic constants for each element
By D and Z are listed in Tables, 3e1y 325 3+3 and 3,
3459 3¢6e Since most of the harmonics of lunar partial
tide ere small and poorly determined in ¢ and j seasons,
the results for y and d seagons only are presented in
Table 3.7« The four groups of salar activity, quiet,
lowy medium and high are denoted by A4B,C and D respect=
ively in the Tables. Any harmonic is considered to de
statistically significant at five per cent level if its
magnitude exceeds 2.08 times the carresponding probable
eITr e

All the solar harmonic camponents (mainly the 1st
and 2nd harmonics) are significantly determined and hence
the probable errors of solar harmonics are not included
in Tables 3.1y 3¢2y Je3¢ OQut of the 192 lunar phagse law
harmonic camponents determined for the three seasons and
the year of the four groupsy only &1 are not significant
at 5 per cont level when campared with their respective
probable errorse
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Further, the yearly (y) and seasonal (§,e,d) mean
golar and lunar daily variations of H, D and Z, all in "~
units of farce, are cbtained for four epochs of solar
activity by synthesising the harmonic coefficients of
Tables 3«1 t0 3.6 at hourly intervals and are shown as
daygraphs in Figs. 3.1 and 3.2 for 8 and L respectivelys
The L daygrasphs refor to0 the epoch of nev loon and are
drawn on the agsuzption that Sun and Moon stayed at the
san@ meridian during s period of lunar day, The solar
doygraphs show considerable magnification in their sise
gram Group A to D without serlously affecting the form
of daily variations The camplete plcture of solar cycle
influence on L is graphically represented in Figures 3.3
asbye for HyD and Z respectively by plotting lunar phase i
law tides against local time (t) as abscisse and lunar 1y
age as ordinate (Winch 1970a)s There 1s & tendancy for
the magnitude of L to increase fram group A to D but more el
often the changes are not aystematice The local time of { ‘
paxinum and also the lunar age at which tl; L att.a.ins_
paximum does not show eny systematic change with n‘.-.

- golar cycle influence on L(H) during equinoxz appears to
be of particular interest where L tends to decrease fram

group A to Ce However, lunar varistions during this L
geason are very small and, therefore, do not;_glpm full
gtatistical significance. ot ;
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quiet to highe pesides the

yectogr vith increasing golar activity are not 88

gharp and gystematic as 4in the cess of 8 put apparently

tne L(H) appears 0 {ncroage with solar activitys Ib®
‘otal vartablity in S and Ly usiog apual solar end

has been studied 4n Chapter 5o There it

1unar rangess
cent of the variabi~

s found, that while gbout 36 per
utymsmbomounudtorbythAcmgu in B,

and Aoy only about 32 per cent of the veriebility can
pe attributed to the variation of sources of such
pogular natures It is likely that the effect of the
yariability fram othar sources on lunar veriction ' in
‘¢he four epochs of solar activity, classified by group=
qng years according to varying annuol Roy mOY not be
fully averaged out and maywask the regularity in the

yariation of L with Rge




-
v
) .
B
f L
4
]
4
' g #
i v )
.
o . 7 i
L i Il
v ¥ g
e ¥ - g=
i’ e o ] ~ 5
/l r il i — =
L, e U ——
v g— R

- Figs 3. S o
seasonal mcans four

s m?m gtivi ’:mfm A to D in order of

epochs 0 mmbers. The mmbers along the

inoreasing jmeo Day and might portions are

Geparated by short 1ines across the curves

e




Sl




3e3 Rumerical relationships between sunspot mmber (Rg)

and soler and lunar rangegy
long ago Wolf (1859) found a fairly good linear relate
fonship of the farmy R(3) = AR,
o0 REB)msa(lR, ) o« (1)
vhere N = B/A, between the annual sunspot number (R,) and
ths mean geauagnetiec sq ranges at Muniche Othor vorkers
have examined how fer this rolationship fits the data fram

different stations and have roached the conclusion that the-

formula fits the data well but the valus of M, called Valf
ratio, varied fram station to station, fram element to

aelement and fram one pericd to another. The dependence
of lunar ranges on Bz is also sirilarly investigated dy

geveral workerse Chapman et al. (1979) found that changes

in L with R, do not reveal any significant depertures fram
lixnnri.t.:._/m this section the influence of solar eycle
on solar And lunar ranges, defined in Chapter 2, is inves=
ugam by dewaznmg the Wolf ratiogse

ﬂluthodotdnminlng tbwoﬂ.l‘nubera 'A' and
ogimcmdsm'a';nd'-' in cage of L is the same
as that used by Chamman et als (1971) for lunar terms for
their long period data analysigy 1.0+ 8 straight 1line is
fitted to the data by the method of least squares, woight-
ing each range inversely as the square of its probeble
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error (Brunt, 1923 ) The probable error of X or m 1is
deduced fram the probable errars of the ranges used in
the determination of M ar m. Though most of the salar
ranges greatly exceed their prodablg errarg, it would
_bave been gufficient to fit a straight line giving unit
weight to soler rangas but for cloger canpatibility with
L results, solar ranges ere also weighted irwersely as
the square of their probable errorsy, peee The uUolf
numbers, so camputed for yearly (y) and seasonal (J,e,d,)
terms are given in Table 3.8 for both 8 and L.

3e3e1 s;lar rangess

As seen fram Table 3.8 the values of Wolf ratio, M,
variss fram ons elemont to the other but the value for
D only differs significantly at five per cent fram the
carrespanding values for H and Z« The valueg of M x 10"
obgerved hare for the yearly solar ranges of H; D and 2
and far the mean valus for all elaments are in good agree-
ment with the respective wean values of 56, 49, 56 and 52
obsarved by Chapman et al. (1971) by cambining the results
of analysis of long temn data fram seven cbservatoriese
Using annual mean salar quisteday ranges in Hy D and Z
at Alibag over the period 1905-1971, Murty and Yacod
(1976) estinated the linear Wolf relation and found the

valuas ol‘llxw" tobe 67 £3, e 23, ¥W8 ¢5 and
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TABLE 3,8 wolf mnbm Alor a) amd M(or m) x 10" fow
solar and lunar ranges, R(9) R(L)e
g Welghted
H D z HeDoZ
b N b b
8easo )x10 Mx10 :
Ranges n ix Antjnxio & Mx10 :\
Bolar y 339 612 M2 M 170 a1 520 )
. - — - ' \ )
T3 P 654 3.6 a1 27,6 U242 371 Y
- - - 1
e 357 6933 29,3 W2 2.3 2 93t 7(1 :
4 322 53 127 1583 %2 NY B
. \
IS e EREE — '
a mo" a mo" a n‘lo” mo" ‘1
Wnar ¥y 3.58 7415 1492 31415 171 0421 3299
30251 g8 LMW 37412 3411 41T W29
A 550 32815 B3 3989  3.71 55415 Mg
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50 2% for H, D, £ and the weighted mean of all slements
respectively, It is interesting to note that the valuss

of N far R and Z differ insignificantly at five per cent
level fram those derived here fram all days data. How=

every the valus for D is at variance with the result
obtained kere, sugzesting that the additional northegouth
current of disturbance origin, the effect of which vill
be present gven in all days data, btas stronger solar

cycle modulation than the north-gouth current agsociated
with 3q current system.

The value of M shous a marked seasonal progression.

The paximum valus is in equinox and the minimm in winter
for all the elsmentss

It."h surprising to note that solar ranges in D
during winter show nogative dependence on solar activity
and hence need particular attention., As slready seen
4n Chapter 2, solar daily variation in D for this dis~
tarted by the penstration of southern current system
into the narthern hemispheres As the effect of invasion
is more pronounced than the normal feature, the range
4n D, taken as the algebraic difference of maximum and
pinimm hourly valuss, is not the measure of normal
north type of 8(D) but is a measure of irnvasion. Cri~-
tical inspection of éaygraphs of D shows that these
socondary effocts tend to diminish in magnitude fram




group A to D and regults in the decrease of Derange

with increaging solar activity, mbnce it may be conclu=
ded that the negative dependsnce of D-range on R, during
winter results fram the decreasing invagion of southsrn

current system into the narthern hemisphere with increase

in &o
3e3.2 Lunar rangegl

In capparison with solar terms, the Wolf ratlo far
lunar terms is poorly determined and shows considerable
variation among the elaments and fram one season to
another, The golar cycle enhancement is maximum in Z,
with the highest values of m in equinoxe In the case
of L(H) eventhough the values of m are far below the
level of significance,ths seasonal progression of m is
in agreement with the earlier rosults of Rao (1972b)s
The weighted mean values of m cbserved here for the
total period are at variance with the weighted mean
valusg of soven observatories, odbtained by Chemman et
ale (1971) but show a fair agreement vith the values
gor Toolangl (Green, 1972)e

3e3¢3 Camparigon of solar cycle influence ot $§ and I

As seen in earlier sections, both solar and lunar
daily variation show a definite positive agsoclation
with the sunspot mmbers The overall enhancement of S,



nmwmumumnuodtmtw elanentsy
is about 1.7 Mmhmontincontrmwm
value of threo cbtained by Chapmen et ale (1971)y Green
and ¥alin (1971) and Rao (1972d)s

Wolf ratio in the linear relatiom in regpect of sun~
gpot mmber and E~region electron density hag been invegti-
gated by severel warkerss Appleton and Beynon (1969) report~
od the value of 0,0033¢ The mean wolf ratio of L at Alibag,
considering all the elements in different seasons and year,
ore in fair agreement vith the Wolf ratio of E-region
conductivity. IthMMMhWGMm
the removal of oceanic dynnopartmmobamodh
does not make any significant difference in the behaviour
of L vith respect to sungpot mmber as the Wolf ratios
derived prior to and after the yremoval of oceanic part
remain the samee Thus, the golar cycle modulation of L
at Alibag appears to Pesult priperily from the caorrespond=
ing veriation in Eeregion conductivity.

The enhancement of S, hovever, is much larger than
that caused by the increasd in the E=-region conductivitye..
The significant difference between the responses of 8
and B-region conductivity (ar L) to sunspot number reisos
a doubt whether 8 currents flov mainly in the E-rezion
es hitherto supposeds [owever, rocket cbservation of
gonosphere by Burrovs and Hall (196, 1965) Davis et el




Fatiullin and Fel‘tdshteyn (1965) and

umummmpomd,
of Sq currentse 1¢ 1t vere so and
Wntdsmmlyanow |

1f the soler cycle
changes in the E-region conductivity, the expected ‘
from O tO \ \

cmmaolarrwltﬂﬂm!“n,mm ‘\
|
|

from the 5Q V
pogion ag the geat

1wvmldmdm¢dlrd11xﬂ,arﬂand6ﬂﬂl'l' kS
p and 2 pegpectively, canputed by mlut.uun; 4{n relate~ Y
starmdporiodotnromsm \))"

qon (1) the range of for
pumber (value of A mnp.s) and Wolf ratio of E~region

eloctron donsity (0.0033)s But the observed changes in {
8 are in excess of these values by about 5~6nTe The
cwusotcmmumhmmntmsﬂotmmu

be sought in the variation of the folloving sources contri=
buting to 8, though their contributions are of gnaller

magnitudes

(1) Solar cycle ephancement of magnetospherie canpross=
i{on = The effect of nagzntosblnric campression due to
solar wind on quiet day magnetic variations at the Earth's
gurface under conditions of quiet=sun have besn camputed
by Beard and Jenkins (1962), Midgley and Davis (1963),
Mead (196%) and (lson (1970a)s They found that the

daily variation produced by such effect is similar to the



1AU2

@verage 8q pattern but their magnitude is only 3« nT.

The magnitude of increment in § after giving allovance for
the increase of E-region conductivity 1s nearly double

that of the dally range produced by magnetospheric currents.
To dbtain the variations of sbout 10nT due to these magneto-
spheric currents, variations of 10-20f in the dimension of
magne tosphere would be required (Mead 196%, Yukutake, 1965 )e
But the studies of long term variation of salar wind velo-
city (Gosling et aliy 1971) and density (Hundhausen et al.
1971) have shown little or no evidenco for en increase of
these parameters with increasing solar activitys Thus

in the presence of little ar no ¢hange of golar wvind pro-
pertiss over a solar cycle, it is unlikely that the variate
ion in the dimension of magmetosphere, if any, vould produce
a8 change in the dally variation by the required factore

(11) The effect of partisl ring current system = 3ince
all days data have been used for the present analysis the
dally variation derived from these days will include a
fraction due to disturbance in the form of a disturbance
daily variation, SDe The SD field is generally atiriduted
to either the return currents fram the aurcral electrojet
of to a partial ring current superposed on the symeetric
ring current. Becently, Fukushima and Kamide (1973a)
have interpreted the arigin of SD field in terms of

the appearance & intengification of partial ring current



and Cbapnaly

AtoDe If
partial ring currenty the
magnitude of the depression seen in Fige
tent with the agsunption of enhancement of partial ring

current with increasing solar activitye This additional

camponent of disturbance with increasing emplitude with

nayaocmntfarthognawmomd
grect caused

3.1 13 consis~

golar activity
golar ranges with solar sctivity than ths ©
by Beregion conductivitye Howevery there repains sane
doubt as to whether the cbgorved effects are apparently
the disturbance effects, becauge the Wolf ratiog observed
by lurty and Yacdd (1976 )y using quioteday ranges, ore
ginilar to those obgerved here with all days datae If




and bas been ascrided to greater magnetie ectivity during
solar paximum (Vestine et al, 1%7)e  Howevor, fram an
rmination of data of all days and quiet days of each
month fram Tucson, Yukutake (1965) observeg that golar
cycle effects are present without diminution of anplitude
even during quiet period. He concludes that the decreage
of H can not be ascribed to swnarmal fiald assoclated with
starm time ring current. Congidering the relative mage=
nitudes of several other contributing factors, @ agcribes
the reduced field to an increase in the current intonsity
or to a slightly closer apnroach of the quiet~time ring
current or to & slightly closer epproach of the quicte
tine ring current (Akasofw, 1963) during pericds of
increased solar activity, The presence of partiel ring

.~ current effects under quiescent cenditiong (Ap~S) hag
been already indicated by Bhargave cnd Yeecd (1971 )e
Therefore, if the solar activity enhances the intansity
of the ring current system, including parti=l ring
current, in the equatorial plane, which is supposed to
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flow even on dpparently quiet days, or 1f the arbit of
partial ring current in equatorial plane cames nesrey

to the eartn, Bagnitude of the evening depression will
increase sufficiently, so 88 to explain the abgerved 11=
year variation in quiet as wvell ag all days golar rangese

(111) salar cycle enhancement of thermal tides = The

solar air tide, which is mainly of tharmal origing may
be enhanced in amplitude at golar maximum ag ewisaged
by Matsushita (1968)s Chapman ot als (1971) have shown
that the enhancement of s is three times that of L and,
therefore, felt that 1% 1s unlikely that the changeg

in the thermal tide along produce a change by the required

factar of three. The factar obtained in the pregent ,
analysis is only 1.7 and ag such the solar cycle modulat=
ion of thormal tide may possibly be one of the sources

to account for the difference between the Wolf ratiog
of S and Ls

3& 3o 1 co on the appl
0. and L harmonicg:

In order to investigate whether solar cycle
enhances the amplitile of warious hormonics of S and L
in the same propartion and also to test whother solap
cycle effect 1s simply a change of amplitude ar the
form of dally variation is also affected, the solar
eycle dependence of smplitudes and phases of the first

107



——

of praninent harmonics Sy and 8, of 8 and L, of L wien
solar activity in the three seasons and year are shown
in Fige 3<5a4d for Hy, Dy Z camponents. The examination
of Fige 3+spa,b phows that while the mplitude of solar
harmonic in general shows & systematic increage with
incrsasing Ry except 84(D) and 84(), the only signi~
ficant phase changes accampanying increasing sunspot
mmber appasr to be the decrease of phase of first hars
monic of Hy D and Z. In the case of lunar hurmonica,

the amplitudes exhibit an increase fram low golar activity
to high solar activity group but the amplitudss are not
alvays highest in group D No systematic changes in the
phase angles of L, are dlscernible. |

For the convenience of representing the changes in
the farm of daily variation with increasing R, the
locel time T, (n=1 to 4), expressed in hours, vhen the
parmonics attain their first maximum are camputed using
phage angles of respactive termse It is not usual to
associate probable errcr with the phase angle but as
many of the amplitudes of lunar harmonics are not signi-
ficantly determined, pbase angles also will be in errare
30 one requires same measure of significance that is
agsociated with phase angles. Following Chapman (1997)

108




>
S g

-

o ‘sl o |
1
i :
#‘ € 1
JE"'
2y

&

L2

-

,.'.-

——— e N S ————

.

W

|
aow - -

109

quiet (A

{

Fig. 3.6a

shoving the variation with solar activity,
to high (D), of harmonic components 3
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the < S |
Prddable errors of phase angles, n,y are camputed bys
Mg = sin” (“/an)
Where An 1s the emplitude of nth harmonic and 'n 1

the probable errar agsociated with in, AN, is also corver=-
ted into unit of hour by dividing Ang DY 15 X Do

lext, the Wolf mmbers in Fespect of R and ampli- L
tude and tine of maximum of each harmonis of § and L ere kg
canputed far different seagons and years As many of )
geasonal lunar harmonics in different groups of solar actie ]
vity are not of equal significance, the results of this s
analysis for the year only are given in Table 3.9 and Y
are discussed. ' : \"‘ *?

3Jtet Solar harmonic eaigomnf.g: | ‘:‘;'

golar cycle variation of the first two harmordcs of
8q(H) at Alibag has been extensively studied by Yaccd end
prabhavalkar (1965) nd Yecdd and Rao (1966)e The Wolf
patios far the amplitude of £irst two harmonics of S(H)y |
observed here, are in good agreement with the correspond= '
ing valueg of 7% and 58 for annual mean 84(&),‘7&%11104
by Yacob and Prabhavalkar (1965)s There is & sugzestion
for the Wolf ratio of the amplitudes of four harmonics
to decrease with increasing harmonic mmber. Fram this

it may be inferred that emplitudes of terms n = 1,23
and 4 do not preserve the same ratio %o each other
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TABIE 3,9 Wolf ratios for amplitudes and times of maximm of S and L harmonicse
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tiroughout the golar eycle, It may also be noticed that
the Wolf ratio for all harmonics of 8, except for 8, (D)
end 8, (D), are either in excess or camparable to the
Wolf ratio of E-region elestron density, Both these
Pesults carrdborate the finding of Matsushita (1968),
Visey the solar cycle influence on galar harmonics 1is
frequency dependont and the relative incresge in diurnal
and semidiurnal term is larger than that expected fram
the solar cycle effect om ionospheric conductivity,

The time of the maximum of first harmonic of 8
‘only 1s found to show significant agsociation vith sunspot
number which i to delay the time of maximum of the first
barmonic vith increasing B« Fram the Fesults ddtained
bere it 13 seen that as R, changes fram 0 to 100, T,(H),
r,(n)amr,(z)smumumwcormwbysa
' mine, 48 mine and 1he11 min. respectivelye The shift of
time of maximum to the later part of the day vith increase
of sungpot could be the effact of increasing contamination
of 8q by gemmagnetic disturbance ag contamplated by Yacad
and Rao (1966) or the result of skewing of the latitude
axes of 5q current systems &g explained by Brown (1975 )e

3462 Lunap harmonic camponentss

Leaton et al. (1962) observed same tondancy far the

A AV



-puuu::wm harmonics of L st inger ang
little whm‘:c::':::.:: s B
Variation of phase angle.
Green and Malin (1979) have algo stated that no gystematie
changes in the phase angles are discernidle in the data
of Watheroo, Large prabable rTCors associated with the
values of hthl:ncrdmmota‘mmotm
azplitudes and timeg of maximum obtained here may be
either due to poar determination of harmonics ar would
sug:est that the variation of hamonicsg with R, 1is affect-
ed by & high degree of randam variability. Mo systematie
changes in the values of m with increasing hammonie mmber
are seen in Table 3.9 This isy however, contradictary to
the result of Malin et ale (1975), who found that the value
oflx‘lobchansolin-arlyncﬂtorthnmat harmonic
to =20 for the fourth harmonice '

3«5 Solar cycle influence on lunar partial tormsy

It can be seen fram Table 3.7 that, even though many
of the harmonics are not significantly determined, there
413 same sugzostion for the amplitudes of lunar partial

tide to increage with solar activity especially in 1.{w),

4 seasons The increase of partial tide vith n’ can be
.aré effectively seen by the inspection of lunar partial
tide ranges given in the last colunn of Table 3«7« The
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valueg or.uo":net-nmwm.umug.m:lm

P"'“'lhnmhmmzmmgw.eogusm
”Snﬂmm'ﬂvmmpn. The carresponding

‘values ru'd-nuenmlcg:%. 96 24 and 33 £33, The

resulting valuesg otnxQo"rc the nean of three elements

during y and 4 seagons are 53 4 31 and 32 4 21 and do not

differ significantly fram those for lune® phage law rangese 1",\
."":;'»\\‘-‘
36 Sumarys | RN
Besults of wark described in this chapter may be lal:

guparised as fallowss e

(1) Both S and L exhibit definite positive assoclaticn \
vith sunspot mmber but changes in L are not es )
eystematic end gharb as those for S¢ This is prodably "z
because the amplitudes of L are affected by s high W,
degree of randam variabilitys |

(11) T™e overall enhancement of S, as measured by the mean
Wolf ratio, 13 about 1.7 times the enhancement of L
The close agreement between the Wolf ratio for L and
BEeregion conductivity suggests that solar cycle modue
lation of L at Alibag results primarily fram the
carresponding variation in the E-region conductivity,

The enhancement of S, however, is much larger than
that resulting from the increase of ionospheric
conductivity; this excess enhancement seems to de
caused by the solar cycle modulation of solar thermal



(w)

W)

(vi)

utmmm”otl.tosolormh, ;'

mmzativodap&mootaolnmm.mnq
sunspot mumber during winter results fram the LY
decreasing invasion of southern current systam into Lt

the northern bemisphere with increase in sungpot st
auwbere \\

Salar cycle influence on the amplitudes of solap , )
harmonics is frequency dependent and the relative
incroase in the diurnal and semidiurnal terms are P

larger than the effects caused by the increage of
conductivity,

The time of maximum of first harmonics of S in all
eamntummumumpm«mwuw
increasing sunspot mmbers This is ascribed to the

effect of either the skewing of the latitude of S
current systam or the increasing contamination of

8q by disturbance,

(vii) Response of partial tide to salar cycle is similap

to that of phase law tlde during winter and the year.
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Nmummumotaommumhmvmm
With the Degree of Magnstic Activity

%7 Introduction

While the dynamo theory of quieteday veriation of
earth's magnotic field has received general yecognition, it ._
has becone increasingly epperent in recent yewrw that comtrbe |
butions to the daily verietion may also erise from non-iono- N
spheric current systems, @.g., Daghetopeuse curents, quiete R
time and partinl ring currents (Mond, 1964} Poovorliem, 19655 /I
Glson, 19703 Sarabhal and Nairy, 19693 1974 snd Bhargeva and gl
Yacoby 1971)e The energy for these currents is, hovever, It
derived directly or indirectly from the solar wind, Because ‘?
of large scale fluctuation in the solar wind paraneters, i
which determines the strength of noneiocnospheric currents, ¥
it 1s suggested that these currents may meke a significant
contribution to the day-to-doy variability in S, BSarabhal
and Nair (1969, 1971) have suggested that the asymmetric
ring current was the principal source of Sqe Their treate
ment i3 based on all days data, o0 that it maoy include
_ apprecieble disturbance effects (Hutton, 1970; Kane, 1970)e
Bhargava and Yaocob (1971); using indox ip of magnetic actie
vity as s measure of solar wind velocity and the ranges in
8(d) et Alibag, indicated the presence of a secondary COmpoO=
nent in the daily varlation of H in the form of an evening



depreasion of the field, The results of these workers
have, hovever, falled to show the precise contribution of

the contridution of noneionospheric sources to 8 with increase
ing magnetie activity, These contributions tend to increase

the total daily varistion, lLeatTon, Halin and Finch (1962)

. Gupta (1972) and many other workers by classifying the
days in different groups of magnetic activity conclusively
proved the positive association of 8 with magnetic activity.
Similar snalysis for the depsndence of L on msgnetic activity
has been investigated for several stations dut different
workers have reached difforing conclusions, In the present
Chipter the dependence of 8 and L at Alibag on magnetio
activity is investigated using index Ap as a measure of
magnetic activity. The results of this analysis are discussed
and coppared with the results of other stations,

4,2 Ireatment of Data ¢

4is a first step to study the effect of mgnetic actie
vity on solar and lunar variations of the alements H, D and

" "2 at Alibeg, 8ll days for the period 1932 to 1972 are classie
fied by daily magnetic activity index 4p into seven groups

M={ to =7, The seven groups consisted of days with Ap in
the intervals O-l, 5=7, 8=10; 11=tl, 15=20, 21=40 and 41=400
respectively, Days in each of the magnetic groups are further
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subdivided into three Lloya

's seagons (J,e,d), Polloving
the numerical procedure of

Winch (1970a), as detaileq in
Chapter 1, amplitudes and phasesg of solar, lunar phase law

and partial tides are cbtained for each of the magnetic
groups during the three seagons and ths year, Solar harmo-

nic campenants canputed for all the above subgroups are ”"?‘}w\
listed in Tables ety 442 and Y3 for B,D ang 2 respectively. - ,\ ?-\'e;\
Also given are the rumber of days included in each group ang | '} ‘L
their mean Aps The number of days in seagonal magnetic groups e .j}.i“
M5y Meb and M7 are relatively smaller to permit any signi~ | ¥

ficant determination of lunar terms. Bence lunar harmonics

of the above soven groups only for the year are presented in
Table 4, /

The prodeble errars of the mmplitude of solar harmonics RN
are negligibly small and may be safely ignored in discussing "
the results. But in case of L many of the amplitudes when
campared to their respective probable errors are found £o be
of doubtful significance and discussion of lunar hamanics
will therefore necesgitate congideration of the essociated
probable errorse

4,3 Results and discussion i
4e3+1 Resul olap te ! i i S

A glance at the results of Tables b.1, '*;2, and b3
reveals that, 1n general, amplitudes of only the first harmo-

-~
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increasing magnetic activity, The changes in amplituds of

this harmonic are most apparent in H and are accompanied by
mmqsmtmmmhgmhm“ The
arlfts in the phase angles are such that, with tnereasing
magnetic activity, the time of maximm amplitude shifts
systematically to the earlier part of the day. The other
imporiant changes in the phase angle of first harmonic are
m“sqm)ﬁmmmmoqmmds,(z)m
surer and vinterj the changesin phase angles of Z ave of
opposite sense to those observed for N and Do The relative
changes In amplitude with increasing magnetic activity appear
to be more pronounced in winter than during summer end |
equinox, Amplitudas of both s.‘(n) and 8,(2), obtained by
conbining the data of all seasons, fail to show any positive
assoclation with the degree of magnsetic activity, Almost
an opposition in phase between winter and sumser is seen in
the first hammonic of both 8(D) and 8(Z), with a phase
difforence of about 120° and 220° in D and Z respectively,
Conssquently, the effect of amplitude changes with magnetic
sctivity, though similay in both the elements and in both
the seasons, would be cancelled out to a great extent and
themaambiedapendanoeot81(D)and81(z) during the year
would, thus, be primarily determined by the changes in equinox



meh.mmn,mnu. Th-nnntthttnqufor
8,(H) auring 3 season, sztn)uuaz(z) during year to increase
ummmmmmmwmmumm

not accampanied by any systematic

changes of -phase angles,

ﬂﬁhmuoacuutymlmeartmcumd@,mm
changes in the daily variation of all elements are studled by
Compiting the Wolf's linear relationship between ranges, R(8),
and Ap. Ihomthodocompuungth-mmumsm
a8 that used in the earlier Chapter for the estizmation of
aolarcyclemflmmeonaohrarnlmmea. The Wolf
nubers so computed for yeorly and seascnal terms are given

in Table 4.5, Since the diwrnel term gererally dominates the
otier harmonics, range of daily variation is determined primare
i1y by this componoent, The changes observed in the emplitude
of first harmonic only are, therefore, reflected in the results
of ranges. The values of Wolf ratio, M, suggest that it is
only the horizontal componant which undergces significant
changes with Ap. It is interesting to note that the changes
in solar ranges of K during § and e seasons sre only about
ono=-thind of the corresponding changes during d-season. It
is also interesting tO note that the Wolf ratio in the linear
relation of yearly solar ranges of H and #p is larger than
the corresponding lolf ratio in the linear relation between

7
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Figste1 shows the dally varistion of S(H) computed
fron the results of the yoar for differeit groups of meg-
netie (k=1 to 4-7) and solar (A to D) activities, obtained,
by synthesizing the harmomic coefficients of respective
groups given in Tables 4.1 end 3.1« The examination of Fig.
4.1 a,b shows that uhile the chanses in 8(H) with increasing
R, are primarily due to the enhanceuent of midday ficld, the
cherges with increasing megnetlc activity appear to arise
from the decrease of field in the evening sector. Bhargava
and Yacob (1971) atiributed the changes in dally variation
of S(H) on days of different Ap t0o the effect of asymmetric
ring current belt consisting of a symmetric ring cuwrrent
and a superposed partial ring current system om the right
. side of the megnetosphere. The effect of symuetric ring



]
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“m‘u‘mdm:vmmunumnmn

mmmamdqmmumm&mmmm

daﬂ:buenlmlonvhichsquauperposea. However, the
wmhvamdimtedrioldorpucmnmw, with a

maximm observed between 19-21 ITy 15 the source of signi-
ficant contribution to dally range,

0 expladn the latitudinal ogymoetry &n the field of
syr=etric ring current with respect to equator during .
solatices, Fukushima end liagata (1968) studied the locol time
dependence of AZ/Al velues at Honclulu and from this they
concluded that symmetric ring current on the nmight side of
the magnetosphere might be deflected from the geomagnetie
equator towards the winter hemisphepre sides The dally variae
tion ot a station located in the wintor hemisphere and rotate
irng with the earth under such tilted ring current of uniform
intensity vill have, in addition to the field due to other
sourcee, an additional ddurnal component vith mximum southe
wvard directed ficld in the night hourss Since the asymmetrie
ring cwrrent 4s considered to be superposed on the symetric
ring cwrent it scems ressonable to assume that asymetrie
ring current 18 also deflected towards thé winter hemispheres
Thus, 4t is likely that changes in the intensity of symetric
ond asymmetric ring currents due to verying magnctic activity
vill produce lerge change in 8(H) at Alibag during winter
than in sumaer and equinox owving to the closer approach of
the current system to the latitude of Alibag in winter,
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3.3 Results for Lumar tormey

bmmm““mhwummmm
dlmhmummggggmm‘“b7m“
coimidle in the results of Tadle Y.k, HBowever, 4t should
umtedthntwﬁnmdmmuawu,,w&&
harnonics are better detormined (the ratio of probable
OrTOT Lo the amplitude 1s sufficlently lov) than 4n grows
i to %7, In fact the probadble errors show a sharp
increase in thelr magnitude from grow =3 (or M-b4) to
Kol (oF t1=5)e Malin and leaton (1969) have sbown that the
smplitude of lunar harmonics derived from poisy data are
1ikely o be over-estinated by an emount proporticnal S
their rospective probable errors and have given a method ’
for their correction, uhen the amplitudes of different
hermonics are corrected for the veristion of probehle
erTor, the magnitudes of amplituds in higher growps have
sutficiently reduced but still fail to show ony systemotie
trond in the changes with magnotie activity, Hence, in
ortior t0 have a bettor insight of the influcnce of mgnetic
aciivity on Iy the data have bean reanalysed by sumcessively
edding days of increasing ip to days of Grow a1y L.
the now magpetic growp Me2 nov conteins deys of earlier groups
Het and Me2 and new gromp =3 will have days of grodp i1



to =3, and g0 Ots In obher vords, these new groups

consist of days with Ap in the ranges O=ly 0=7, 0-10,
O=1y 0=20, 0=40 and 0-100 Pegpectively, Faor each of
those geven groupay 8 and L harmonicg are recamputed,
Since the goneral festures of S-hammonics are the same
as obtainad in earlier groups, the rosults of L harmonics h]
only are presented in Tadles ey %e7 and 4.8, iy \\

The most noticeable feature of the results presented '
in Tables be6)y 447 and 4.8 1s that with the successive 873
addition of days with higher values of Ap to low Ap groups,
the probable errars in seven groups of magnetic activity
have sufficiontly reduced campered to those given in Table "
kebe Algo the probable errers associated with the indivie |
dual harmonics do not ghow any apprecisble change fram - R
pagnetic groups ¥e1,t0 M7, suggesting that the offocts of -
transiont veriation on the significance of results is
approximately equalised and hence changes observed in L
are of high significances The first three harmonics of
all elemonts during year and in @ifferent soasons (vith fev
exceptiong in equinox) are found to be significant: in all
groups of magnetic sctivity. The amplitude of first three
harmonics of all the elements derived from yearly data show
a goneral decreage with increasing magnetic activitys. DBut
there are same marked soagonal differsnces in the behaviour
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“Mdbmugmtumumy. For example the
mnmummmmmwwnmn

and Z during winter chows an increasing trond with incrogse
ing magnetic activity, Certain trends in the chenges of

phase angles of various harmonics with megnetic ectivity

can 2lso be seen, It 1s interesting to note that while in
H the trend in the chenge of the amplitude and phase angle .‘;\
of Lunar semidiumal component with magnetic ectivity are ¢
sinilar, 4in D and Z they shoy opposite trends, i.e. when

1_
,mnt.udosmaomimtmphaseanglcétendtom. s

The genoral decrease of emplitude vAth increase in
magnetic activity obscrved here is in ogrecaent with the \
garlier result of Bgo and Arora (1975) for B at Alibsg but M
1s in sharp contrast to the results of Raje Rao end Reddy |
(1973) and Raja Roo et al. (1973); thay found an increase
in amplitudes with increasing magnotic activitys Chapman
(1957) and Leaton et ele (1962) slso reported such conflict-
4ing results for Greemvdch. While growping the days accords
ing to magnetic activity, Chapman (1957) had not removed
the effect of wlnrmﬁvityoroqmnsedthoaffoetvr g
polse on the probable error by using more data for disturbed
days than for quiet dayse. For Doth these reasons, it is to
be expected that the amplitude would show an incrcase with
mognotic activity end for these reasons Green and Malin
(1971) have concluded that Chapmen's pesults do not nocessar-
11y conflict with those of leaton et ale (1962)e Examination



of the distributiom of days in the three epochs of solar
ectivity for each of the three magnetic grows of Rala Reo
end Reddy (1973), showed that their highest magnetic growp
was dominated by days from high solar activity indicating
that the influence of solar activity on magnetic sctivity
had not been eliminateds The importance of eliminnting

the influence of solar activity while attempting to deter-
ming the dependence of L on magnctic activity is more
cleerly demonstrated in Chapter 5, where it is found that
the correlation detween annual values of lmar.ranzu and
mognetic activity index Ap 42 merely a reflection of the
strong assoclation between solar and magnetic activities,
Thus it appears that the differences in the results obtained
here and those of Raja Reo and Raddy are due to differences
4n the criterion for grouping of the days according %o
pagnetic activity, It seens that the criterion chosen

for grouwing of the dsys play an importent role in the
determination of magnetic activity influence on L and
nence while comparing the general dependence of L on
magnetic activity ot various stations, mention pust be
made of the criterion for grouwping of the days,” Rao and
Arora (1975) have compared the dehaviour of L with respect
to mognotic activity at several stations. For procise
wnderstanding of the phenonena,- their results are discussed
velow together with the recently avallable results of



)
Bﬁmmm“medhm,

h“““ﬂ.“%ﬂ,hmx;-wm“dn“m
Greenvich and Abinger, selected the intornational character
mc”‘“m“mﬁowuﬂwmm.m
day of any particular month into thros catogories = 0 for
five international quiet days, 2 for fifteen most disturbed
days and 4 for the remaining days of the month, Thay showed
that there was a rarked tendency for the lwuner semiddurnal
mmnmnmmmﬁmmmnmtu
octivity, Winch (1970a) divided the goomagnetic dsta of
Toolangl according to magnetic activity by calculeting the
dally range of each daily sequence of values atout the
correspending monthly mean sequence. The daily ranges were
then placed in order of magnitude and ranges were selected
which divided the data into three equal parts after alloving
for missing days, It cun be seen from the results given
in his Teble 6 that there is a systematie increase of
1mamummlmmentotﬂuththoinmminm-
netic activity, Green and ialin (1971), following the
criterion for growing the days according to magnetic acti-
vity used by Leston et ale (1962), have slso shown, for
Watheroo, an increase in the magnitude of the lunar harmonics
of all the elements with increase in magnetic activity.
Gupta (1972) examined the dependence of L on magnetic
activity by dividing the Sodankyld data by three different



“Mmmmwn‘tnmmmm
tuhotﬂpnmaotwnm harmonics. Thus, both

m'ﬂhcﬁmcubenatormmmmm
principel results rogarding the general dependence of
lunar phase lumiatimonmtu ectivity are
differing, The egsociotion between amplitude and mag=
muemutyobmmintMpmmwmm
agreement vith the results fop Greemidch and Abinger,
giver Wy leaton et al,

%eeda (1971) reported that the dackgrowd plosma
lnth.mgnotosphanabovoabomﬁOheoumoem
by the electromagnetic forces where the electric field
mwmmmfmmmmgmmm
geomagnetic field lines. These oscillations, known es
hydromagnotic tides in the magnetosphere, were obtained
on the basis of the electrostatic fields in the dynamo
region as deduced from solar and lunar megnotic variations.
He found that gpart from the expansion during the dsy and
contraction during the night for the solar tidgs, the
magnetosphere expands around 00 and 12 hours and contracts

around 06 and 18 hours lunar time for the lunsy tides, The

tines of first maxima of lunar semidiurnel commonent of H
for the quiet magnetie group at Sodankyli, Creemvich,
Abinger, Alibag, Toolangi and Watheroo are respectively
ety 2405 1e65 9e3y 640 and 4.6 hours lunar time. Thus



mtm&mnmatcma, Abinger and Alibeg ere
mutmmuwmmwdmwntorm
lmutidas.mmntmuuaormnw
‘molmamﬂathmomclosotomumormm
ion of the magnetosphere, It, therefore, eppoars that
for stations where the lunar time of maximum 1s around the
tine of magnetospheric expansion torlmu»udea, thore is
@ general decrease of amplituds with increase in magnetie
activity. For those stations where the lungr time of
mumnmmumormmpmm contracte
ion en increase of amplitude with increase in magnetie
aciivily is observed.

he3el+ Results for Linar Partial | termss

The terms of lunar partial tide in Hy D end 2 for
each of the seven revised magnetic groups during year are
1isted in Table 4.9« There is a suggestion for tho amplie
tudes t0 decrease with magnetic activity but nowhore they
are vell marked, Some trends in tue phase angles of
various haroonics are also noted but they are inconsistent
and one tends to feel that thoy may be purely accident’als
For partial tides st Toolangi, Winch (1970a) found that
mwthophasoamloshowdadepandenoeoamgmtmactb
vitye.
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bols Sumngryy

In general, the wmplitudes of 8, particularly of
the first harmonie, are found to have positive essociation
with the degree of mognetic activity, wuith ingreasing
mognetic activity, the time of maximm anplitude of the
first hammonie of 8(H) shifts systomatically to an earlier
part of the day, Chamgos in soler ranges with increasing
magnetie activity, es indicated by Wolf ratios, aye more
pronounced in H than 1n D and 2, and in vinter thon 4n
swgber and equinoxes, Exgmination of dally variation of
yoarly S(H) for seven groups of magnetic activity has revealed
that enhancemont of 8(H) with increasing level of magnetic
activity 1s not of the type axpected from simple sugementate
ion of the overhead 8q cwrrent systom but appears to arice
from the superposition, on the normal field of dynamo
currents, of ndditional dlurnal component ith mazimum
southward dirccted f1e1d in the evening sector, This
edditional component is considered to be Af asyrmctrie
ring current origin, Ouwing to the closeness of symetrie
and asymmetric ring currents to the latitude of Alibag
" guring night hours in vinter thon in equinox and swmer,
the day-to-day changes in the intensity of the ring current
would producs large changes in the field at Alidag during
winter than in other seasons and may, thus, explain the

.



larger Valud of Wolf ratio during winter,

In contrast to 8, L amplitudes shov a decreasing
trend with increasing magnetic activity, A clear associate

icn 1s seen between the timo of maxinmm of L,(H) and the
umofmgnetoapmucupamimoroontmcum, which
indicates the presence of edditional componant of disture
bance origin vhose time veriation 1s such that it either
reinforces or diminishes the lunar variation at a partie
cular stotion depending upon the phase of the daily wvariate
ion ot thet station under quict conditions, The source
of this sdditional componont is not clear. No systematic
and consistent essocdation of eithor the amplitudes op
phase arglds of lunar partial teras with magnotic activity
4s observed in the results of Alibag,”

-_ = .2 — T
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Some Features of the Variability Associated
¥ith Golar and Lumar Datly Vartations

o1 Introduction 3

A corplete description of a geophysicgl phenomanon
must give an account not only of its @verage valus OF appe-
arance but also of its variability (Bartels, 1932), Varie
ability in geomagnetic solar and lunor daily vardations, § \
and L respectively, has been investigated by several workers 1){
by grouping the daily data in differemt wayS, Gsge, BCCOTe '
ding to season, sunspol number or magnetic activity and the
influence of these factors on § and L, vhich is of a regular
nature, has been estimated, The variation that still remains,
unaccounted by these factors, is called by Bartels (1932)
as irregular or tortuitm_;g. variation, He describes a method
deg}imtimtbetotulmrmmcydebythomeofhm
monic dials, In the numerical procedure of this method, S
18 treated as a vector quantity which facilitates the study
of total variability due to variotion in both the emplitude
and tho phase together, The method also enables cme to test
the assumption of normality in the distribution of the vector
S or L, vhich 18 often assumed in applying various statlstical
tests of significance, Bartels (1932) applied this method
to the daily data of Huancayo @ndVstherco and found surprie
singly large variability in S and the assuption of normlity




in the distrivution of the vector,

8y to be valig,
(1972) arrived : o

at ninnnrconclmminhianmlymot

she geomagnetic data gt Sodankyla by computing the mean

mnlhnmmicetnD,namzrowa%-yoanﬁM

In this ~Chapter * . Bartals' method 4s applied to

myearlymanhamorII.caomedLmﬂ,Ddeatmhag
to investigate tho longetorn Variabllity in 8 and L, The
yelative contributions of the variations in solay activity
gnmm@eticactivitytothembilnydBMLm

calculated to ascertain which of the two 1s the largest
contributing factor,

He2 Analysis and Results

learly meon harmonics of geomsgnetic solar and lunar
tides in HyD and Z at Alidag for each of the years during
the period 1932-1972 are computed by the generalized method
of ¥inck (1970a) given in Chapter 1. Lunar partial tides
are not considored in this investigation as many of the
paroonics are not significantly detormined. Consequently
¢ghe term 'lunar tide' refers hero to the lunar phase law
+jdes Hamonic dials and probable ellipses for each of the
golar harmonics in each of the elements ere drawn by the
procedure given by Dartels (1932), es also detailed by
Chapman and Bartels (1940), and are presented in Fige5.le
In the case of L, the analysis 1s restricted to the fundae
mental harmonic, Ip, as only that harmonic is gemerally



41V

v 30y 27 and 23 are

Damznmctivoly
® I'hesoonlym
medmdrmtmmmcummpmmnmpm

for Ipy which are elso presenteq 1 Fig.5.1.

Ellipticity statistie, le,
6llipticity of a cloud of points
19%0) 3

ls _ _2R
1+ R2 ) o

vhere R 4s T
th'm““ﬂdorm,uhmm T ' ol 4

e of the probeble ellipse end P(Lg), the Probobility tnat
°'mm”m“"m°rmkmwmomm¢
from a randon sarple of N points drawn £1o3 a circular
population, is given by Y

P(Lg) = (Ig)=2 “
A value of P(lg) close to unity indicates that lg 1s come
puted from a eircular populaticn and a smaller value of
P(Lg) indicates that the pepulation, from which Lg is |
obteined, is elliptical. £

An easy method to test whother the distribution of f
points m_t.ha cloud is fairly Gaussian or not 4s that the
puzber of points inside the probeble ellipse should be
equal to the nuzber of points outside the ellipses 4
count of the points inside and outside of each of the elli~

pses in Fig.5.1 showa that thoy are nearly equale Thus

sdgnificant 1n g,

Wiich 15 & moasure of, the
is defineq as (}huctly, A
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Ghe assumption of Gausgign Astridution of the
polnts appears to be varid,

Itummwuemmomtud-m
phases of average solar daily variation observed hore
(Table 5.1) are nearly the samo as those obteined by anae
lysing the data for the period 1932-1972 ag a whole (Table
2.1 of Chapter 2), but the values of Io are larger than
those given in Table 2.2 of Chapter 2 probably because
values Of all the years are not used here.

He2el Variability charactoristics of solar and lunar tormg 3

_ Tho values of e and P (le) for’ solar harmondcs in

Teble 5.1 Lnd;cat.o.thatk excaopt for the fourth harmonie in

Hy Sy(H), the clouds of points are highly elliptieal, With
increasing harmonic numbor ollipticity diminishes in D'#&nd
I, but incrcases in Z. Absolute scatter, lf, is the largest
gor the first harmonic in oll the elements and systematically
decreases vith incroasing harmonic number, Ellipticity as
ﬁeJJ. as abgoluto scatier is largest in Hs Larger scatter

4n S() than in 5(D) and S(Z) is olgo indicated by the ratio

C/Me The direction of the major axis (pes not dif{er-appre= .

clably from the direction of the avemseaoj.a.rdauyvaria-' :
tion vector, sugcesting that for solar variation the changes
4n the asplitude are morc imporiant conpared to the changes

in the phaseoe. oy o
Compared to the solar harconic dlalsy the dials for Ip
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ohow Dogligible ellipticitys The points in the harmondc
dlals of H and D tend to scatter nearly at right engles to
the direction of the average variation vector indicating
thaly in lunar variation, phase changes are more important
than chenges in amplitude, in contrast to the solar Variae
tion, The absolute scatier, K, is epparently small, baaf!ha
of the smaller magnitude of the lunar amplitudes., i

53 Relative influenco of solar activity and mametic
activity on ranges &

As the harmonics ave derived using the data of each
year as & whole, the effoct of, for example, seasonal varia-
tion, 27-day recurrence tendency of mognetle storms ctce
are considerably averaged out, leaving the effect of changes
in solar as well es magnetic aotivity“to provall, An estie
mate, however coarse, of the variability in solar and lunar
parmonics arising from year-to-year fluctuations in solar
and magnetic activities would be of interest, But the general
level of magnetic activity is known %0 be highly correlated
with solar activity which complicatos estimating separately
the effects dus to these two factors. However, an estimate
of their relative contributions can be had by recourse to the
partial correlation technique, In calculating the correlation
coefficients, the annual mead sunspot nuober Ry and the annual
meanindexAparOusedasmammesorsolaractivitymdmg-
netic activity respectivelye. Ranges, as defined in Chapter 2,

AV



Variations, over the yearsy of solar ranges in H,D

de.mmmnzammmummAp,mmperlod

192’19?2, are shown in FigeHe2e A Cclose parallelisa is

scéen between the variations of Rz and the solap ranges in

each of the elements, As lunay ranges, caleulated froo the

empression given in Chapter 2, show consideradle irregular
variation, they are smoothed by toking Seyear running averages
of the computed rangess The smoothed ranges in H,D and 2

and similaxly &noouhodManemRzandApmmw
sented graphically in Fige5.2bs A marked 11eyear variation
in the lunar ranges, secn in the plots, indicates a definite
contFol Y L by the solar aycle, which even after a cemtury
of argument is still a subject of comtruversys - '

To study the relative influence of Rz anl ip on solar
and lunar renges, total and partial correlation coefficients
detween the solar and lLunar ranges and yearly fean Iz as well
as yearly mean Ap are calculated by the standard methods
(Fisher, 1930) and are given in ZTable 5.2 The correlations
found drectly detween each palr of variates are distingulshed
as 'total' correlations. The subscripts 1,2 and 3 %o the core-
rolation coefficienty r, refer to solar or lunar rangey RZ
and Ap respectivelye In all the computations in regard to I,
only smeothed velues of the parameters are usede Total

LoV
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Solar and lunar ranges in H, D and Z at Alibag for each
of the years 1932 to 1972 and the anmual mean Ry and Ape
For lunmar variations five-year running averages of the
mean amual lunar ranges and the corresponding
averages of Rz and Ap are used. Fig. 2a 13 for solar
ranges and Fige D 13 for lunar ranges,
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botween solar ranges and
Bz\df-bﬂ)ﬂinﬂmeo‘flpdm,hmaﬂymm
@8 T 12, which indcates that the correlation between -
Uolar rarges and Ry 1s stable. Bub r 13.2, the partial I\
correlation coofficlent botveen solar ranges end A with \ o
the effoct of Rz elimnated 4s mwh reducod from the velue il
of the total correlation coefficlent betwecn these two parae T

meters, which itself is comparatively small, and even tuyns
significantly negative for solar renges in 2. In regard to
limam.ronges, the correlation coefficlents are relatively r’
smell thpugh significant, T 13.2 18 much roduced compared’ f
to r 13 and 1s not significant, The epparent significant
corroclation of lunar ranges with megnetic activity is, thus,
marely the reflection of strong association between solar
end magnetic activities, Isikara (1973) obtains simlar
results from the data of Istanbul (Geog.lat.tl%) end come
cludes that the results ;%a of sunspot cycle depene
dence which ignore maghetic activity are valid, but it is
nwot valid to ignore the effect of sunspot number when attempe
ting to deternine the depondence of L on magnetic activity,

Using the partial correlstion coefficlents, the pere
centage variations in ranges accounted for by the changes



mn,anu,,mmmseabytmwim.r?noo.
Tb°3°m61vm1n1‘ab105.2. Inthameoteolarmm.
considering all tho elemants, an average of 6% per cent of
Ghe vardabllity arises from the variation in By and the
contribution of A, to the veriehility is vory smell, sbout

12 per cents In regard to lunay Tangesy these contribuw :~

tdons are about 23 and 9 per cent respectively, It i3 note.
vorthy that, whlle 9C per cent of variability in S can be
accounted for bty the variations in Rg and Apy only 32 per
cent of vardabllity in L can be attributed to variations in
Rg end Ap. Sources other than these are, therefore, Tespon-
sible for the major part of tho longeperiod varisbility in
L =4ine probable source may dbe the 18,613-year variation in
Ly assoclated wvith the atmospheric nodal tides,

Table 5.2 also gives the Wolf ratio derived from the
slope of the straight 1ine best fitting the scatter plot of
ranges against Rge  The straight lines are fitted by the 5
leastesquares method, weighing each range imwersely by the

square of its probable errore. The probadle error for smoothed

:Lxmarranges,awfortheyeari,issimbw:
Ps = /0 2 2 3
b L G Mg e

Wolf ratios derived using ranges frem four epochs of
solar activity, classified by grouping ycars according to
yarying annual Rg, rather than yearly ranges have already

4U2



dean pre
presented and discussed in Chapter 3. A wmparis
08 presented in T'gble
in Table 3,8 of Chap showa N
of solar t o N °
orng
» but for lunar term, particularly in the
case of H and 2, menmhmom.m. ¥hile the
WOlf ratios
for L computed there were poorly dotermined
and
shoved considerable scatter between the elements, the
values obtained in this Chapter using yearly ranges are
highlyaignuicmzandmabowtheminmtheeh-
ments, It 4s seen in earlier parcgraph that major part of
the variability in 8 is attributable to the variation of
regular sources, ©.g. Ry and Apy but only about onoethird
of tﬁovnrlabmtyml.eomfmouchregumaom‘cu.
Thus, 1t 1s likely that the effect of tho variability from
drregular sources on lunar variations in the four groups
of solar activity of Chapter 3 may not bde fully averaged
out end may mask the regularity in the variation of L with
Rge However, the veighted mean value of three elemants in

both cases is consistent and supports the conclusiaon reached

in Chapter 3 that solar c¢ycle modulation of L at Alibag
results primarily from the corresponding variation in the
Ee-region conductivity.

.4 Zotal daily movement and Waviness of solar and lunar
Qodly variations

Gupta and Chapmen (1970) introduced the concept of

9+2 with thoge given
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) mwmmmm(ma)m
and L is defingd as the Sun of successive houreto-hour

differences in g 25-hourly sequence, without regard to
aign‘mGMcnteathepnrtofthepathmmtmm
point of a megnetic needle would be Tequired to move in
tracing solely aithorSoer;d.auonmadw. The vevi- o

Dess parameter, W, indicates to come extent the signifiecant iy

haroonic in the dally variation and 1s defined as the ratdo ‘,'.}“:,‘

of TDH to twice the range, tho range reckoned as the differ

ence between the moximum end minirmm values. For a noarly |

dilurnal variation, W is close to 1 and approaches 2 for '

dominantly semidiurnal variation. /
For computing DM and W, a sequence of 25 hourly values

are obtained for each year by synthosizing the values fron

the respective amplitudes and phases at intervals of one

hour. The 25th value is a ropetition of the 1lst, uhich is

the local midnight value. For L, these velues are for the

epcch of now moon. TDH and W are calculated for the elements

DyH and Z for each of the years from the respective hourly

values gyntheslized from the first four haruonics, !
The value of W(S) in H is unity and remains so for the

entire period, suggesting that the nature of the daily vari-

ation in # is dominantly dlurnal all through the period.



To smooth out these

{ivo-year running avorages gro obtained for
W in each of the element s,

fluctuations,

for both solar and lunar varia-
tions, Those are prosented in T1ge5e3, alongudth similarly
smoothed Rze The variations in the vavinesg paramoter gssoe
clated with solar dally variations in D and Z are related } 4 ‘Q\l
inversely with that of annual Rz and they tend to be closer
to unity with increasing solar metivity suggesting that solar /)
daily vhr:ladon in D and 2 decomes dominantly dlurnal with
increasing sunspot activity, Ihis 1s probably because of
i stronger dependence, on solar activity, of the diurnal
amplitude rather than the amplitudes of the other hermondics,
as observed in Chapter 3,

In comparision with ¥(S) tho variation in W(L) is large
and irregular and no direct assocdatlon with Rz or Ap 1s evie
dente . However, thore is a suggestion for W(L) in H to be
maximm on the declining phase of solar activity;in D, the
' two maxima observed are nearly. 22 to 24 years apart, indi-
cating a probeble modulation of veristions in D by the 22-
year cycle in the polarity of the sunspotse . . .
9e5 Summary 3

The results of this Chapter mgy be summarised as follows:
(1) Both 8 and L belong to the elliptical population and the
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(1)

{111)

(iv)

(V)

@SJumption of Gaussiin dlatridution of 8 and L yector
8eens to be adequate,

For solar dally variation, absoluto variability is
largest for the first harmonic end diminishes with
increasing harmondc nurber. The nature of variebility
ellipses warrants the conclusion that principal contrie
butlon to the variability comes from changes in amplie
tude ralher then phases. In contrast to S, hamonie
dials of L show nogligihle ellipticity and suggest

thatchmgesofanputudeaswunsphasomtho
sources of ahsolute variability,

Prooinent solar gycle influence is observed in solar
as well as lunar daily variationsj the observed influe
ence of magnetic activity on these variations appears
to be merely a refloction of the strong correlation
botween solar and magnetic activitiese.

The variability 4n S 15 of a regular nature and about
96 per cent of the long-term variability can be accouna
ted for by the varying effects of solar and mognetic
activities. On the other hand, only 32 per cent of

the varlebility of L 43 accounted by these factors,

The sources for irregular variations in L are uncortain
bub it seems they affect phases of L most,

The variation of waviness parameter reveals that S(H)

1s dominently diurnal in all the phases of solar activity and
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in D and 2 1t tengs to be prominently Aurnal vith increge
sing ounapot activity. Thore 4s S0De suggestion of a prow
bable modulation of L(D) by the 2-yeor cycle in the polae=
rity of sunspots, 1
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CHAPTER 6

CONTRIBUTION (F OCEANIC AND ICHOSPHIRIC DYNAMO
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as in the ocean. Tidal motions in the 1on1zeq layers of

the atmosphere across the main geomagnetic field constitute

an ionospheric dynamo. The eleetric currents generated by
this dynamo and the associated currents induced in the Tarth

and ocean are the principal sources of the observed geomage
netic lunar daily variation. 3Since noither the conductivity

of ocean masses nor the amplitude of tidal oscillation of
the ocean water 13 negligidble, electric currents resulting
from oceanic dynamo, povered by the tidal movement of the
conducting waters of the ocean across the geomagnetic field,

161

should contridute a part t5 the lunar goeomagnetic dally varia-

tions. In fact, van Bemmelen (1912,1913), wvho separated the
lunar magnetic variations into internal and external parts,
vas the first to point out that a fraction of the internal
part might be due to tidal motions in the ocean. Chapman
(1919), hovever, disagreed with this view and believed that
the internal part was due merely to an external source. A
nunber of determinations of the lunar semidiurnal variation

.
Lo -
< ST,

in the vertical component of geomagnetic field, Lo(Z), have,

however, revealed anomalously large amplitude, c.ge. at Amberley

(Bullen and Cummack, 1953), Watheroo (Malin and Winch, 1968)
and at fartland, Lervick and Valentia (Malin, 1967; 1969a).



Fron a comparison qr the sea
floor, coastal, and 1sland observations wity simultancous

tal effect 1s due to anomalous induction effects resulting
from the conductivity differences over land and sca, the
most 1likely mechanism for ancmalous Lo(2) 13 the dynamo
process associated with the ocean tidal flow. Malin (1970),
based on some reasonable assunptions, has proposed a method
for the" separation of the luner daily variation into parts
of oceanic and ionospheric origin. The greatest advantage
of the method is that 1t ecan be readily apprlied to the
lunar harmonics obtained by any standard procedure, without
recourse to the cobservatory hourly mean data, and includes
the evaluation of probable errorg to test the significance
of oceanic and ionospheric parts. The ocean contribution

to L at six observatories in the British Isles were doerived
by this method, and these were found to be in fair agreement
vith theoretical values deduced by Chapman and Eendall (1970).
This agreement with theory and the fact that ocean dynamo
effect 13 of insignificant amplitude at the inland stations,
c<Ze Irkutsk (Malln, 1969b) amd Hyderabad (Sastri amd Rao,

——



197L)s Bive confidence in the method of determining ocean
dynamo effects. Gupta (197%) studied the varlation of lunar
ionosphoric and oceanic dynamo parts with various geophysical
parameters and showed that while the ocean efrect undergoes
1ittle or no variation with season and golar activity, the
ionospherie part showed large seasonal variation but very
small solar activity dependence. He suggests that these
features may possibly exnplain the disparity of large sea-
sonal changes in L than that in S and also the lesser depene
dence of L on solar activity than Ss Sastri and Rao (1971,
197%) have already indicated the exigtence of considerabdle
oteanic dynamo contribution to L in the Indian region. In
this Chapter Malin's method is applicd to lunar harmonies
peesented_1in pregsented in Chapters 2 and 3 to study the
pmarmmer in vhich the oceanic and ionosphoric dynamos modulate
L and 1ts variation with season and solar activity, at Alibag,

6.2 Method and its apnlication

Tn Malin's method for the senaration of L into iono-
spheric and oceanic parts, only the first four harmonics of
Charman's phase-law tide are considercd and hence L due fo -
Mo tide may be written as

L ’%:1 1, 9in(nt-2» +n)

or

=3t in sin(2C s(n=2)teln) - (1)



depend
pendence, the dynamo carrents resulting from the M2

tide daaemIom.yonlumrtinenmmmmylmar
diurnal in period. ..

ocean

semi -
Ignoring the contridution from currents
induced 4in the lonosphere by ocean dynamo, the effext of the

ocean dynamo 1s considered to be purely of internal origin
relative to the surface of the Tarth and t/mg contribute

only to the n=2 term in rqn.(1l), MHence the nal, 3,4 harmonics

are from the lonospheric dynamo and the problem beecomos one
of separating the contributions of the two dynamos to the
n=2 terme.

While the ocean dynamo operates equally well by day aml
by night, the lonoapherie dynamo is mch less effective
during the hours of darkness, because of the decrease in
conductivity of the ionosphere in the absence of soiar radia-
tion. TFor this reason, it is assumed that the contribution
of ionospherie dynamo to L is zero at local midnight, when
the ionospheric conductivity is reduced to about one-thirticth
of its midday value.

Considering L to be lunar semidiurnal, with emplitudo,
1(t), and phase, N(t), functions of solar time, it can be
expressed as

L =1(t) sin /2T ¢ Nt)/ === (2)
rquation (2) 1s equivalent to equation(l) and by expanding
(1) and (2) and equating coefficlents of sin 27T and cos 2T

164



one obtalns,
1(t) ‘eos M(t) 3%‘:1 1p 008 / (n=2)te Apn / ===  (3)

1(t) “sin A(t) _-,%‘;1 1, 9in [ (ne2)ts AnJ == (¥
The vectol probable error,p, of L is, for all va'ues of t
£mlzt et Y2
vhere On denotes the vector probadle error of the n-th hare
momie. At local midmipght, vhen t=o in equation(2), I repre-
sents the ocean dynamo variation, Loy

Lo = 1o 51n (2C + ))
vhere 1y and \o are midnight values of 1(t) and N (t). From

equations (3) and (&)
1, COS No =z"‘ 1lp cos Ng
n=l
sin % 1. sin
lo sin g =5’ 1nsinig
P oy the vector probadble error of Lo, is
y 2 91/2
>
[n-..l a J
The ocean dynamo part contributes only to the second
harmonic. Therefore, the ionospheric dynamo part, LI of L2
{5 then obtained by subtracting Lo from Ly 3 thus
LI = II gin (2{0 >‘I)
vhere 17 €03 Ny = =(1;008 Ag+l,c08 7\3+1,,cos Ny)
and 1y sin Mg 3 =(1;91n >\1r13sin )\3+1|,si.n Ay
The vector probable error, PI’ of L, is given by
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These formulae, aue to Malin (1970), are appriea to the
lunar daily harmonies 1n H,D and 2 obtained in chapters 2
and 3 from the data of Alibag for the Period 1932-1972.
The results obtained for the entire period,
¥y a3 well as seasonal subdivisions,
J are given in Table 6.1,

designated as
designated as d,e and
Similar results obtained by divi-
ding the data into four epochs of solar activity (A4yB4C and
D) are given in Table 6.,2. For comparison, corresponding

lunar semidiurnal term L2 results are also given in the above
Tables.

643 Features of ionosphoric and ocecanic dynamo s

It 13 seen from Table 6.1 that all the harmonices of
ocecanic and lonospheric dynamo are well determined, 1.c.
larger than 2.08 times the corresponding pe, except the seca-
scnal terms of Lo(H)e Amplitudes of the oceanic part are
smaller than those of ionospheric part in all the three ele-
mentse Lo is comparable in magnitude in 9 and D but 1s
smaller than that in Z. The excess of Lg(Z) over the L,(H)
and Lo(D) is in agrecment with the results of other stationse
However, Lo(Z) at Alibag 1s smaller than the corresponding
values for Dritish stations (Malin, 1570) and Watheroo (Malin
and Greeny 1971)s This suggests that ocean dynamo is wecaker
in the vicinity of Alibag than that cbserved at the other
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- not expected to show any marked variation with latitude,

169

the
large ocean effect at British stations as compared to Alibag

can not be accounted for by those two factors. Apparently
the ocean dynamo effect 13 wealk at Alidag beecause of a

relatively smal) megnitude of the vertical component of the
geomagnetic field in low-latitudes.

6.+ Seasomal Variations in L, and LT 4 :
6.4l The seasonal variations in the anplitudes and Ms
Of oceanic and ionospheric parts together with those of L2
are shown in Fig.6.1 by hamonic dials for the three elements.
It is mply clear from Fig.6.1 and Tahle 6.1 that ionospheric
dynamo shows conSiderably larger aeaso;ial variation in ampli-
tudes and phases than the 6cean1c dynamo. The seasonal variae
tions in the amplitude of the ocemie'dvnmno are marginal

and are not consistent in the threoe elcments: in H, summer
and winter values are equals in D, the largest magnitude
occurs during winter; in 2 the largest value 1s reached in
sumer. Since the amplitudcs of Lyare greater than those of
Lo in all seasons, Lo would be primarily deternined by Ly and

"
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Xpected. Results for H

falrly support thigs postulation, put the results for p o

Z reveal that though the seasonal

Progression of the phase
angles of Ly and 1.2

Are alike, there gre marked differences
in scasonal behaviour of the anplitude of Ly and L2

while the amplitude of Ly shows maximm in summep
. y

mplikgdo of L2 13 registered during vinter,

phase angle variations observed for Ly are sug

i.e.
naximum -
The large

gestive of
complex seasonal oscillations of the current systcw assoecige

ted with ionosvherie dynamos. The absence of such changes in

the phase angles of Lo suzgests that Lo computed here 13 not

an 1nducedl effect of 1omsmew and provides a further
confirmation that ocean dynamo arn.,...s"m snd the method
of determining it is effective. Another oﬁ;stamng feature
Seen from Table $.1 and Fig.6.l 1s that in D and Z,Lo and Ly
are nearly in phase during winter and nearly in phase oppo-
sition during other seasons. It seems that owing to these
observed features, dally variation due to oceanic and iomo-
spherie dynamos beins nearly in phase during winter tend to
add up to produce large Ly but being in phase opposition during
the other seasong of the year, they have the tendency to cancel
each other. Consequently the nett L 1s small during summer
even though Ly in D and 2 has clecar summer maximum as expected

for a northern hemispheric station.
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When 12 and ™, are renlaced by Ly and 1 4n eqn(l)y
the expression repregents the L which is purely of iomo-
spheric origin. Incorporating this change in equation(l)
the lunar daily variation in the three clements for the
epoch of new loon 1s obtained by synthesizing the valuecs
at hourly intervals. Using these values seasonal variae
tion in L, frec from occanic dynamo effect, is investigated
by plotting vectograms in the horizontal plane. These are
given in Fig.6.2. . Comparison of these vectograns with
those given in Fig.2.3 of Chapter 2, obtalned prior to
removing the oceanic effect, shous a general magnification
in size both in north-south (He3)-and east-west (T-Y) direcs
tions except. far the wvinter vectogram which has din}niahed’
{n the ey divection. However, the sense of rotation of
the variation vector in both the figures remains unaltered
and is opposito during winter and summers ience tho inter-
oretation given in Chapter 2 that L at Allbag during winter
19 under the 1nr1uenoe orwsguuhem hemispheric current system

e

is credibles ' e

6J04s2 In order to have further insight as to how the removal
of ocennic contribution modulates the gensonal varintion of
Lo and total luner dally variation, the ratio of seasonal to
yearly anplitudes of Ly and ranges are calculated for each
element. The probable errors of these ratios are cstimated
by the procedure detailed in Chapter 2. The range, R'(L),

i 48 a2

| ¥ ]
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e i given in Tahble 6.3.
are also given. The fol r""’MIWM”R(L)'

loving features are noteds 1) in H,
the ratios for Ly, R(L), L; and R'(L) are highest in winter
but the percentage change from summer to winter ig -nuer.

in lonospheric part than in the total lunar daily variation,

2) in D and 2, the ratio of seasonal to yearly velue for Lo

and R(L) vith ocean effeects includea are maximm during

vinter but vhen oceanic effects are removed the highest ratio
occurs in summer.

6+9 Solar Cycle variation ¢

. It 1s seen from Table 6.2, wvhere the yearly hammonics
of oceanic and ionospheric dynamo together with Lo are given
for differcnt phases of solar activity, that vhile the ampli-
tude of L, and Ly exhibit, in general, an increase with solar
activity, no systematic and consistent trends are discernible
in regard to the amplitude of Loy with solar activity. The
gsunspot cycle influence on oceanic and ionospheric parts is
elaborated by computing Wolf ratios in the linear relation
of §z and amplitude of each of the paramcters, LT and Loy in
the three clementse The Wolf ratios for oceanic and iono-
spherie parts are given in Table 6« Also given are Wolf
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ratios fopr L2sR(L) and R'(L),
Since the

discrepancy, sugges.
is that probably L variations contain an
ocean dynamo contribution vhich will not vary with sunspot

cycle and it 13 possible that the presence of this constant

anplitude harmonie in the measured L could reduce the Wolf
ratlo for L by observed amount even though ionospheric
part of L had the same Wolf ratio as that of S. TIn fact,
Malin et al. (1975) have shown that when oceanic dynamo
effects are removed from L harmonics, the Wolf ratio for
L becames comparable with the corresponding value of Se
The results of present analysis for Alibag do not bear out
this feature, as the weighted mean Wolf ratios for Ly as
vell as for ranges corrected for ocean effect are similar
to those for L2 and total range in L. However, the results
obtained here are in agreement with the earlicr findings of
Gupta (197%4), who has shown that Wolf ratios for Ly and L
are necarly the same at fuancayo.
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The ocean effect at Alibag 1s smaller in H and D
than in 7, as also observed for other stations, Put
ti.e nett magnitude of oceanic dynamo effect 13 also
smaller than those observed for median end high lati-
tudinal stations, This feature may be due to the

small magnitude of the vertical component of goomage
netic field in low-latitudes.

Ionospheric dynamo shows considerable seasonal varioe
tion both in amplitude and phase. In D and 7, there
is almost a complete reversal of phase between sumner
end wvinter. The amplitudes and phases of occanic
part show little or no varlation with season, tut
their contribution being in phase with ionospheric
part in winter and in phase opposition during equinox
and summer they appear to play an important role in
determining the seasonal changes of total lunar daily
variation, Hence, it is important to remove occanic
part from the observed variation prior to any study
of the seasonal changes in the overhead ionospherie
current system responsible for Le

(1i4) The oceanic terms do not shov any significant change

with sunspot number. Removal of the ocean dynamo part

A/ w

i 43 A

| § 4

| ¥ ¢



179



$oERPESERURTLEEECINBNBARY SO RS LOE EESUPSEOSLABLE08900000
¥

@
. CEAPTER ¢ :
@ ]

: THE O COMPORENT OF GEQMAGNETIC LUHAR DAILY vmmxm:
GsERPEESREREAINERTHEIEIISEIEIENLEONLNRAANEEINNTISLFR R0 RN



The
03 Component, Of Goomagnetye .
7.1 Introduction y Variation

conductivity, 1In earlier Chaptors tho features of geonage
netic lunar datly vartation, L), sssociated with main
lunar sealdlwrnal tide, Mp, has been discussed in detall
for different seasons and with various geophysical parae
moterse Although % 1s the largest of harmonic constie
tuents in lunar gravitationsl tidal potential, there are

s few other constituents with amplitudes not insignificant
compared with that of lp, the primary ones being 0 and No,
0y represents tho largest of the lunar declinational dlure
nal constituent: and Np, the main lunar distance constie
tuent: The declinational component Oy arises because the
oquaisnirial plane of the earth and the plane of the loon's
orbit & not coincide and No 1s due to the eccentricity of
the Moon's orbit, In the lunar tidnl potential {Bartels,
1957), the lp, 0 and I are respcctively in proportion to 3

0520 81n(2T +900)3 0115 sirf6 sin(y « 8)2
0.191 €082 sin(2V4p+ 8 +90°),

\
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mmmmmmaeotmmammmnp
mm’mmcw«thelbm'am«. ,
It follows froa the above expression thet 1 18 gy
metric with respoct to tho equator eng attains 1ts mximm
value at the equatory the 0y component 1s ant i-symmetric
uathresnecttotheeqmmandmmmnmmm
ot latitudes + b3° respoctively. o ratio of Iy to 0y s,
therefore, latitude dependenmt.,

The present chapter concerns _tha goomagnetic daily
variation L(0;) caused by the combined effects of the lunay
diurnal declinational tide, 03, end the lonosphoric conduoe
tivitye If only the first two harmonics of the time variae
tion in the conductivity are taken into account, the time
variation of 1{0)) can be ezpressed as followsie (Winch,1970b)

L(01)=23 ¢n sin(nt-2y Ohﬁ')sn) ene (1)
I=wl

Where cp 1s the amplitude of the nth harmonic, t 4s
the mean solar time increasing by 27 per solar day, ¥ is
the difference in the rates of solar time ¢ and lunar time ¢
dncreasing by 27 in a mean synodie month of 29.5306 mean
gular days, h is the east longitude of the mean Suny and Np
i3 the phase angle, Additional terms corresponding to n =
ey =3y 4, 5 orise from the inclusion of higher harmonics



\ﬂ.ndx.ls?t)a).
Chapman and i{ller's (1940) Dothod (C-M mothod) which

was Originally developed for the determination of ¥ tide,
uhen S11ehtly modified, vould pernit determination of oage
netic variations assoctated witn atmospheric tide Oy¢ Malin
ond Chgpnan (1970a) @plied this modified method to the
atmospheric pressure data of several observatories and the
results medtmm@ocummolmma.
tuent: in the atmospheric pressure, Tarpley (1971) amalysed
geomgnotic data from 12 stations for the 0y component by
C=M method and found veu deternined geomagnetic 0y tides
in the Z component of sovoral stations. - Winch (1970b)
generalized the Chapmane!filier method, permitting the deter-
mination of partlal tides and long period tide in eddition
to the phase lav tides, This mothod is essentislly the
sane as that for Mp tides discussed in Chapter 1. It is,
therefore, not proposed to discuss the method here 4n
detail. However, some of the modificatlons required to

pake the method suitable for 0y are as follows &
(1) For the 0y enalysis, the parameter 4' is replaced




by 0's The 0' mmbery gre constructeq
expression for 28-h, vig;

0%/ (26141765425, 36720613 3)/3040.5_7 modulo 12
WIBTS 8qUare brackets indicate the integral part only end
J 1s mmtagermigmdwcmmmﬁth
J=1 on 1st January 1900,

1t may be recalled that mblgm t,hg'signot
A'ogp and 5% en vere changed in the secondary harmonic anae
dysis stage (step 3 of section L% 4n Chapter 1) because i
mumbers instead of v'funbers vere used to divide the data
into 12 groups. Dutno-mhcomcumsmuqmmm
the prosent analysis because 0' numbers ere used directly.

(11) The numerical volues of the Dp,g and associated
matrices depend on the period of the tide that is being
investigated and, thercfore, the revised values are used
for the 0y enmlysis,

(111) The constant in the expression for the correc-
tion of phase angles 4s 1/1%,1915, for 0y (see step 8 of
section l.% in Chapter 1).

(iv) The method of computing the probable error of

fron the mmerical

each of the harmonics 48 the same as given by Winch (1970Db).

Following the above numerical procedure due to Winch
(1970b), Reo and Sasted (197%) found clear geomagnetic 0
tides at four Indian oquatorial stations for the active Sun
yoars, 1956=1961, eni were led to consider these tides to

153
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demmwmimmmmmmmmmu |

electrojets later, Sastri, Avors and Rao (1975) enalysed a

lorg “W“Hatmmtoatudythedepmmotuoﬁ
in i on Various geophysical parameters, e.g. sunspot nucber,
Bgy magnetic activity index, 4p, and lunar distance. They
found that trends of changes in the megnituds of 1(0y) with
Rg and A, are simllar to those observed for L{Mp). In this
Chapter the relative features of L(01) in all the three elo- : \J
pents HyD and Z at Alibag and their seasonal veriations are ' :
discusseds The results are also compared with those predics |
ted by the equilibriunm tidal thecry.

7.2 Results of Analysis s

The yearly and seasonal harmonics of geomegnotic lunar
0y tide in the three alements H,D and Z of Alibag are cbtained
by amelysing the date for the period 1932-1972 as a whole and
for the three Lloyd's seasons. These are given in Table 7.1.
Host of the harmonics are found to be significantly deter-
nmined as their amplitudes are greater than 2.08 timas the '
corresponding probeble errors. By virtue of using large
data in the present analysis, haroonics of L(0y) in H,D and
7 are better determined than those obtained by Rao and Sastri
(197%) for the active Sun years, 1956=1961, but are comparable
4n significance, to the later results of Sastri et al.(1975).
vhe harmonic constituents of dally variation associated with
¢he atoospheriec tide ihp and 0y have frequencies vhich differ
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one
by evele per year, Consequently, in the sub-divigion

of duta which doos not covegp a complete year, e.g. sea~

sonal sub-division, each gye transient geonmagnetic veria.

of seae
ponal varietions in the M, tide introdueing spurious results

{vinch 19700y 1971)e 1n order to avoid the seascnal effect
of L(Mp) tide to the maximm possible extent the discussion

of tho primary features of 1(07) tide in the folloving sec-
tiocn is based on the results obtained from the data of

1932=1972 without any sub-division into seasoms denoted by
ye in the Iables,

7.3 Cenoral features of L( ) tides 3

pretated with caution because of the poseibility

7+3+1 Decause of the presence of partial tide term n=-d
in the equation (1) for 1(0y), derived after taking into
consideration only the first two harmonics of ionospherie
conductivity, Winch (1970b) pointed out that partial tides
might play a greater part in L(0;) than they would do in
L(}2)e His annlysis for Toolangl data revealed that L(0;)
partial tides were more pronounced in D than in H and 2,

a result similar to his carlior results for L(Mp) partisl
s1des (Vinch 1970a)$ and also in D,I(0;) partial tides were
found to be greater than those of L(Mp). Examination of
partial tide terms in Table 7.1 shows that the asplitudes
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£50\
mmmrmmmauchmmuummm,, 11
ond ore not significant. Wilike in L(M), the torm msel ey
in the expression for 1{0;) results from the cowpling

effect of atmosphoric tide 0y and the first two harmonies

of the conductivity (Equation 1) From the dominance of

n=-1 over the partiel tide terms m=-2, =3 and =%, Sastri

ot 8le(1975) felt that L(0;) given by the equation(1), - .}
derived after taking into consideration only the first

tvo harmonics of the ionospheric conductivity, would be
sufficlent to represent adequately the 0y component of
lwnar geomagnetic varlatidn at Alibag. It is seen fron
Table 7.1 thaty in D and Z, the gmplitudes of all the pare
tial tide harmonics are of comparable magnitude and are
significantly determined. However, they are much smaller
ghan the amplitudes of the corresponding phase law harmonics.
Thus, exclusion of higher harmonics in the expression ree
presenting the dally vardation of ionospheric conductivity



E
;
g
;

Te3e2 muol)ma.nmzmummmupem
phows large amplitudes for the first thyee harmonics of the

phaso-laubtidanndthedetemmmmmugxmcant I\
tholudeispﬂmulmdiwmllnpenoqmmh 1\1‘

dering only the first harmonde of phase lav tide in equaticn £ 4
4"

(1) 0y geomagnotic tide in H,D and Z are given by the
folloving expressionst
01(H) = 045 sin (T e5:248°)
01(D) = 0425 82n (Y «84168%) § e0e (2) |
© 01(2) = 0,16 sin (T =g4274°)
Sizllar expressions for I(ip), taking only the lwnar
senidiurnal term, are
Ho(H) = 0,72 sin (27+165°)
Ho(D) = Okl gin (2743W4°%)  { 4ue (3) |
Hp(Z) = 0,30 sin (27+339)
If the geomegnetic lunar tide were sirply proportional
to the corrosponding terms in the Lwunar gravitational poten.
tiel, independent of their frequencies, the ratio 1{}p)/L(0;)
wuld be 3.5769 for the latitude of Alibage The observed
ratios for I;D,Z and for the mean of these threc elements
are respectively 1.6040435y 17620419, 148810,27 and 1477:0.1%,

33 283 B3 1)
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fhe probable errors gop the ratio are eg

culated the
expression given in Chapter 2, >

These ratios are signifi.
cently less than thet predicted by the tidal equilibeium

theorys Even when a1l the harnonics of the phase law
tide are considered and ranges computed, tho ratio of
ranges associated wvith L(4,) and 1{0y) are found to de
1286401y 140%30,0% gnd 1,5840,05 fop HyD and Z yespec-
tivelys Ihe average ratio (1,2410.03) 4s still comparae
tively less then the expected valuoe

7433 Considering the aize of the geroth and tho first

haroonic of ioncsphoric conductivity, Tarpley (1971) steted
that 1t would be reasonabic to expect in the phase law tide

the ¢y tern to Le somowhat larger than ¢, tom in the mage
netic veriation produced by an ionospherie 0 tide. ¢
equal to Or greater then ¢; would indicate the possibility
of Mp variation contaminating the 0y analysis, Therefore,
he suggests that stringent criteria sbould be used in jude
ing whather or not the deduced magnetic varlation 1s a
genudne Oy tide, He spplied the criterion ¢ 7 1.5 ¢ for
- well determined 0y tides Although as por the present cri-
terion (cp» 2,08 x pe) of significance, all the amplitudes
ofelandceacmasmaignmmdetem&thw
fall to satisfy the Tarpley's criterion of significance.
Except in &, cliageneranysmllerthnnca. Even many of
the harmonics obtained from the seasonal subedivision of

189
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to the effect of oceantc drnamno
. contribution, Whethor, conbrary to exi:ectat:lon, & gimlay
effeet 1s responsidie for the observed feature in 1(01) 1as

examined in the folloving saction,

7+% Separation of into s ¢ and 10n0e
spheric oripin :

Like L(ip) tide, L(03) also contains contribvutions
fron the Aynamo action both in the ocoan and in the iopo.
sphere, due t0 lunar 0y tidal movementss Since the conduoe
t1vity of the ocean has negligible time dependance, the
dynano currents resulting from the 01 oceanie tide would
depend only on lunar time and will produce lunar diurnal
terds By incorporating this change in the mothod of Malin
(1970)y detalled in Chapter 6,his gquations, suitsbly modie
fied, would be volid under the same assumptions for the

seperation of L{03) into parts of aceanic and ionospheric
origine




L
L(Ol) -%1 Cp sin [C'.*(n'l)t*m see (W)

Considering lunar vardations assoclated with 0y to
be entirely lunar diurnal with amplitude,

e(t), and phase,
Nt), functions of solap timo, :

L L X ] (5)
Eqn(5) 1s equivalent to eqns(l+) and by expanding (4)

and (5) and equating the coefficients of sin(C-s) and
c08{(=3) wo obtains l

e(t) cos N(t) "E: on 08 /(0e1)t+ 27 v.e (6)

o(t) sin A(t) "E.l’ on 818 [(0-1)t4 207 vee (7)

Further, if it is assumed that the contribution of iono=
spherdc dynamo to lunar vardation is zero at local mide
npight, because the ionospheric conductivity is reduced to
one-thirtieth of its mid day value, then at t=0 4n Eqn.(9),
1.(01) represents the ocegnic dynamo vardation, Cg,

Co = Cp 8in(T =8+)\g) vosn (8)
where Co and N\ are midnight values of c(t) and A(t)
From Egns, 6 and 7

co €08 Mo cg ¢n co8 Mn 8

g

ess (9
inMo =s* o, sinPn
‘co 8 =3 Cn

1071
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C1 = ¢3 s1n (¢ -81-}\1)
uhere

Cp €08 NI = -© eoa72+e3 cos M3 +.c, cos M)

¢ sin M a -c2 31n"2*c3 sin M3 Q, sinhu)
The vector probable eror, £14 of o
is given by 3

Ve ARV A |
These formulae are applied to the harmonies of yearly 1(0,)

phase law tidemn,namzmtheremwmpresonted }
in Table 7.2, Except for the oceanic term in H, all the |
oceanic and lonospheric torms are significantly determined,
In H both amplitude gnd phase of the constituents of L(0y)

are nearly equals In D the ionospheric part dominates wdth )
largest amplitude of all the three elements, but in Z oceanie /
tern is greater than the ionospheric torme This result Sup= |
ports the view of Tarpley (1971) that most probable cause

of the 03(Z) variation is electric currents induced 4in the

ocean by 0y tlde, It is interesting to note that while the

b |
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phase difference botyeen Oceandc and icnospheric parts in
Dandzmerentorthanw. in H the difference 1s small.

When the oceanic part is Scparated, the decontaminagted

c1y l.ce CIs 13 st111 less than €2 in all the elements.

This suggests that the absence of the prominence of ¢; over

czatmbngiamtdmtotheotfectotocemuedymm

contribution to0 ¢ys An obvious alternative interpretation

is that oven the yearly geomagnotic L(0,), derived hers,

may include an unavoidable contamination from the 8easonai
veriations of the Mo geomagnetic tides Thore are reasons

to believe this because, as shown in earlier Chapters,

L(H3) at Alibags @1l through the year, is not under the

control of northern hemispheric current gysten assoclated

vith L(My)e The exception in H of e being greater than
czeoudbomntothefactthntoceanicmmmspharic :

parts are nearly in phase and add up in the resultant Cye

7.2 The ratios of L(ly) and L(0y) are computed for

oceanic and ionospheric parts separately. The ocoamic and
ionospheric parts of L(lp) are taken from Chepter 6. The f
ratios L(Mp)/1{0y) for ionospheric parts in H,D,Z and /
thelr weightod average are 3.67:1.19, 1e6510s27, 7.032+57

and 1.6020.26 respectively. The corresponding figures for |
oceanic term are 0.95:0.69, 2.25%0486, 3+0610.76 and 2.0%

NJ#+. The ratio for the ionospheric part in H end for

sceanie part in Z are comparable to the value 3.5789,
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calculated gop duwap

gravitational potential theory, but as
the determinagigng

are of low significance no importance
can be attached, T average ratio for oceanic and ionce

gpheric parts do not shoy any improvement over the velue
obtained carlier in section 76324

75 Seasonal Varlation of 1(0y) s
Fige7.1 shous the seasonal vectograms of the L(0;)
variation in the horizontal plamo. The vectograms show

rotates in an anti-clockwise diroction, It is interesting
tomtetnattheeeaaonalmnauono@tmamputMeot
1(03) in H,D,Z and also the sense of rotation of 1(07) vec-
tor in horizontal field in different seasons gre similar

to the seasonal varictions of L(). However, the sense
of rotation of L(0;) variztion vector during year is simlar
to that in winter; it 1s opposite to that for L(¥), suggese
ting that, unlike in L(}p), the yearly variation of L(0;)

is dorminated by the variation observed during winter. Simi-
larity in seasonal variation of L(01) and I(!,) may be only
due to the contamination of I(lp) by L(0y) and vice versea.
winch (1971) has given a method to remove the contribution
\Af I("p) to L(0;) and vice versas. As per the theory, the
contamination can sppear only in sumner and winter and,




Fige 7.1
Vectograms ; the variation of L(0¢) 4in the
horizontal plano the mdrgg-eachseamn.
The curves refer to the vhen «V -3 a0, ™o

mmbers along the curve give local time. Day and night
portions are scparated by short line across the curve.

196
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gnorefore, his equations 17, 18, 23 gna 24, are mpplied to
mcpmca“ulk)muol)mmpmcm.m
decontonineted L(ip) end L(0y) after the removal of tho 1(0y)
contribution fron (%) end L(B,) eontribution from 10y)
are given, rospectively, in Tebles 7.3 and 7.4 slong with
¢he observed harmonics for summer and winter, The probable
orrors of tho decontominated harmonics are also computed by 2
¢he expresolons given by Winch (1971)e A striking feature o1
of Tebles 7.3 and 7,4 4s that, though tho amplitudes have l.
qrproved in magnitude thore 1s o considerable decrease in the
" precigion of decontaminated harmonicss This supports the view
of Winch (1971) that eny dynamo theory dovised for L(l%) end
1(0y) should be eble to deal with the contaminated results,

From the consideration of I{}p) and 1{03) results at
Toolangl, for data aversged over all seagons, Minch (1970b)
gtates that L(1p) results for sumer months would be enhanced
ond for vinter months dimnished by the presence of the 1(01)
contribution, He suggested that eppropriate adjustments
onde for the effect of 1(0;) my substantlally reduce tho
geasonal variation of L(i%) and may offer an explanation in
understanding the unduly large seasonal variation observed in
globel L(Mp)e At Alibag, when the effect of 1{01) is removed .
pron (1), i) dmdngwinterasvellas:nmmerufomu
10 increases Tne winter change is of the type expected by
snoory bub 1t =y be recalled that durdng this season L(i2)
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¢heor¥e It 13 noteworthy thet seasonar veriations of L(lp)
ond 102, even after the removal of the effect of one from
- the OLher, are identicel which suggests that current systens

responsible for L(1L) and 1(0;) undergo aimilar P
changes in form and intensity,
7+6 Sumary ¢

4n analysis of mean hourly values of the three geomage

netic elements, H,D and Z has revegled clear and signifi-
cant L(0p) tides at Alibag. The partiel tide terms are
stall in comparison to phagse law tides, suggesting that the
verdation resulting from the product of atmosphoric tides
. 0q and higher hamonicas of icnospheric conductivity contrie
bute little to the 1{03) at Alibag. 4s 0y tide is primarily
junar diwrnal in period, first harmonic of L{(0;) phase law
zdde is expected to be dominant amongst the hammonics. But
¢his 4s not found to be the case, Tho possibility Ghat 1t
1s due to the presence of occanic dynano contribution to
1({0) 4s examined by Separating 1(03) into parts of oceanic

- -



the yoarly 1(03)
paropics include some unavoidabie contribution fron the

seasonal vurdiation of I(1p), i may poasibly also

expleln vy tho cbserved ratdo of L(iy) end 1407) 13 less
¢han that expecied from grevitational tidg) theory, In

g the Ocoanic part is greater than the lcnospheric part,
gupporting the viow of {arpley (1971) that the most PIO=
bable cause of 0y(Z) variation 1s eloctric currents induced
in the ocean by 03 tidal currents, Seasonal variation of
(1) and L(0y) even after the removal of the effect of one
fron the other are similar, suggesting that currents rese

ponsible for L(!p) and 1(07) undorgo similar scasonal
changes in fora and intensity,

Balll ” 4
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.1 Zncroduction 3

43 alroaly staied in Gupter 7, besidos the dominant
Mp and 04 conatituents in lunar tideegenerating potential
the other lmportant constituont with eppreciable amplitude
4s the lumar elliptic, i.e,, lunar distence constituent,
auoted as By tides This tide 4s associsted directly wita
ghe eccentricity of the Moon's orbit and is the fourth largest
gorm 10 lunar tido-genorating potential, the first three in
 aascending order of mgnitude deing Hpy Oy and Kye Goomage
pntic lunor variatlons assoclated vith 1y and 04 have been
discussed in ocarlier (heopters, Unfortunately, the geomagnetic
lunar variatlons related to Eq are completely odscured by the
poasonel modulation of 5q and hemee their oxtraction is geno-
rolly not possible,
, In earlier studies, geomsgnotic lunar daily variation,
1(l), associated with lip tide has been sought only indirectly,
4.0, the influence of 5y tide 1s deternined es a modulation
of the main Hp tide with rospect to lunar distances ilore
eppropriate wild be to treat I as a purely periodic tide
" “and truly harmonic analysis should be modee In the pest,
Bartels and Johnston (1940b) adopted this procedure in their
gtudy of L(H) at Huancayo. Hovever, Chapman (1957) felt that
¢hedr vork vas facilitated by the large amplitude of L{il)



been indroctly sought in this agter,

According o the gruvitational equilibrium tidal theory,
the tlde producing force of the lioon varies inversely as
cube of the distence of the loon from tho Zarthe 4n estimate
of L o9 a function of lumyr distance enadles cne to test
shether L effects are in direct proportion to the gravitas
tional pull of the lioon or not. Considering the eccentricity
of the loon's orbit, one may expect the amplitude of L to
vory in the rotlo of 100:139 as the Foon moves from epogee
t» perigece The results of the direct effect of the Moon
o the upper aicosphere f{or va:sriaz lunar distance undey
oinlition of different electrical state of the ionosphere
are prosented and dlscussed in this Chaptors

£e2 Ircatment of dalg ¢
7he dota used in the analysis aye the absolute bourly

volues of horicontal intensity, Hy at Allbag for the period



and Peceding raspectively. To Study tho variation of L with

vurying lunar Matance for difforent conditions of ienospheric
conductivity the data have been divided into @

(1) Three seascnay Winter, Equinox and Sumer
(2) Tour phases of solar activity, quict, low, %ediu and
fiighy wvith moan atnumal sunspot pumbers in the ranges
Ow25y 26=30, 51=100 and > 100, respectively.
(3) Entire period of ¥ yoard
Days In cach of tho chove divisions gre further sube
divided according to lumcr distance. Data in ocach of the
ahove sub=divisions are analysed te odbtaln the first four
paroonics of the wll-inown Chopnon phase lew tide and the
pertial tide of Schmelider, following tho numerical procedure
detalled in Chopter 1. The vector probable errors for the
horonics ere also calculated, Since the nean lunar dise
- tances for coded groups 2 and b are the sgme, the data of
these groups are combined and the enalysds is rcpeateds The



the sbove menilomed growps are Compited using the relatioms
ghiven 1in Chgpter 2, nwrauootlmwmnr.mceoto
uxuntweuwnudandusmmnotmomem
1uer dally variation vdth lunar distances Iho probeble

L2 2erigoo) * nat1c?af,, 7'
N30 spogoe)

vhieTe P(Pﬁl'iaw) and f(4pogee) are the probable errors
associated uith the range at perigec and gpogee respoctivelye.

Loy the principel comporont of the 1, tide, rurges,
miio of rango at perigee to that at spogeo end cther ascoe
ciated puremelers Mmmgmwsdiw&atm in
different scesons and for the entire period are givem in
Table B.1. Oloilar results for each of the solar activily
aivicions ere presented in Toble Ue2e As threce days on
either side of the apogee or perigee are considered Lo repe
rosent the gppropriate lunar distance group, the theoretl-
eally expocted ratio of L at perigec to thal at apogee vill
roduce £rom 1.39 0 1429
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both Iy mdlampoorlydetemimcathﬂmmdheneo

gheir inclusion in the deternination of Tange, B(L), renders

te change, observed froa Apogee to Perigee, unrelishle, The
privcipal tera of luner dally vartation, 1, shows an increase
of 33,%1 and 26 per cont from ipogee to Perigee during vincer,
euinox and year respectivelye Similar change in ranges from
Apogee to Perigee can be noticed from the results in Toble
Enle lattoottmrmceacmtotbasacmoedm
the year and in different seasons are close tO the thooretis
cally expected valuo of 1.29, From the enalysis of the obsere
votions at high latitude suations, Chapmen (1957) snd leatan
ot ale(1962) founl that the phase sngle of second harmonic
(N2) to be amalier by 11° to 15° vhen the loon was at Apogee
‘than when the 'oon wvas at Perigeey However, such a trend

in N2 at Alibag, a low=latitude station, 1s seen only during
winters iho reverse trend in N2 cbserved during summer may
not be significont bocause of the large probeble error assoe
ciated with 1ts amplitude at Perigee. Another feature of
{ntorest which emerges from exouination of the results 1s

that neither the aplitudes of the first two harmondes of



aPpreciably frem the value
for EXOUPS 1 and 3. leaton et gl (1962) obeerved strmy1gp

wfemmmmmulgforgmsambat
greciwdch and Abdnger, Mwmwfenneuu
follovss .

Ais per the Eoplor's socnmlu,tmnommvutnsm
yhiell NOAr porigee than when near apogeo, Compared with the

pm«maemz,mnmzmunmmmmm
ioon, whilo over the part & the reverse will be the case,

Me effect accumulntes so that the tide expressed in peon lwor
time T will oppear most rotarded at 'Recodtng’ / (s-p) = 90° 7
and most accolerated at ‘Eearing' /[ (s-p) = 220°7. In the
seeond harmonde tids will produce an apparent phase shift in
N2 of & 11.2 wiille the overall relative shift between the two
sote will be 22,4°% For the first harmonie the difference
will be 11%.2, for the chird 33°%.6 and for the fourth hermonic
,6° Hhen phose angles are corrected for this effect,



ﬂ”“lu obtained hore are thus in ®nfornity wvith the findings
of lenton et ale (1962), hm;.mnmmm
mmmmmm«.mm.mmmu.
ammmmmmm,mm-tmsmrmr
@rimmwrmaumleaImof'hatormpsz
gnd b arise from the mon-coinsidence of meen Hoon and true
soon positions Over these parts of loon's orbit, o ranges
for TOW3 1,5 and 3 aro in the ratics of 10034283139 end
10051083132 during equinox and year respoctively in comparison
to the expected ratlios of 10051151129, The abserce of such
systesatic changes during sumer and winter may be due to the
contamination of L(i) torms by lunar declinatiomal tide,

L(04) ubich contributes substantially but spuricusly to L(if)
tide during these sensonms {Winch 1570b)s

8+3s2 Yariasion of L with lunar distance during different
epochs of solar activity s

It is interesting to note that 1z 1s well determined for
all the divisions listed in Zable E.2 and generally increases
vith increasing solar activity. Ihe genoral dependence of L
with sunspot muzdber at Alibag has alrcady been discussed in
Chapter 3« The tendency for 14 and 1p to increase froo ipogee

to Perdlgee 45 cloarly seen in differcnt phases of solar activity



For Perigee growp of days, when sep 43 noarly sero, L

deteruined 1s L(i) + L(l») and at ipogee, wuhen sep 4s equal
to 160% 1t is L(¥%)eL(B,) ¢Halin and (icpman, 1970a). The
close ogrecment of t-hnratioorlmarranmn:l’ensoeto
that at Apogee, in different sessons and for total period,
wvith that expected from gravitational tide theory not only
strengthons the bellef that the direct effect of the Hoon

on the wpper atnosphere 1s primarily gravitaidonal, but also

suggests that the amplitude ratlo Iys!p departs insignificantly

fron that given by tidal theory, namely 0.191:1. Jlo direct
values of geomagnetde I(l,) tide for different scason end

for varied epoch of o0lar activity are available (as far as
‘the author 1s avarc)e However, ¥inch and Cummingham (1972)
chtained L{H) tide for Watheroo using LOeyears data without
a oubdivision into seasons and solar activity. It is intercoe
ting to mote from thelr Table 8 that the second harmeale of

11



glar activity vould, hovever, suggest that the ratio Hpatly
gopends on solor activity. Dut the absence of such a syste-
gotic increese wlth solar ncuutylntnommorleu
perdgee L0 lp ab ipogee would furthor warrant that the ino-
gease 10 the ratlo of lunar range may not be due only to the
aspendence of the ratio liilp on solar activity but may arise

gyom the contanination of 14 by 1(04)s A stuly of the soler

cycle influence on L(Ny) in addition to L(Mp) and L(04)tides

vill be essantial to identiify the reality of the increase of

patio of lumar range at Perigoe to ipogoe with solar activity.

gJl+ Variotlon of Jomospheric and Coeanic parts of L with
lunar distanco §

7he lunar sanetie veriations from coastal cbservatorics
m:omatomaamwmmmmpmamwmm
amomoe Gupta (1974) successfully epplied Malin's method to
umumammmwomnmmmmcmm
gpheric parts ond ahoved that the cbserved increase of both
mmmmsrmapq;eewpengeoiaclosowmatmwuld
expect froa theorys Zo oxzanine the dependonce of oceanic
and ionospheric parts of L at Alibag on lunar distance, the
soncspheric pndiocoenic parts of L for different lunar distance
groups for all tho seis gnalysed in earlier sections are
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egxpected valug,
89 Sumary

The obaerved changes in lunar daily variation with varying
lunor distance for the total period and in Aifforent seasons
as & low=letitude station are in foir agrecnent with those
expected from gravitational theory which not only confirms
the tidel origin of lunar dadly variation but also inddcates
that the amplitudes of L(Nip) and L(i%p) bear the same ratio
4n all ceasono, Al the samo tine a systematic increase of
the ratio of lumar range at Perigee to that at ipogee with
ancresse in solar activity isplics that amplitude ratio Ioslp
has @ measure of dependence on solar activitys Iiwonaia-
tencies cbserved for lunar distance group ‘Nearing' and
‘necoding® appeer to be dus to the differences im the hour
ancle of the truo lcon and the mean Moon over those parts

of loon's orbit, Change in the emplitude of lonospheric
part with lunar distance, vhen significantly determined,
15 close to tho cxpocted valuce
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yhile the southward component of IF is the most effective

ocnponent 80 far as geomagnetis activity ss revealed by ip,
AZy Tp apd Dst 13 concornedy the sector polarity tovard and );
oway bus boan used by Other workers to establish relation-
ghips betveen the polarity and geomagnetic digturbance and

£1614 (Befe 1=6)e The sectors sre identifled as toward or °. )a‘
avay polarity dspending em whether the asimuthal component ‘ |
py? of IiF is «ve or e, g . ~ "

Mwon's infiuvence on verious gecphysical phencmena has
mmmsmdmummmuumm }
Investigations of lmayr effect on geomagnetie activity, in (
m,mammmmmmwamd

cally ejected from the Sun, or on the soler wind, BHowever,
gone evidence for a possible assoclation of geomagnetie



stolov 8
and . end Camoron®, They sought this association 4n

wtumumugorthmumm,m..m
gphere 13 given Schneider”,

Since the injection of soler plasna into the terrese
trial megnetosphere is regulated by the strength and polae
gty of I and in view of the fact that the geamagnotic
tall extends well beyond the lmar orbit, there is a possie
pLlity that the effect of sector polarity mey have a luner
gouponent in the earth's megnetic field; In the present
note we Teport on results of a search for such a modulation,

4ts megnitude and oquatordal erhencement in the Indisn low-

The data sample in this note is @ set of howrly horie
gantal intensity over a foureyear period of relatively high
solay activity (19568-61) st four Indien stations, Alibag
(dip 2%.3°), outside the equatorisl elactojet, and three

electrojet stations, Annomalalnagaly Ecdaikanal and Trivane

drum with dip 5.4% 3.0° and «1,0” respectively, ALl the
stations were situated in the geogrephic longitude sons
pohween 72°-80%8, The snalysis is confined to wintor season
(W)W.mm‘mdlmmum. the

—— p—



Wm’wmwotmmm
polioving Chapmen-itiller’? methods The computetioned pro-
M“&Whm‘oa The Lunar (L) ——
W“M&“M’mmmm“w
polarities along with the msber of days in sesh of the
growps are given in Teble 45 Solar (s) harmnie components
aYe also computed and shown in Table 2 Lumar and solar
dally veriations cbtained by synthesizing the respective
four harmonies of 8 and L for each of the eway and toward
sector polarities are showm in Fig.te ALl synihesized
Yunar day=-grephs in Fig.t correspond t0 zere lunar phase.
nummmngmmtwmcm
m.muam»mmmt.mmmmmorm
mmtatimm@prm&bmwpmduﬂnu
of M=pOlavTilye It 18 also noticed that while the limar
Wmmlu&wmuzzummmm
gour stations, mm:mmwm.g@:
T e e an i of o 1 1
elnctiojete There 13 : 4




AT-\L
A1ibag _ 2 pe &p ma pe
4 .‘m—‘”’ BB e Hoaof days 223
| e 23 8 4,
2 182 158 057 1,87 15 Li’:
%37 38 0,28 0.2 52 o9
e Io. of dava 124
1 b2 36 1.97 159 29 2,20
2°  3.88 233 0,9 1.9 200 0.99
3 280 93 069 05% W 059
" 133 290 040 0.5 67 0,16
Eodalkanal Bo. of dava 223
1 9«M 37 1.93 1,30 3B 2.26
2 9.3 23 0,91 2,19 205 0.97
3 3.73 80 O 0.96 ¥ 0.56
b M2 267 0.4 0.8 73 0.22
Trivandrun Ho. of dave 166  lio. of dava 216
1 6,06 3% 2,18 2,56 157 3.36
2 591 228 1,93 2,70 201 1.11
3 3. 70 0,80 2.7 37 0.88
b 12,13 272 0.47 0:2% 15% 0.28

W



FWwPh e Fo N

FWuhN-

8.69 9% 0O.,5%
3% 312 0.32
123 109 0.27

No. of dave 179

38.35 267 1.81
- 1506. 120 0.90

7‘% 353 0067
2.,68% 201 0.38
Ho. of days 183

W5.02 281 1,77
1913 110 0.87 . .-

8.67 31 0.72
3.28 191 0.3

Bo, of daya 166
8,33 278 2.00
21.68 107 1.97
9.66 336 0.77
3.36 195 0%

d&p Fha  pe

23.68 288 1.25
9%% 98 o7
3 309 o.32
2.1 119 0.7

Bo. of days 214
.45 289 2.03
15.68 116 0,87
6’” 3‘6 0.50
2.9 198 0,16
2. of daya 223
42,13 282 2,07
8,03 338 0O.5%
2,80 19% 0.2%

Bo. of dava 2316 -

%7.15 281 3.08

21.07 107 1.06

773 335 0.85

2,99 199 0.27

W






the four Stations are significants In the equatortal
electrojet region, the significent saplitudes are remarkably
pightr in magnitude in the C-palarity days at all the

stations &5 ompared 1o the Apolerity days. Bren at Alibeg

the amplitudes of the 158 and bth harmonics aré highes fer
C-polarity days compared to the A growp. On the eontrary,
the amplitudes of solar harmonics for C group are not only
ginilar t0 those of A group but also show same equatorial

_ ephsnoenent a8 for 'A' days. Only st Trivandmm the C growp

solar harmonies, the ratics of the amplitudes of C to A
groups for all the four harmonics at the four stations lie
petueen 0,95 and 1.25: In contyast, the ratios for the
g4yot two harmonies of lunar terms are very much larger and
yary between 0,97 and 4,39, indicating that the lumar compo-
nent 43 profomndly affected by the sien of the sectors




4nflucnces ave (1)
magnetic deflection elona
(2) gravitati ects, uding t: e
atmosphere CBTupmm 3mmﬂa_. . o* -
¢he disturbances .].:M‘ atie ropul Im oy
clouds caxrTying v o"m. these =
& oat : o
are not likely So dlan: nwnmm o:, hm:!) r
e X mad (2)
quite puiibll - Ny s
st es, It is
<t tn the lumar influances (3) and (%)
ﬂﬂmlm - producing the observed modulations, e
o = uence on the earth®s magnetosphere would ‘:m._
ground by the secondery iomospherd: m:
gecause of the arhanced fonosphe mm: |
equatorial - uw .
- electrojet region, these polart: m‘z _
been betior resolved at thali'.atiumty -
on. under the eloctroe

. e



mm%ﬂm’n“ ¢ lthd'.:h
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j '.-fm":n“'lo'luum Geamagnetio spectys
Reglont Lunar 1igeg

GeKe Rnng“ an
Indian nm&’.t. 2¥‘£°n- Arara

Calaba, Bagh Sagnetism
' mata’

powo: 8 the Indlan 1‘6381.01;‘1a 1s m“%,": lunar geamagotic

hi
Pactra, obtained by Vaximum Entrwygfmrgggh(‘?ég?.
inad1

a clear evidence for the lun o
moclmxé.:n boeing the daminant factar-over the : ﬁgtﬁ:
modulation mecgam.. Mplitudes of the lunar terms near

1 and 2 cpd show equatoris] ®
- ment for thg sémidiurnal “mr;t:angoixt wh 3"““&" penite-
M2y apowa the largest enhancement

mm'-‘ In spite of the known lesser magnitude of ¢
dunar geamagnetic variation in contrast to aolggrn he
variation detection and study

Congoquent to the introduction
of an elagant mgthod for detemining lunar harmonic canpo-

nents by Chagman and Miller (1940), gensralized later to
include partlal tides and other minor terms (wmcné 19703
Chapman and Malin, 1970; winch and Cunningham, 1972) several
gignificant contributions in the study of lunar variationg -
have followeds Succesafully applying the BlackmaneTukoy
approach of spectral analysis of time geries to magnatiec
data of 54 stations, Gupta and Chamman (1)69) identified
goeveral significant spectral lines whose frequencies clogely
greed with that expected fram luncr tidal theory. Rlack
970) sugzosted a method of using the fast fourigrrgggr\ggg;m
ique for separat sign an noise at eag
gggml:s(;ld this meghod ij':gg)\binger (Dip.lat. 5’-"006J) Declination
datae While Gupta and Chapman did not digcuss in dotail
their results corregponding to minor temms, Black sugrosted
that many of thege were only due to the mochanism of amplie

tude modulation (AM) by the 27-day periodic term caugsed by -+ «

pecurrent disturbances. Fram a study of magnetic data of-. .

S ——————————

——



Alort (Dtp 1nt«859,91) Kk
arrived at same cox.xgl‘)m ’i‘:g:?rdl and Kurtz (1971) also

Just recently, Currie (1975)
made a significant contributia(x to this asx;ggfs gtudying
us (Pip let.33.39)« Ho uged
a radically diffemnttapproach topapectral analysis,

4 y Y4
BUFg (1968),  aqeg, L0tro lethod (VMEM) originated by

Black's method, he combinod the
spactra derived fram 39 individual one-}ear gpans to

obtaln a gtacked spectrum with high regsolution, mis
results for Hermanug regord minor te of i igin
vere inconclusive sinoegt‘.hoiggviatians ?}a the wuﬁrngg o

froaquencleg fram expacted frequencieg of both tidal opisrin
and AM mechanism were about the game, i

However critical
examining all the available results, he concluded that nd

hanigms are equally likely but at higher latie
tudes tho AM mechaniam may tend to daminate, As an appa=

now obtained the geamage
netic spactra for two low latitude stations with omo of

them in the vicinity of tip 41 equatare In this cammunie
catlon the resultg of the spectral analysis are digcussed.

%a- Mean hourly values of horizontal mngsx ity
as ag p late 9450N) and Trivandrum (dip lat.?.1 3
were averaged for guccessive four hours to gat non=-overlapping
means with spacing t&» hours between adjacent data points
for the years 1%9 to 1973 (both inclusive). These wore
then detrended by application of a appropriate digital highe
ags filter with unit response for periods less than 9 doyse
gaf.a for each year wvere then gpoctrally analysed using the
MEM, With the number of Prediction Error Coeffitients (FECs)
= 200, 1000 estimates were camputed adopting a bandvidth of
04003 cpde /mplitudes at each frequency for 15 years wore
then cambined to obtain the stacked spectrum as outlined by
Currie (1775)e The MEM routine used for the analysis was
from UWrich and Bishop (1975 ) but the amplitudes were camputed
by multiplying the power by the dbanduldth of the estimates
and taking the square root (Lacoss I1971).

Bgaﬂ%a and Digcusgions= Fig. 1 presonts the stacked spectra
over the perlod range 8 days to 53 hours (M = 40 to 3503? The
indicated peaks (SR3 to SRg) are the hammonics of the solar
rotation period signal. The mean periods of those ponks
obtained from the stacked spectra for both stations are 6.9,
5055. !0056, 3088’ 3051 and 3017 dBYSO It 1s interesting to
note that almost all of those turn out to be exact harmonics
of a fundamental signal with a period of 28,0 dayse The
pregence of several significant harmonics of the aver solar
rotation signal indicates its noneginusoidal nature which
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roveals that at’ ang ei\ecmparlson of theso two fisureg

the spectral lineg of l‘;ﬁ:OjOt 'tat'ioni Trivandrum all .ty

almost the same ag that
cal coefficientg (C) of the tidal hamonic:rlish:ogl%;rh

pta and Cha an, but at Alidy thero 15 g
\ Pparently no
i dsmbggt;:b;e reﬂ ;fgniﬂcant aspect uythat
- W major tem 04 13 bettor resolved and hag grootep
the addagent tern Iil tat’. Trivandrun, imis
arger am ude
even the amplitudeg of 3 3 " o oy

L ]
and 33 are gubstantial 1
known amplitudo; at bo%h aiy g

stations by a factar
of about 3 (nearly game ag that indicated b
Hermanus) 1t 4s not clear whather i Ry
the relative amplitudes far the t
two gtatlons is meaningful, Examination of the spectra
presented by Gupta and Chapman (1969) around the diurnal
froquency (their Fig.3a) for fuancayo and Fodaikanal ghows
that for both the e ectrojot stationg 0

4 anplitudes are
larger than H]. ub at Honolulu, a low latitude station
outside the e

b
ectrojet belt, My 13 larger in amplitude.

signal has gwamped the adjoining lp and ny signals, o
feature observed by Currie at idmanus also, At Alidbag,
wvhore the halfewidth of the S2 peak 13 narrower, Lo appearsg
botter resolved confirming the agsumption,

In their study of longer aferiod lunar magnetic tides

in the Indian region, Rao et al. (1976) found that nany

of the spectral 8 wll resolved at Trivandrum and
other stations in the equatorial electrojot rezion were

- not clearly discernible at Alibage Our regults, hence,
tend to show that this feature is apparently is not {ree

quency~dependent e _
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. Fran the ratio op
gpoctral 1ines of Triye nPiitudes for the airrapent

and Alib 1

Table 1y 1: m?th’ 88en that there ex?.géagmvle:lq&torm
gnhancem®nt of the gpactral amplitudes correspona to

the listed frequoncigg, While the emplitudes o
unar semsm%r 1 cpd are Onhanced townrds the equator
py 8 factor of about 1.2, thoss nogyp 2 cpd shov a greater
enhancement with a factor of about 2, Thls feature may
pe explained if the effective the equatorial
ronging fre

roataer concentration of ourrongaac el?law'c‘ecze:g':letw
oIV Mgagodlti{ {23:1 (1363 t)'.t.n giidnificantly. the increnge
n amplitu owards equator i3 nearl
%old; sinilarly 09 shows a muc h Lo

larger enhancement
relation %o the othor noighbouring lunar tems. .

In Table 1 are given the frequencies of theoretidnl
lunar tides and thoso obgerved at Alibez and Trivandrinme
The odbserved frequencies are dorived ag the mean of tho
cm-rospond.ln% frequencies 1in each gpoctrum obtained by
the mothod of parabolic interpolation suggestod by Gupta
and Chapman (1969)s The obsorved frequencies in respect
of 04 and My are noarly the aame ag that o cted fram
theory for Trivandrum. Following Curric (%5 )y w@ found
the residuals of the observed fraquencieg fram that obtained
by AM mechaniam due to a solar rotntion signal whose poriod
was taken ag 2840 days in viow of the sizn

A s ificant f;gmor;rics
gecn in Fige.1s These resida 8-a8 alao thoso obtained from
Bermanus data (Currie 1975) aro nlso 3Ncwp 4 Table 1. Tho

mean residual for all lunar terms franm' thetrotical free
quencios are 31417, 7415 and that from naminal medul-tion
pechanism are 17';1‘, 36441 for Alibag and TPivandrum roge
ectively. Thege residuals for Alibeg are camperable to
lt’hos;e of Ibermanus with valuos of 32411 and 26+12 respcc= .
tivelye These figures suggost that even at a low latitude
gtation like Allbag the gencrating mechanism respongibie
for the observed periodicitics near 1 and 2 cpd can ngr. be
unanbiguougly determineds (nly at the equatorial station
like Trivandrum there is a strong blas in favour of lunar
tldal potentlal mechanism being the daminant factor. A
cloger lool ac {he regiduals at individual frequencies

indicates that AM mechanism can not be ruled out altogether
even there.
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Abstract « lorger period lunay mgnetic tides ape 1denti.

fied in the spectrunm of geomagnetic horizongal intensity,
i, in the Indian equatorfal region., Computofions have |

been carried out by the efficient method of fast Fourier

transfom based on Cooley-Tukey algorithm, Consistent
eppearance of meny of the lines, corresponding to the
long period lunar tidal frequencdes, at all the stations
confirms the reality of the linos although many of the
peaks, well resolved at the lectrojet. stations, do not
appear above the noise level at Alibagy @ low=latitude
station outside the equatorial electrojete The periods i "
of these lines are found to be close to those expected on
lunar tidal hypothesis, Howvever, they are also within the
period-range of side-bands expected from the amplitude
modulation of the 27-day and 13.5-day lines, which occur

in the spectrum due to recurrence tendency of magnotic

 disturbance, by the annual and semieannual waves, UObser-

vation of a few prominent lines in the fF2 spectrunm at
Kodaﬂcamz;'aad: kincs in the H spectrum, suggest that
g oo , Y



pommg geomagnetic delly variation the time dependence of
yhich 18 deternined by the product of a tern representing
the icnospheric movement and a sum of terms representing
the varlations of ionospheric electrical conductivity.
apart from the torms of purely luner tidal origin (M, Bp,
01)y teras of relatively smaller amplitudes erise from sea~
gonal modulation of the main lunar tides by the ever chang=

4ng atmospheric structure. Lunar dnlly geomagnetic variae

tions can be expressed in a general form as follows (Winch
gnd Cunninghan, 1972)3 ) |

L -i&:’"

{ 15 a numbor representing the frequency of the tide ina
Junar daye The sumonds n = 4 to f#% are the phase law |
tides and sumnands n = f-l to <1 are the partial tides. The
sumdn=01salongpexdodqidou1bhtheporiodof%n
doys, whore o> 18 the rate of change in the time argument \
over & solar daye Each of the lunar tides corresponding

to Mp, Hpy 054 and thoir higher harmonics or overtides (1,

007, etc.) thus give rise to, in addition to phase lew and

Cp ein [ (nec)t + P 7




These long perdod tides
are the subJect of the present investigation,

Gupte and Chapoan (1969) and Chapman and Halin (1970)
pave initliated methods of determining the t1dal harmonics
py spectral enalysis of the data. Black (1970) and Rdwards
and Eurtz (1971) have, however, shown that the amplitude
podulation of the diurnal 1line by the 27=day recurrence of
maghotic activity is responsible for the minor lines in the
spectrume From an analysis of the borizontal-intensity at
Hermanus by the maximm entropy method of Burg (1972),
Currie (1975) has confirmed the existenco of most of the
minoy terms found by Gupta end Chapman, but has suggested
thet both lumar tides and amplitude modulation must be
invoked to exzplain nll the observations. Detection of long
period luner tides, corresponding to various major and minor
lunar haroconica, in the spectra of both geomagnetic and iono-
spheric paranmeters vwill not only confirm the realitly of
ninor tidal oscillations but will elso enable ane to study
the role of ionospheric conductivity in the modulation of
geomegnetic lunar tides,

An attempt is made in this communicatlion to dotect
these long period tides in tho geomagnetic horizontal compo-
pent at the Indian Observatories at Alidbag, o low latitude
station outside the equatorial eleccirojet, and the three




me Computationglyy efficlent fast Fouriep tranoforn

pased on Cooley-Tukey algorityn (Cooley and Tulmy, 1965)
pas been used to compute the @poctrun, A search for the
corresponding tides in the noon-time critical frequency of
F2 layers fofoy at Kodalkanal 1s made ang their phases

are compared,

Analysis and Results

It bas been shown that, at a station under the influence
of the equatorial electrojet, the lunar semi-monthly tide
corresponding to }p at fixed solar hours varies with solar
time in the same way as the clectrojet current (Irivedi and
Rastogly 19693 Sen and Reo, 1973)e Consequontly the signal
to noise ratio can be expected to be maximum a little before
local noon vhen the eloctrojet 1s strongeste The data chosen
for the analysis are, therefore, hourly mean velues at a
fixed hour, 06 UT (~ 11 LT), during the 15-year period 1958
1972) Since a reliable test for the reality of the spectral
peaks is consistency of the maximunm among independent samples
(Blackman and Tukay, 19593 Jenkins, 1961), the interval of
15 years is divided into seven blocks of three years each,
vith one year period overlopping in successive blocks. Each
block of data is subjected to spectral analysils using fast
Fourier transform. The computation requires the total number
of data points in the series to be power of 2. To comply




el v
of the series of 1095
or 1096 values m”’“btmmman,aoumm
the lem::loam of the series to 2048, (211) and provi-
ging 8po estimates at
the method 1s outlined 4n a::::zro.m oS per e
pepers (Arora end Rangoe
pojany 19745 Rangarajan and Bhargava, 197%)s Since many of
the long period lunar tides are in the peried renge 10 to
20 days, the stacked spectra over this range for the threo
gtations, Alibag, Annameloinagar end Trivandrum, are obtained
by everaging the seven block spectra at cach of the stations,
ond are presented in Fig.l. It 4s readlly seen that the
pature of spectra at the three stations is nearly the same
but at Alibag, mony of the pecks well resolved at the eleoc-
trojot stations do not appoar to be obove noise lovele. 7The
prominent pesks are eround the periods 20420, 17.50, 16493,
16400, We73y 1365, 12441y 11,51 and 10478 dayss 7There is
o susgestion of a few minor pooks around tho poriods 14,03,
1313, 12.72 and 12,19 days. Examination of individual blogz”
gpectra at Annamalainacar and Trivandrum has shoun that these
1ines are prosent practically in all the spectra with 1little
. gluctuation. 4h frequency, thus confiroing the reality of
these lines, Hinch and Cumninghan (1972), in an analysls of
Watherco data, have computed eleven seasonal hornonics of
1, and 0; group of lunar magnetic tides with time argumemts




pg + Hhy “ﬂmﬂntennntakoammmrm.ecob.
g ond h are the cast longitudes of the Dean positiong of

the lioon and Sun respectively, Interestingly the periods

of the 1ines seen in Fig.l are quite close to the periods

of 1ong period tides corresponding to these seusonal hare
ponics.

Examination of the possibility, that the observed
1ines my result from an amplitude modulation of the perio-
dic osclllation corresponding to tho solar rotation period
or its first hamonic by sinusoidsl functions with periods
of one year and half year is complicated because of the 11l-
defined solar rotation period which has been found to vary

botween 26.% and 26.7 days (Chapman nn?i Bartals, 1940),

6ince the study extends over a solar cycle an average value
of 27 days 15 teken as the period of solar rotation and

approximate frequencies, at which the am;’-hnds would
gppear as & result of amplitude modulation of 27-day and
13.5=day lines by the annual and semiegnnual functions and
their first four hamonics, are calculateds The periods of
side-bands due to modulation of the 13.5-day line are shoun,
at the bottom of Trivendrum spectrun, in Fig,1l by short
verticalumapomunawmmmooedmbothemdtn&-
tion of the 2?-day‘nne are shoun by short vertical lines
pomt.im downwards. " ho periods of long period tides corres-
pondingtotim ugms-ammmnsé to + are



yory close % the poriods expected on Lunar tidal hypothests
rhe Dean and the lcdndnrdmnonort.nopcmam
observed peaks in tho period range 10 to 20 days, obteined
gyonm individual spoctra of Trivandrum, are also given in
Teble 1. It cppears from the Table that the observed mean
periods, é. are closer to those expocted on lunar tidal
nypothesis than to those expected from the amplitude modne
1ation mechanisn, given in the last coluzmn of the Table,
However, whaen allovance is given for the variation in the
frequencies of side=bands due to mm solar rotation
period, the frequencles of the observed peeks are wvell withe
in the extremes. lonce little significance can de attached
to the closeness of the observed peak to that expected on
the lunar tidal hypothesis.,

It will be noticed in Fig.! that the amplitude of the
Mo tide (period 14,77 days) is the highest in accordance
with the lunar tidal theory, DBut the amplitudes of some of
the minor long poriod tides resulting from dynamo action of
minor seasonal harmonics of purcly lubar tides, .8 ¢2,
004 and Hip, ere larger.than that of the main Oy tide (period
44,19 days) ubich shagld be dominant. Gupta end Chapman
(1969) elso found 1little or no relation botween the magni-
tudes of tho terms in the lunar tidal potential and those



TABLR ]

junar diurnal and senidiurna) atmogphe
gnd the perlods observed in H ot rﬂvandrgm. Periods cf
”ﬁtﬁgosy mmn? :ncgegm ‘ude modulation of the

/‘

Oboerved period and Pertod of
ils standard dovige ares
Choracter Syme 1/w o100 yona”

tion in H at el )
W  Number bol (Period gmm S g@“mbgf
in days) (bserved  Standard. from

?Oriod deviation tude m‘au..
in days) (in days) 1gtiom

— ra— -

1¢ 23=6h = 17,601 17,52 T2 12,30
2. 2%-5h = 16,80 16.85 ..m 16452
3o 2s=bh $2 46,06 16,3 2 15.82
b 28=30 V1 15,3 - - 15.17
e 28=2h lp 177 1476 05 W57
6e 25=h 01 1419 %13 »19 1,02
7« 2= Hp 13466 13.60 12 -
8. 2s+h 004 13.17 13,10 «®  13.03
9. 2s+2h 10 12.M 12.75 07 12,59
10, 2s+¢3b e 12,28 1240 07 12418
11, 3s-6bep = 10475 10,80 07 11,08

ere the east longitudes of the mean moon and sun
;maggcgivoly, and w istherateqr change in the time argue
pmt over a solar daye



ob8°md in the geomagnetic Spectrun, This mgy possibly
wwmmbmutmdlmtimefm
gignals resulting from amplitude modulation mechanisn,
An oxamination of the individugl spectra has shown
that the amplitudes of various cbserved lines are larger

gor the block of years 1958-1960 end 1966=-1970 and lowest
gor 1964=1966, indicating a solar cycle depandance of the
‘uputuw.

As a stop in understanding the generating mechanisn
of the geomagnetlC lumar tides it 4s worth comparing tho
amplitudes and phases of the longer period tides in the geo=
pagnetic fileld wvith the corresponding parameters of these
tides in the ionosphere, preferably in the Felayer because
tidal amplitudes are laorger in the Felayer than in the E=
1ayer (Matsushita, 1967)e Spectra of seriecs of 2048 DOON=
time (06 UT) dally velues of £oF2 and the horizontal compo=
pent, H, at Kodaiksnal hove been comput.ed by the method
described earliers' H data of Alibag, Annamalainagar and
rrivandrun for tho same period are slso similarly analysed.
The starting of cach serics is 1st January, 1958. Examinge
tion of these spectra has shoun that the nature of H spectrum
at Kodaikanal is similar to that at Annamalainager and
Tyivandrum and in general there is little variation in the
periods of the peaks from those of the‘eomspmdins peaks
observed in Fig.1. However, many of the peaks noticed in



11n03 of £of2 spoctrum vith the corresponding 1ines in &
gpectrun 15 ghown in Fig,2, It would eppear from Fig.2 that
longer period tides in f.F» and in 1 are generally in phase’
opposition at all the pmmnefxt frequencies corresponding to
the lunar tidal variations,
Conclusion
On the besis of signal-frequency comparison of the

perdods of 1ines observed in the stacked amplitude spectra
of K at the Indian equatorial stations, obtained by averaging
over seven sanoples, wiih those due to mojor and minor lunar
tidal terms and also with. those expected from the amplitude
podulation mochaniom, 4t 48 difficult to ascertain the source
of the observed spectral lines, Tho moan amplitudes of varie
ous 1lines arc, however, not in the same proportion as expocted-
fron tidal theory. Comparison of the phases of various long
perdod tides in H with those in foFp showed an antiphase
relationshipe An analysis of a longer series of data from
stations in the equaigrial electrojet region, pernitting
largor number of samples than what has been used here and
| comparison of the assoclation with various ionosphoric parae
meters may lead to a better understanding of the generating



gechanisn of these 1ineg,
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Lunar modulation of tpg diurnal variation of H at Trivandrm

BOR. A.I‘Ora & N.s. sa.itri

Indlen Institute of ge
omagneti
aba, Bormbay 400 8%5 =

the four winter month

to February, during the period 1998-137 ol
L, in its maximum phase is f 1971971, The
cent of the d
departure of the hourly mean of g {
gﬁ andr:bout 22 per ce hE e 1% g:rigggl.tilg

ese gures are comprable to thoge ocotained by Onwum hili
for Ibadan. L 13 also found to contribute go y 2o 1
of the diurnal variatio

the asymmetry

about 22 per cent, U 1n Oghﬂ at T{i:agdrun to the extent of
» Us ese o

criterion of Onwumechdlli, Ttn o:98 and applying the

days with diffeérent
contribution at Trivandrum are identifieq, nt types of lunar

1. Introduction , |

Lunar daily variation, L, superposed on the solar daily
variation, 8, tends to modify the diurnal variation curve of
the geomagnetic horizontal intensity, 'H, The lunar effect,
though small, may be sometimes conspie '
the magnetic equator

where the lunar variation 4s also
enhanced in the day~time.

s Bartels and Johnston (1940) attri-
buted changes in the shape of the diurnal variation of H at
Huanceyo to lunar modification. Onwumechilli (1963), using
Ibadan magnetograms for quiet days in northern-winter, attem-
pted to verif

Y their findings applying a new method o} esti-
mating L at certain hours on indi

vidual deys and concluded
that the existence of a wide variety of L-types would be,
possible which wouled have implications on the height of the
L-fleld. Adopting his method the effects of variousg types
of lunur modulation are examined here in the Trivendrum
magnetograms for the horizontal component, H, on international
quiet days in the winter months November, December, January
and February during the period %9

58-1971,
2. Method

The method, due to0 Onwumechilli (1963)1 is in brief as
follows.

The departures (Mg) of the hourly mean values (Ht)
of H at the local solar hour (t) from the datum-level are
computeds The field averaged over 03, O4 and 05 hours LT,
an interval during which field variabllity_is found to be
minimum (Bhargava and Yacob, 1974), 1s used as the datum- ;
level. The departure Mg 1s corrected for non-cyclic variation.
The greatest component of thig departure is Sq, but a small
part is made up of the disturbance field and the L-field.



4 0.

My may be expressed as

My =My #Mp ¢ M =-==0-=====- - (1)

ing Mg taken on different days .of a month

Mmt 1g"o§z3f§§d.g Mg is rationalized by dividing each withl
tlge mean, Mpt, so that the dominating influence of S-fielq
is subdued. The ratio, Rg, though free from the seagonal
change from month to month, still bears the imprint of gq
of the day. Mpt depends on Sq but the monthly mean of Rg
denoted by Rpt Xs independent of Sq and should always be
unity.

The ratios, Rt, for all the available days are arranged
according to lunar phasey  « Rg(R) 1s the average of Rt
for a selected value ofy + Following (1), Rg(R) may be
written as

Averaging for a fairly large sample Rgy (M) should be
unity like Rpt because nelther the S-field nor its varia-
bility depends on lunar phase, and because D-field is inde-
pendent of M and is random in lunar phase, Rpg(M ) 1is zero.
Rt (R) then should demonstrate the dependence of Ry on
lunar phase and (2) reduces to

Ry (R) =1 #Rp(p) == -cccemmoon (3)

As can be seen from Fig. 1, which is a plot of Ry against
lunar phase for the hours 10, 1% and 17, a semi-monthly waye
obtained from Fourier analys{s of data f‘its- in the experi-
mental points to a fairly good approximation so that Ry,
(K.e) can be replaced by the expression Ly sin (QwWR +'q
where L; is the amplitude of the L-field at the local solar
hour (t), w» = 2W/24 = 15° and @is the phase angle, 'The
results obtained here for Trivandrum are as followss

Ryp (R) = 1,008 + 132 sin (2R + 179%)
Ry, (R) =1.012 + .221 sin (2wp + 27097) l -~-=-()
Ryp (R) =0,983 + .222 sin (200p+ 826)

The contribution bK L of about 13 per cent at 10 hr and 22

per cent at both 1% hr and 17 hr 1s Yarge enough for 1ts
effect to be conspicuous in the magnetograms.

It 1s seen from Fig, 1 that Ry (B ) 1s unity close to

r: 3 or 9, indicating that lunar effect, Rm, at 1% he LT
8 n2arly zero on all days with g=3o0r9 hence the

)y

g

-l -
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variation at houp % n

such days, But thege Z‘Vamgedﬁ&ggeug as a measure of Sq on
‘near 1% Br IT are gypjgqv®,d o

and maximum fielg

3 free of L-p{
near 17 np ﬁm““m L-fielq p e
days with pw= 9 whic ¢ R

h ar
LT. In order to egt ¢ als

lmate
using variation at qi py. L%hzssg ;‘;a"‘) hr and 19 pp iT,
the linear relation between the sure of

f M zed monéh;'_e coupute
values o at 14 : Y meap .
IT. It may'Ba redamrent,F LT and eith

8+ 2 shows thig line

the valueg of ar
20 7 X LT Tespectively, gjpo0 att“{shi e im
measure of the same Sq ag St, 1t endbles b t"{ :e tlraze
the L variationi Lt (), at that hour. The exproy e
for the estimation of 8q at hours 10 and 17 Xpressiong

Bs10 =0:341 Ry + 659

3317 = 1.263 RS’]"I- v 02631 \ ." "5~ )

Then the lunar variation is. ;
Brio = Ryg = Rgyg

Rl = Ryp - i""517

(%) will deternine
dulation on that day, The following erite-
ria are applied (Qmechﬂli, 1963)s

!
I. Model 1~day lRL10 - L1'0l< %O;O'md IILL.'? = ol ;
bo v

where 670 and 617 are the standard errors for the
hours 10 and 17 respectively;

II. Big L-day 3 110 \ 2 and 2;
Lo > 217 >

- Ly |
IIT, Small L-day: |RL10{< % and sz 3
Lio 17
IV, Non-Uniform L-days [RL10 - Brig S 2
Lo 17

V. Inverse L-day: One of the ratios ;F,]O and BL]Z is

10 17
less than -1 and the other patio
less than é’o
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3. Results

in the lunar phases 3 and 9 (or 15
and g?;fe ;ﬁg gﬁeg:z:qy of occurrence of the five types of L
in these 52 days is as follows:

Type Days Percentage
¥odel L-day 1 e
Big L-day M 6
Small L-day 1 2
Non-Uniform L-day 29 56
Inverse L-day 1] 2

The frequencies are comprable to thoge gbtainedlby Onwumechi -
14 (1923).

A selection of- the magnetograms for different types of L-
effects, chosen by the above criteria, is shown in Fig. 3,
For lunar phnge 3y L is minimum around 10 hr and maximum
around 17 hy’ LT and for lunar Phase 9, L is maximum aroung

10 hr and rinimum around 17 hr LT. These are indicated by
arrows in the diagram, ‘

Fig. 3A represents a model L-day where the observed L-
effects are of the order ag expected and the diurnal variation

days in the lunar phase 9 and 3 respectively, As expected,
in 3B the fielq around 10 hr is enhanceq and. a depression ig
tLearly seen aroung 17 hr. The reverse is the case for Fig.3D,
lunar phage of that day being 3, Non-uniform days are nume-
r??sét Ojrmany OCCasions they appear to be complicateq by .the
eifects o j

2 1s found to be small L-gay (Fig. 3E).  But thlg

’ thoqg“ 4n international quiet day, appears to be affecteq
by disturuance. The disturbance effect ig assumed to bpe

he mean for a given y . On an

3J¢ In some of the

is not ~asily a arent, It
must be noteq that the definitiong here are gasgg on the

‘method ig advantageouyg
in indicating days with lunap effects alwy
visible in the magnetograms, ¥S not clearly




L affecty the . b
S DY 1ts magnitugde near noon:
SuPPressing the ranye Vhen
enhancing it when phase.L %uiin Phase Opposition and
range )b 9 defined as
dey m:[nusa{he

is examined with the daily

the thaximum hourly hean.value for the
e-d Mean of tp
shows the €Xpecteq er

€ hours 03, 04 ang 05. Fig.k
fect ang the semi-monthly wave is
Rpax(P) = 1,008 +

Thus the L field in its maximm hase n
}grpenr).agzt(mcdhjmj]i 196 5 a € comparable to that
as that for the 11 py 1p' 1203) and the py

2 Das X Phase angle 1g same
ause e nm
OCCUrS near about that pio: —

== {6)

The diurnal variation ip H may be expected to be
trical about the hour of itg p Pl : - )

aximum, which i
11 hr LT at stationg under the equ :

e-

S generally around
atorial eje ctojet, However,

it 15 not Symmetrical mopg often

and the asymmetry is attpipue
ted to lunar on by Gouin (1962), The effect of the
L-field on the asymme

try of H at Trivandrupm 414 exemined with
the index of asymmet ry formilateq by Onwumechill 4 given by the
expression
Y
ax

where and 517 are the mean hourly values of H

at 05 and 17
hr LI, The asymmetry index, s,pﬁggeal}lb the available days are
b ] L 2

The setpi-monthly
wave fitting the experimental points ig shown in Fig. 4b and is

AdP= 0,997 + 219 sin (20p+ 23%)

t fit the expe-
from the Fig, 4b the wave does no e
As canage gie.ggs quite well, but still is tpe highest contril;x;r ’
r_lmcng mgnic. Only abouf 22 per cent of the asynmet‘rybaempp
E;n go :ccounted for by thet:!.unai eﬁggcgﬁé pf‘hlgzr ;tcx:%e o)
ation is

swn:ggytg?tt%gngu?gglvariation of the H field about its
::;m;:m around local noon,

Baferences :
‘ d Johnston H F 1940 J. Geophys. Res. 45 269
=i ?Ids A 1974+ Ann. Geophys. 30, (in press)

’ "Yacob A
Bhargava B N an
Gouin P 1963 Nature, Lond. 193 1145

hilli A 1963 J. atmos. terr. Phys. 25 55
Onwumec '
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