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1. INTRODUCTION

IN earlier papers Rastogi and Alurkar (1966) and Rastogi (1968 a, b) have
presented analyses of lunar tidal oscillations in f F, at equatorial and tro-
pical latitude stations in the American zone during the low sunspot years
1951-55. Significantly large Iunar tides were noticed at the southern
stations even during night hours, specially during December Solsticial
months. The present article describes the lunar perturbations in f(F, at
the northern mid-latitude station Puerto Rico and the southern mid-latitude
station Falkland Islands, and the results are compared with those discussed
in the earlier papers. The co-ordinates of these stations are given in
Table I and their positions are shown in Fig. 1 which also contains the
lines of constant dip and of total magnetic field. It is of interest to note
that Puerto Rico though at a low latitude of 19° N. has a dip of 51°
whereas Falkland having a dip of 46° S. is situated at 52° S. latitude.
Further, the total magnetic field at Falkland is only three-fourths of that
at Puerto Rico. The data utilised in the present study cover the period
January 1951 to December 1955 which were obtained through the cour-
tesy of CRPL (now ITSA), Boulder, U.S.A. Both Puerto Rico and Falk-
land are situated outside the so-called equatorial belt of anomalous F,
region. The method of analysis has been described in the earlier papers.

II. ANNUAL AVERAGE LUNAR DAILY VARIATION AT FIXED LUNAR AGE

In Fig. 2 are shown the lunar daily variations of f,F, at Puerto Rico
(solid lines) and at Falkland (dashed lines) at different lunar ages as well
as averaged over a whole lunar month. It is seen that the curves at both
the stations are remarkably similar even at individual lunar ages. Noting
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that the geographic latitudes of these stations are very different while the
dip angles are nearly the same, it may be concluded that the luni-solar
tidal oscillation in the ionosphere is tied to the magnetic field of the earth
rather to the geographic co-ordinates. However, there are likely to be
differences in the pattern depending on the abnormalities in the carth’s
magnetic field itself.

TABLE 1

Co-ordinates of ionospheric stations studied

Station Geogllﬂahical Geo%éigmcal I\é[) aq%n i{%%

Oersted
Puerto Rico .. 18-5°N 67-2°W 57°N 0-43
Panama .. 9-6°N 79-9°W 37°N 0-37
Huancayo ..o 12-3°8 75-3°W 2°N 0-29
Buenos Aires .. 34-6°S 58-5°W 31°S 0-26
Falkland .. SL-7°S 57-9°W 46°S 0-33

The lunar variations on individual days indicate comparable diurnal
as well as semi-diurnal components, whereas the whole-month-average
of lunar daily variation is purely semi-diurnal in character.

The coeflicients of lunar daily variations of foF, averaged over the
whole lunation at these and other stations in the American zone are given
in Table 1. For any of the stations, the most significant component is
the lunar semi-diurnal one. The phase angle of L, oscillations at Puerto
Rico and Falkland is 184° and 158° respectively. In other words, the
maximum positive deviation of fF, at Puerto Rico and Falkland occurs
at lunar times §+9 and 9-7 lunar hours respectively. The corresponding
values for other tropical stations Panama and Buenos Aires are 10-8 and

10-5 l.hr. respectively.

Chapman (1919) has shown that the coefficients of different harmo-
nics in lunar daily variation of a magnetic element are given by the

expression.

L= f’cnsin{nr+(n—~2)v+an} (1)
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where ¢, and o, are independent of lunar age. To test Chapman’s
phase law, the lunar daily variations at individual lunar ages are harmoni-
cally analysed according to the equation
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Fic. 1. Map showing the positions of stations studied in the present and earlier papers
together with contour lines of earth’s total magnetic field and magnetic dip angles.

Fic. 2. The lunar daily variations of f,F, at Puerto Rico (full lines) and Falkland (dashed
lines) for eight ages of the moon and when averaged over the whole Junation.

The variations of phase angles (¢,,) with the lunar age for the annual
average L variations at Puerto Rico and Falkland are shown in Fig. 3.
It is seen, that at both the stations, the phase angle of the second har-
monic, ie., ¢, is fairly constant of the lunar age. The phase of L, oscil-
lation, 1ie, ¢, decreases through 2= during the course of one
lunation. Similarly ¢, and ¢, at either of the stations increase by 2=
and 4r respectively during one complete lunation. These results are in
conformity with the Chapman’s Phase Law derived from the dynamo theory
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of the atmosphere. This again confirms that the lunar tidal oscillations
in the F, layer ionisations are in a great extent associated with the move-
ments expected from the dynamo theory.

TaBLE II
Coefficients of annual average lunar daily variation of f.F, for the whole

lunation according to the equation L = f Apn sin (nm + Bn).

n=1

Al Bl A2 BQ A3 )88 A4 ﬁ4
Mc/s ° Mc/s ° Mc/s ° Mc/s °

Station Reference

Puerto Rico 0-007 286 0-086 184 0-004 352 0-007 274 Present article
Panama  0-016 110 0-084 127 0-014 319 0-007 10 Rastogi, 1967 b
Huancayo 0-006 13 0-095 331 0-004 286 0-002 226 Rastogi, 1967 a

Buenos
Aires 0-016 343 0-144 135 0-005 339 0-011 166 Rastogi, 1967 b

Falkland 0:031 23 0-100 158 0-016 84 0-:002 217 Present article

Referring to Fig. 3, it is seen that the amplitude of oscillation in f F,
at either of the stations is slightly greater for the second than for the first
harmonic; while the third and fourth harmonics have greatly reduced ampli-
tudes. Further the amplitude of any particular harmonic is greater at
Falkland than at Puerto Rico.

III, ANNUAL AVERAGE LUNAR MONTHLY VARIATION OF f,F,
AT FIXeD SOLAR HOURS

Lunar tides in f,F,; can also be computed by analysing the lunar
monthly and semi-monthly variations at fixed solar hours. In Fig. 4 are
shown the average deviations of f,F; from the corresponding monthly
mean value as a function of lunar age (at Greenwich noon) separately for
each of the solar hours 00, 03, 06, 09, 12, 15, 18 and 21. The smooth
curves drawn through the points, built up of first and second harmonic
coefficients, are also shown.

There is a distinct maximum in the amplitude of lunar tides at each
of the stations during the midday hours, but there is another secondary
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maximum at about 18 hour solar time, The tides around midnight hours
are insignificantly small at Puerto Rico but quite large at Falkland. As
described earlier, the M, (f, F,) amplitude at Huancayo is very small during
nights, starts rapidly increasing about two hours after sunrise, reaches a
broad maximum between 11-15 hours and slowly decreases afterwards
towards a minimum around sunrise hours. :
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FiG. 3. The variation with the Junar ages of the phases of the different harmonics of the
lunar daily variations of fyF, at Falkland and Puerto Rico for eight ages of the moon.
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FIG. 4. The annual average variation of fiF, at Falkland and Puerto Rico against lunar
age (at Greenwich noon) for different solar hours.

The coefficients of annual average lunar monthly and semi-monthly

s i R e -

waves in foF, with their probable errors at different solar hours are given
in Table III for Falkland and Puerto Rico. The phases 6; and 6, are given
in terms of local lunar time when the corresponding wave reaches the
maximum positive deviation. The amplitudes whose values are less than
three times the corresponding probable error are shown within brackets.




255

Lunar Tidal Variations in {,F, in American Zone—Ill

€t 6 760-0  €-0I $00-0 I-01 8010 6 6200 mnoy Iy
g-8  (9L0-0) Ll (1s0-0)  LTO'O ¥ 9-01 €v1:0  L-L (p0-0) 0T0-0 9% 12
S8 8140 0¥ #y0-0)  L£O-O €L -0l 10 S-s  (€L0-0) STO-0 IS 81
g-11 €II:0 6:€ (Lz0-0)  v€0-0 €8 .01  $0I-0 9.0 (§20-0) 920-0 T9 Sl
$-0I  TET-0 6:L1  (0L0°0) €£0:0  9-L €0l 6720 8¢S (800-0) €00 I-L 41
L8 8¢1-0 9.1  (0s0-0)  #T0-0 1:9 €6 Z12:0 791 To-0) 670-0 19 60
8L L01-0 ¢-g1  (6v0-0) 8100 T-€ $:8 9¢1-0 89 7L0-0 TT0-0 € ¥ 90
L8 L90-0 60 (L10°0) TT00  O-¥ 43S 8,0-0 1-€ (9¥0-0) LIO:O  O-F €0
g-8  (£z0-0) 9-8 (¢c0-0) #0600 TP €1 ¢or-0 €27 (To-0) Li00 € 00
YT SO g SPIW SO SPIN qUp 0 SO ISP SPIL SPIW
g ¥ g i o gy ¢g & Tg Ty 10119 3% ouwmp

sseyqg dwy aseyqd duy  ejqeqold uedN oseyg dmy  esegq "Wy 9[qeqold UBdN  IB[OS

ooy oyvng puepyied
'24DM Stipuodsaiod dyj fo UONDIAIP adnsod wnuxow fo 2w} dpunj 31paipul tg puv g sasvyd Ipad ajoym

sy Jof puvpyipd pup 0dpy opiand 1v % o1 up SuoNDNIISO Apyjuowi-1iuas pup Kjypuous iouny Jo swaniffaod

111 218V




256 R. G. RasT0GI

It is seen that the amplitudes (r,) of M, oscillations are not statisti-
cally significant for most of the hours at either of the stations and hence
are not discussed further in the paper. The amplitude of M, oscillation
at Falkland is statistically significant for all the hours both during day
and night. The M, oscillations at Puerto Rico are significant for most
of the daytime hours while during the night time hours they are not signi-
ficant. The vectorial mean, i.e., the lunar time variation of fF, averaged
for all solar hours is 0-108 Mc/s at 101 lunar hour at Falkland and 0-092
Mc/s at 9:43 lunar hour at Puerto Rico. These values are in reasonable
agreement with the coefficients of whole-lunation-L, variation deseribed
earlier, indicating the consistency between the two methods of analyses.

IV. LuNarR DALy VARIATION AT Fixep LUNAR AGES
DURING DIFFERENT SEASONS

The lunar daily variations were computed separately for different
seasons of the year, viz., D-months consisting of November, December,
January and February; E-months consisting of March, April, September
and October; and J-months consisting of May, June, July and August.

The lunar daily variation curves for individual lunar ages were quite
similar for Puerto Rico and Falkland during D- and E-months; while
during the J-months insufficient correspondence between the lunar oscilla-
tions at the two places was noticed.

In Table IV are collected the first three coefficients of whole lunation
average lunar daily oscillations in f,F, at either of the stations during each
of the seasons. It is scen that the amplitude of second harmonic is gene-
rally the most prominent mode of oscillation. At Puerto Rico the L,
(f,Fy) amplitude is 0-14 Mc/s during D-months, 0-13 Mc/s during E-
months and only 0-04 Mc/s during J-months. Similarly, the L, (fFa)
amplitude at Falkland is 0-18, 0-09 and 0:03 Mc/s during D-, E- and J-
months respectively. Thus it is seen that the lunar tides is about 4 to 6
times stronger in D- than during J-months at either of the stations even
though these are situated in opposite hemisphere and have opposite local
season during same months. Such an annual rather than the seasonal
effect in the lunar tide has been already demonstrated by Rastogi (1964)
for the midday values of f£,F,.

The maximum positive deviation of f,F, at Puerto Rico occurs at 8.3
Lhr. during D-months, at 9-1 Lhr. during E-months and at 11-3 Lhr.
during J-months. Correspondingly at Falkland the maximum occurs at

B Tk b T
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9.5, 10-0 and 10-8 Lhr. during D-, E- and J-months respectively. The
maximum of L, tide at Panama occurs at 9-7, 11-3 and 1-3 Lhr. during
D-, E- and J-months; while at Buenos Aires corresponding times are 10-4,
108 and 12-1 Lhr. respectively (Rastogi, 196854). The L, tide in
horizontal field H at Huancayo is shown to be maximum at 7-4, 8-3
and 8-7 Lhr. during D-, E- and J-months respectively (Rastogi, 1968 a).
The seasonal variation of lunar tides in 7 F, and H at Huancayo have
been shown to be extremely similar in character although remaining oppo-
site in phase (Rastogi, 1963 b, 1965). The lunar daily as well as monthly
tides in f,F, at Huancayo are shown to be influenced by the lunar tides
in the equatorial electrojet current (Rastogi, 1968 a). The seasonal shift
in the lunar tides in f F, at Huancayo, and tropical and middle latitudes
are remarkably similar. This indicates that the seasonal shifts in the phase
of L, tide at most of the latitudes are due to corresponding shift in
L, (H) and finally L, (,F,) tide at the equator.

TABLE IV

The coefficients of whole lunation average lunar oscillation in f,F, at Puerto
Rico and Falkland according to the equation L = Ay sin (nt + By)
for different seasons of the year

A, B1 A, B Ag Bs
Mc/s ° Mc/s - ° Mc/s °
D-Months
Puerto Rico .. 0:032 119 0-139 200 0-016 166
Falkland .. 0-:007 319 0-178 165 0-001 132
E-Months
Puerto Rico .. 0-026 111 0-126 173 0-008 169
Falkland .. 0-036 55 0-087 150 0-025 54
J-Months
Puerto Rico .. 0-063 287 0-042 112 0-117 233
Falkland .. 0-003 79 0-034 127 0-010 25

V. LuNAR MONTHLY OSCILLATION AT FIXED SoLAR HOURS
DURING DIFFERENT SEASONS

}The lunar monthly and semi-monthly oscillations in f F, at each hour
of the day for the three seasons were computed for the stations Puerto
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Rico and Falkland. For brevity only the coefficients of M, oscillations
at 00, 03, 06------ 21 solar hours during different seasons are given
in Tables V (a) and V (b) for Puerto Rico and Falkland respectively. The
determinations which are not statistically significant are within brackets.
The solar daily variations of the amplitude of lunar semi-monthly oscilla-
tion in fF, during each of the seasons have been shown in Fig. 5 sepa-
rately for the northern and the southern American stations.  The coeffi-
cients (both r, and 8,) for each hour of each season for Puerto Rico and
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f° Fic. 5. The variations of lunar semi-monthly tidal amplitude in fiF, at Falkland, Puerto
Rico and Huancayo and at Puerto Rico, Panama and Huancayo, with the time of the day, for
each of the seasons.

Falkland are plotted in harmonic dials of lunar age in Fig. 6, and those
of lunar time in Fig. 7. The all-hour vector mean coefficients are also
given in each harmonic dial. Seeing the diagrams in Fig. 5 it is distinct that
the lunar semi-monthly oscillations are much stronger during the D- than
during the J-months irrespective of the station.

At Puerto Rico the coefficients for D- and E- months are statistically
significant for most of the solar hours except few hours around midnight,
while during J-months, the amplitudes are significant only for 12-14 solar
hours. The amplitude during D-months is 0-26 Mc/s at moon, slightly
smaller during 14-16 hours and again another maximum of 0-26 Mc/s occurs
around 18 hour. Similarly, during E-months largest amplitudes of about
0-35 Mc/s are found at 13 and at 19 solar hours with low amplitudes
around 16-17 solar hours. During J-months the midday maximum of 0-28
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Mc/s is seen and the evening peak is not distinct. The two maxima at
about 13 and 19 hours are clearly seen in the annual average curve.
Comparing the results at Panama one finds that the annual average curve
indicates only the prominent midday peak and the evening peak is very
feeble. During D-months the evening peak is quite distinct though lower
than the midday peak. During E-months too there is a major midday
peak and a smaller peak around 21 hour. Thus it is concluded that at
northern tropical and mid-latitude stations the hinar semi-monthly tide
has two maxima one for the midday and another for the evening hours.
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F1G. 6. Coefficients of lunar semi-monthly oscillation in fF; at Puerto Rico and Falkland
at fixed hours for different secasons of the yecar plotted on harmonic dials of lunar age.

At Falkland the annual average curve shows two maxima similar to
that at Puerto Rico except that the evening maximum is rather flat, and
the coefficients during D-months are significant for any hour of the day
or night. During E-months the amplitudes are significant for all solar
hours except around early morning hours between 04 and 08 solar hours.
During J-months the amplitude is statistically significant for 11 solar hours
only. During D-months M, amplitude shows two maxima of 0-42 Mc/s
at 09 solar hour and of 0-32 Mc/s at 21-22 solar hours. During E-months
the first maximum of M, amplitude of 0-42 Mc/s occurs at 11 solar hours
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and another of 0-23 Mc/s at 19-20 solar hour. Similarly during J-months
there are two maxima at 11 and 18 hours.
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Fi6. 7. Coeflicients of lunar semi-monthly oscillation in fiFy at Puerto Rico and Falk~
land at fixed hours for different scasons of the year plotted on harmonic dials of lunar time.

The M, amplitude at tropical latitude station is shown to be maximum
in the afternoon around 15 solar hour. At higher latitude there arc two
maxima of M, tide one around noon and another around evening hours.

Referring to the lunar age (v) harmonic dials for D-months at Puerto
Rico, it is seen that the points form two loops around the origin giving
a very low mean value of 0-04 Mc/s while the same coefficients plotted
on lunar time dial group within the sector between 07-10 Lhr. giving the
mean value of 0-14 Mc/s. Similarly during E-months the all-hour mcan
is 0-14 Mc/s on lunar time dial and only 0-04 Mc/s on lunar age dial.
During J-months however the points form a loop around the origin on the
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lunar time dial giving a low mean value of 0-04 Mc/s while on lunar age
dial most of the points lie between the 11-01 Lhr. sector giving a mean
value of 0-08 Mc/s. This suggests that during D-months the M, tide is
controlled by lunar time while during J-months it has greater control of
lunar age.

Referring to the harmonic dials for Falkland for D-months, it is seen
that on the lunar age dial the points for the night hours group within
10-11 Lhr. sector while on the lunar time dial points for the daytime
hours group around 10 Lhr. The all hour mean is slightly larger
on lunar time than on lunar age dial. During E-months also, grouping of
daytime coefficients on lunar time dial and of the night time coefficients
on lunar age dial is seen. During J-months no significant differences
in the lunar age and lunar time dials is clearly seen due to small ampli-
tudes of the M, tides. Thus it is found that during D- and E-months
the M, tide during the day time is controlled by the lunar time and during
the night time by the lunar age. :

SUMMARY

Lunar semi-diurnal (L;) or lunar semi-monthly (M,) tides in f,F, at
Puerto Rico and Falkland are shown to the maximum during D-months
(November to February) and least during J-months (Mayto August). The
lunar daily variations of fyF, at different lunar ages conform to the Chap-
man’s Phase law derived from the atmospheric dynamo theory for geo-
magnetism. The M, tide at different solar hours indicate two maxima
around 12 and 21 solar hours. At Puerto Rico the M, tide is controlled
by lunar time during D- and E-months and by lunar age duril?g J-month§,
At Falkland, during D- and E-months, the M, tide for daytime hours is
controlled by lunar time while that for the qight time hours is controlled
by the lunar age. Thus the tidal movements in the F 2 layer have contfol
depending on the absolute position of the moon as well as on the relative
positions of the sun and moon, the relative importance of the two changes
with the season or between day and night hours.
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