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Abstract. lonospheric scintillations of radio waves at low- toshere interactions; ionospheric irregularities)
latitudes are associated with electron density irregularities
These irregularities are field-aligned and can provide excita-
tion energy all along the field line to non-local field-aligned 4
oscillations, such as the local field line oscillations. Eigen-

periods of toroidal field line oscillations at low-latitudes, Recently (Fedorov, 1999), there has been a renewal of in-
computed by using the dipole magnetic field and ion distribu-terest in the suggestion of Saito (1983) that the near equato-
tions obtained from the International Reference |OnOSpherQia| region may not 0n|y be passive]y amp||fy|ng the current
(IRI) for typical nighttime conditions, fall in the range of system imposed from elsewhere, but could also be an active
20-25s. When subjected to spectral analysis, signal strengt§ource of the generation of ULF geomagnetic disturbances.
of the radio waves recorded on the 250 MHz beacon atrhjs idea of Saito (1983) stemmed from the fact that there
Pondicherry (4.5N dip), Mumbai (13.4N dip) and Ujjain  \yas an additional late evening maximum in the diurnal dis-
(18.6" N dip) exhibit periodicities in the same range. For the tribution of Pc3 pulsations that were observed only at stations
single event for which simultaneous ground magnetic datac|ose to the dip equator. Though Pc3 geomagnetic pulsations
were aVa”able, the geomagnetic field also oscillated at th%re Supposed to be associated with hydromagnetic Osci”a_
same periodicity. The systematic presence of a significantjons excited on geomagnetic field line, their characteristics
peak in the 20-25 s range during periods of strong radio waveyt |ow- and equatorial-latitudes are not yet understood either
scintillations, and its absence otherwise suggests the possghservationally or theoretically (Yumoto, 1986). It should
bility that field line oscillations are endogenously excited by pe noted that it is around these local times that the low-
the irregularities, and the oscillations associated with the exgnd equatorial-latitude ionosphere is manifested with what
cited field line generate the modulation characteristics of thgs known as the spread-F, which is associated with waves
radio waves received on the ground. The frequency of modand turbulence covering a wide range of spatial and temporal
ulation is found to be much lower than the characteristic fre'sca|es and generated by a Variety of |nstab|||ty processes that
quencies that define the main body of scintillations, and theypersist almost right through the night. The irregularities are
probably correspond to scales that are much larger than thge|d-aligned and can provide free energy all along the field
typical Fresnel scale. It is possible that the refractive mech{jne to stimulate the field line oscillation.

anism associated with larger scale long-lived irregularities The concept of an independent field line oscillation was
could be responsible for the observed phenomenon. Resuligtroduced by Dungey (1954) who proposed for the first time
of a preliminary numerical experiment that uses a sinusoidathat the long-period geomagnetic pulsations might be the re-
phase irregularity in the ionosphere as a refracting media argyt of standing Alfén waves being excited on geomagnetic
presented. The results show that phase variations which arge|d lines. The concept has thereafter taken deep roots and
large enough to produce a focal plane close to the ground caghere are many ground-based and satellite observations that
reproduce features that are not inconsistent with our observahave established the relevance of field line oscillations (Cum-
tions. mings et al., 1969; Anderson et al., 1990). A number of
theoretical estimates of field line eigen-periods are available
e(Cummlngs et al., 1969; Sinha and Rajaram, 1997), but most
of these are valid for middle and high-latitude regions. The
estimates of Poulter et al. (1988) are more relevant to low-
Correspondence toA. K. Sinha (ashwini@iig.iigm.res.in) and equatorial-latitudes. These were based on dipole mag-
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However, it has also been suggested that larger scales cor-
responding to the typical scale size in the ionosphere can
Station Geog. Lat. Geog. Long. Geomag. Lat. Geomag. Long.  also contribute as they may be associated with amplitudes
of phase variation as high as hundreds to thousands of radi-

Table 1. Coordinates of stations

E;l;giﬁlyw ?f@l;l\l ggg %'?fNS 11192'7105 ans (Booker and Majidiahi, 1981). In this case, the irregu-
Mumbai 18.5'5,\, 72.'543 E 9.§9’N 145.64? larity acts as a refracting media and the interference of the
Ujiain 231N 75.79E 14.28 N 149 27 refracted waves on the ground produce the spatial pattern

whose movement causes scintillations in a fixed location ra-
dio wave record. For the right choice of phase shift ampli-
tude and scale size, the refraction of radio waves can come to
netic.fields and a physically realistic (but not a standard) i(.)nfocuS close to the ground plane (Titheridge, 1971) and even
density model. In Sect. 2, we cross check their results usingma|| movements of the irregularity pattern in the ionosphere
a standard IRl model for the ion density. can cause measurable changes in the received radio wave sig-
In the satellite data (Anderson et al., 1990), a dynamicnal at a fixed station. Such movements can be provided by
spectrum of geomagnetic field oscillations shows a clear in4ransverse field line oscillations.
crease in the frequency in the in-bound sector of the orbitand |ndian Institute of Geomagnetism operates receiving sta-
a decrease in the frequency in the out-bound sector, consigions for recording radio wave signals from FLEETSAT (at
tent with the expectations from the model of field line oscil- 73> E) at 250 MHz. The coordinates of the receiving stations
lations. Signatures of such oscillations have been detecteare given in Table 1. The data base provides an excellent op-
by the AMPTE CCE satellite, right from 8 Earth radii to al- portunity to examine whether there is any evidence of mod-
most 2 Earth radii (Takahashi and Anderson, 1992). Fieldy|ation through transverse oscillations in the received radio
line oscillations in the ground geomagnetic data are deterwave signals. The presence of ULF waves signatures in the
mined by the frequency spectra at the foot of the field line.radio waves has been detected earlier (Sutcliffe and Poole,
The signal corresponding to the characteristic eigen-period 989, 1990 and references therein) in the Doppler shift of re-
of the field line will maximize on the ground at the latitude ceived Signa|s_ However, the Operating frequencies for such
corresponding to the foot of the field line (Menk et al., 1994). studies are typically in the region of 4-10 MHz and at these
This period will thus change with latitude. The scenario is frequencies, the refractive indices are sensitive to changes in
quite different, as we shall see later, when one is looking forthe magnetic field and electron densities (Sutcliffe and Poole,
signatures of field line oscillations in the radio wave signals 1990). A careful look at the expression of the refractive index
recorded on the ground. at radio frequencies (Budden, 1961) shows that for 250 MHz,
Radio wave scintillations recorded on the ground is one ofthe refractive index is close to unity and the background den-
the important consequences of the presence of irregularitiesity and magnetic field contribute less than a fraction of a
in the F-region of the ionosphere at low-latitudes in the post-percent. Therefore it is thus primarily the movement of ir-
dusk hours. Radio waves scattered by small-scale irregulariregularities that can contribute to any observed modulation
ties with scales typically less than the Fresnel scale (Bhatand that is what one has to essentially look for. Support from
tacharyya, 1999) form a diffraction pattern on the groundsimultaneous magnetic field data sampled at around one sec-
and as the irregularities drift in space, the received signalnd is very useful but unfortunately not available. Data at a
at a fixed station ‘scintillate’ with a time scale of a fraction 5 second sampling has become available at Pondicherry only
of seconds with amplitudes (depth of scintillations) of the or- very recently and was only of limited use.
der of the received signal itself. The diffraction pattern on |n Sect. 2, we compute the fundamental toroidal frequency
the ground is often treated under the phase screen approxfor the Indian longitudinal sector by taking the relevant mass
mation. The role of the ionosphere is visualized as that of adensity and ionization from the IRI model. In Sect. 3, we
thin phase screen which introduces a shift of phase in the rafook for the signatures of such pulsations in the ionospheric
dio wave passing through it. The phase shift introduced is avaves at low-latitude stations and the magnetic field data for
function of a spatial coordinate on the screen through whichthe event for which they were available. Finally, in Sect. 4,
the radio wave passes through. The phase shift introducedie report the results of a simple numerical experiment that
can thus be Fourier analyzed and the power Fourier compouses a sinusoidal phase irregularity in the ionosphere as a re-
nents can be identified with the strength of the irregularitiesfracting media. The results show that phase variations which
and the corresponding wavelengths can be identified with thewre large enough to produce a focal plane close to the ground
scale size of the irregularities. Typical phase amplitudes ascan reproduce features that are consistent with our observa-
sociated with scale sizes less than the Fresnel scale are bgens. The main conclusions are stated in Sect. 5.
lieved to be of the order of 1 radian (Yeh and Liu, 1982). A
movement of the phase screen associated with the field line
oscillation can provide a phase modulation, but it would ap-2 Theoretical estimates of toroidal eigen periods
pear that frequency modulation of such a small phase shift
is unlikely to produce significant power at the period of the Theoretical estimates of field line eigen-periods are available
oscillation. (Cummings et al., 1969; Sinha and Rajaram, 1997). How-
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ever, most of such estimates are based on a suitably chawith

sen density profile as a power law™ for the hydrogen s R £, B, 0
plasma. Such estimates are not valid for low-latitude re-S = e Q= T X = Roh B = B p'=-—.(3)
gions, i.e. for lower L-values where the field lines are al- E Aeq Ella €4 Peq
most glued to the ionosphere and the most dominant specieshere R is the Earth’s radiusy 4., is the Alfvén velocity
are O+ rather thanH*. Poulter et al. (1988) used a dipole at the equatoB,, is the ambient field at the equator, ang
magnetic field and a specific but non-standard ion densityis the mass density of the plasma at the equator.

model. These should be considered appropriate, but we re- It should be noted that under the dipole approximatign
examined the problem using a standard IRl model and com8 and B, are given as

puted the plasma loading along the geomagnetic field line.

A model calculation for the typical fundamental toroidal h« = Lsin®o (4)
mode eigen frequencies has been made numerically. Th
model is based on the dipolar field line geometry of the
Earth's magnetic field and the field lines are held rigid at J1+ 3co26

for the toroidal mode) being the co-latitude.

their ends in the infinitely conducting ionosphere represented® = Srfo (5)
by an F1 peak at a 200 km height from the Earth’s sur-

face. As noted earlier, the density of various species ar@nd

taken from the International Reference lonosphere model 0.311
(site:http//mww.nssdc.gsfc.nasa.gov/space/model). The reaBed = FG"’”S J (6)

son for taking the infinitely conducting ionosphere at 200 km

from the Earth's surface is that we could still neglect the col-WhereL = 1/sir? 6, (suffix c indicates the value at the foot
lisional effect. The ratio of collision frequency of iom;J of the field line in the ionosphere) is the geocentric distance
to the ion cyclotron frequencysY;) at this height is 102 in the unit of the Earth’s radius of the point where the field
(Ratcliffe, 1972). Therefore, we could still work with col- line crosses the equatorial plane.

lisionless approximation, thereby avoiding analytical com- Equation (2) can be solved numerically by decoupling it
plexities. In order to find the latitudinal profile of the fun- into two first order equations

damental toroidal eigen mode, the second order wave equay x 1

tion (Singer et al., 1981) has been considered. The equation; ¢ = 2B (7)
describes the low frequency transverse waves in an infinitely o

conducting stationary magnetized plasma with zero pressure,;y, Q022

The equation could be written as a5 = —T"‘p’X. (8)

o ;—Zz(éa/ha) _ iz B,V I:hiBo ) V(Ea/ha)] G The solution of the coupled Egs. (4) and (5) was obtained us-

t hZ ing the second order Runge-Kutta method and the frequency
w was estimated by a shooting method using the boundary
condition that the eigen functioki should vanish at the con-
jugate points.

There are certain points to be noted here. The density and
relative ionization profile of various species chosen in this
calculation have been taken from the IRI model. The change
T density with latitudes for a fixed height is negligibly small
as compared to that along a field line as seen from IRI model.
The extent of the field line has been restricted to 200 km.
(hmin) Of ionospheric height, where the boundary conditions
(2) The ambient magnetic field is dipolar in nature; had been enforced on the eigen functions. At this point, it

is important to discuss the role played by the boundary con-
(b) The time dependence of all the perturbed quantities igditions. For analytic simplicity, it is customary to use the
of the form exdiwt]; infinitely conducting ionosphere as the boundary that leads
to negligible field line displacement and hence, the negligi-
(c) The field lines are rigidly fixed at their ends in the iono- ple electric field at the foot of the field line, i.e. field lines
sphere. are rigidly tied at their ends in the ionosphere. Newton et
If s is the distance measured along the field line, Eq. (1)?’“' (19318).'03 ked dat theheffefct Ofdflﬂlte ﬁondhuctlwty 'at.the
under the above assumptions takes the following dimension o SPneric boundary. T. ey found that the characteristic pe-
less form riod of oscillation (which is our primary concern here) is not
significantly altered, but there can be measurable discipation
2 B d [ , dX of wave energy at the foot of the field line. The other ex-
QX = Eﬁ [haBﬁ} @ treme is to use the infinitely resistive ionospheric condition

wherep, is the magnetic permeability in the vacuupmis the
plasma mass densit§, is the plasma displacement perpen-
dicular to the field line B, is the ambient magnetic field, the
parametet signifies the mode of oscillation and determines
the directiona of the field line displacement, arg, is the
scale factor for the normal separation between the field line
in the directiorne and is determined by the ambient magnetic
field structure.

We solve Eq. (1) under the following assumptions:
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line and the electric field, and new standing modes are pos-
sible with a free-ended boundary condition at the end of theFlg 2. The lower panel shows a typical scintillation at Mumbai, and
field line (Newton et al., 1978). In this case, the first modethe upper panel displays the corresponding power spectrum show-
that can prOduce Slgnlflcant oscillations of the field lines in ing that field line e|gen per|0d\(25 Sec) falls well beyond the Fres-
the equatorial region is the second harmonic. nel zone.

The time periods and hence, the frequencies of the fun-
damental toroidal oscillation of different field lines with a il  the field km altitud h
height ranging from 200 km to 2000 km (and hence, the dif- °5¢ aEOS 0 tFe 'el b Ine at a40|0| m a\t/l\}u eatt er?ql:atlgr
ferent corresponding latitudes and L-value) have been calcy’S Marked in Fig. 1 by a vertical line. We expect the fie

lated. The results thus obtained have been compared to thgpes to preferentially oscillate at these periodicities if they
of Poulter et al. (1988) are endogenously excited by the background turbulance.

Our next aim is to look for the signatures of such periodic-

. “"_Vas seen that the typical frequ_ency_ n the low-latitude ' ities in the ionospheric scintillations recorded on a 250 MHz
gion is of the order of 50 mHz during nighttime and 20 mHz
radio beacon at the low-latitude stations. This will bee dis-

during daytime. In the present analysis, we have used theussed i1 Sect. 3.

data taken from the IRI model, whereas Poulter et al. (1988)

estimated the fundamental toroidal eigen mode frequency in

the global perspective self-consistently. The estimated eige3  Data analysis

frequency is in excellent agreement with that of Poulter et

al. (1988) and that validates our estimates. This calculationVe examine the 250 MHz radio wave signals received from
was necessary in order to obtain an order of magnitude estithe geostationary satellite FLEETSAT (at®#). These are
mate of the frequency to have a fair idea of the periodicity tocontinuously monitored at Pondicherry, Mumbai and Ujjain.
be identified in the data. The estimated fundamental toroidaDigital data acquisition systems with a 10 Hz sampling rate
frequency, as a function of equatorial height, has been showhave been used for a certain time period during 1999. The
in Fig. 1 for 23 March 1999 at noon and midnight conditions. typical scintillation of the radio wave and the correspond-
We note that the field lines in the ionospheric region have aing power spectrum have been shown in Fig. 2. Itis evident
characteristic period of 20-30s. The characeristic period ofrom Fig. 1 that typical eigen mode frequency in the low-
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Fig. 3. Power spectrum of the 2 s averaged filtered scintillation onFig. 4. Power spectrum of the 2 s averaged filtered scintillation

the specified day, at local time and at the specified stations. Th@n the specified day, at local time and at the specified stations.

plot shows the spectral peaks clearly standing out around the eigenFhe plot shows a broader spectral peak around the eigen-period at

period. The range of the eigen-period has been marked by the intefPondicherry, but does not show any such peak at Ujjain. The range

val between two vertical lines. of the eigen-period has been marked by the interval between two
vertical lines.

latitude region of the Indian sector at nighttime is of the order

of 50 MHz, which lies well outside the Fresnel range char-tillations. The time series thus obtained were filtered us-
acterized by the spatial scale siz@)\Z and the time-scale ing a zero-phase shift sixth order Butterworth type “band
~20Z/V,, wherea is the wavelength of the radio wavg, pass” filter for the period range of 10-100 s (Otnes and
is the height of the irregularity layer and, is the trans-  Enochson, 1978). The amplitude spectra were computed by
verse drift speed of the irregularities. Takidgat~ 400km  direct Fourier transform, with amplitudes smoothed by the
and V, at~ 150m/s (Pathan and Rao, 1996), spatial andsliding window method over 5 points. The result thus ob-
time scales characterizing the Fresnel zone for 250 MHztained has been discussed in the following paragraph.

The radio waves are of the order of 1 km and 1 s, respec- The results of the analysis have been presented in Figs. 3
tively. These scales characterize the irregularities responsiblg, g Figures 3 and 4 are the power spectra of simultaneous
for the coventional scintillation of the radio wave caused by gata collected at the two low-latitude stations of Pondicherry
small-scale irregularities (Bhattacharyya and Rastogi, 1991)gq Ujjain at local time 22:23:21 and 00:26:19, respectively,
In the present analysis, our aim is to look for the char- on the night of 7 October 1999, and Fig. 5 shows the scin-
acteristic period of field line oscillations in the scintilla- tillation record of the radio waves at two stations for the lo-
tions of radio waves recorded at the low-latitude stations ofcal time segment corresponding to Fig. 4. Similarly, Figs. 6
Pondicherry, Mumbai and Ujjain. The events chosen for theand 7 are the power spectra of simultaneous data collected
analysis were those on the nights of 19 March 1999 and 7 Ocat the three stations of Pondicherry, Mumbai and Ujjain at
tober 1999. These were geomagnetically quiet days. We andecal time 21:36:14 and 22:36:42, respectively, on the night
lyzed Pondicherry and Ujjain for 7 October and Pondicherry,of 19 March 1999, and Fig. 8 shows the scintillation record
Mumbai and Ujjain for 19 March. Data at the three sta- of radio waves at the three stations at the local time segment
tions Pondicherry, Mumbai and Ujjain recorded at 0.1 s werecorresponding to Fig. 7. From Figs. 3, 4, 6 and 7, it can be
first averaged for 2 s to remove the high frequency scin-seen that spectral peaks near the characteristic eigen-period
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Fig. 5. Scintillations at the same time as specified in Fig. 4. The Fig. 6. Power spectrum of the 2 s averaged filtered scintillation on
plot shows quite a significant scintillation at Pondicherry, whereasthe specified day at local time and at the specified stations. The
for Ujjain, the scintillations are not so significant. plot shows the spectral peaks clearly standing out around the eigen-
period. The range of the eigen-period has been marked by the inter-
val between two vertical lines.
clearly stand out for the analyzed events. A slight shift in fre-
quency could be due to a small latitudinal difference and var-
ious statistical reasons which may not be significant for thetillations and the data were subjected to the identical analy-
purpose of the present study. Peaks are also seen at highgis. None of the spectra showed any significant peak at the
periods and do not consistently match at the stations, use@haracteristic eigen-period. This is consistent with the pos-
for a particular event. The reasons for these peaks are ngtibility that broad band energy available in the ionospheric
obvious and may be associated with different ambient velocScintillations might be responsible for driving the field line
ities and their combinations present in the ionosphere. Théscillations locally.
elaboration of this point will be made in the next section. The field line oscillations should also manifest themselves
In Fig. 4, the peak at the characteristic eigen-period is seeithrough magnetic field variations at least at ionospheric
for Pondicherry, whereas no such peak is present for Uj-heights. If some of the magnetic field variations reach the
jain, where the scintillation is not significant, as depicted by ground, it would provide added justification in favour of the
Fig. 5. Similarly, in Fig. 7 the peaks are seen at the characfield line oscillation hypothesis. Since the oscillations are
teristic eigen-period for Pondicherry and Mumbai, whereasaround 20-25 s periodicity, a sampling rate of 1 or 2 s is
no such peak is seen for Ujjain, where the scintillation is notdesirable. Unfortunately, only data from standard magne-
significant, as demonstrated in Fig. 8. Ujjain, which is at tograms were available during most of the events and the pro-
a higher latitude as compared to Pondicherry and Mumbaiyide no clue about the oscillations in the period range of our
might not see the scintillations of radio waves if the irregular- interest. Data at a 5 s sampling were available at Podicherry
ities are present at lower heights, since the radio waves wilbnly very recently.
not be encountering the irregularities over Ujjain. Therefore, To support the above observational results, we have ana-
it is quite possible and physically plausible that the stationlyzed the H and D variations recorded at Pondicherry at a
situated at a higher latitude might not see the scintillations,sampling rate of 5 s along with the simultaneous scintilla-
whereas those situated at lower latitudes might see the sam#on data of Tirunalvely for the night of 29 June 2000. It was
To confirm the absence of a peak at the characteristi@a night of quiet magnetic variation and strong scintillation.
eigen-period when the scintillations were not significant, weNo radio wave data were available from Pondicherry on that
picked up many quiet time events with no significant scin- day. Radio wave signals with a sampling interval of 0.1 s had
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Fig. 7. Power spectrum of the 2 s averaged filtered scintillation on Fig. 8. Scintillations at the same time as specified in Fig. 7. The plot
the specified day, at local time and at the specified stations. Th&hows quite a significant scintillation at Pondicherry and Mumbai,
plot shows spectral peaks around the eigen-period at Pondicherryhereas for Ujjain, the scintillations are not so significant.
and Mumbai, but does not show any such peak at Ujjain. The range
of the eigen-period has been marked by the interval between two
vertical lines. larger than H-variations and the oscillations could have been
almost transverse.

We would like to emphasize that the phenomenon we are
to be averaged over 5 s. The averaged radio wave data aridoking at probably originates at low-latitudes (withH20°
the time series of the two vector components of the magnetif the equator) and may not be directly associated with the
data, each consisting of 1024 points, were subjected to idenEquatorial Electrojet (EEJ), which is confined to a much nar-
tical power spectrum analysis after band passing each seriggwer latitudinal region. We are looking at a nighttime phe-
through a 10-100 s filter. The results are presented in Figs. domenon that will not be affected by the EEJ.
and 10. These results show significant peaks at the charac-
teristic eigen-period. The spectral peaks occur at about the
same period in the radio scintillations data and in the groundj  Numerical experiment
magnetic data.

The occurance of the peaks in the modulation of the radioThe radio wave scintillations generated by ionospheric ir-
wave signal and in the D-variations in the same period rangeegularities is conventionally examined within the gambit of
is consistent with the field line oscillation hypothesis. The the phase screen approximation (Booker and Majidiahi 1981,
appearance of a similar variation in H could be attributedBhattacharyya 1999). Here the role of the ionosphere is to
to the fact that compressive modes are automatically genintroduce a phase shift on the transionospheric radio waves.
erated as the forcing is not zonally symmetric (SouthwoodThe phase screen is characterized by the spatial characteris-
and Hughes, 1983). Furthermore, the conductivity alongtic which is, in turn, defined by the spatial structures of the
the geomagnetic field line is very large and the D-variationsirregularities in the ionosphere.
are expected to be fully screened from the ground close to There are two basic processes considered for reproducing
the geomagnetic equator (Roy, 2000). It is expected that athe observed scintillations on the ground. The first of these
an ionospheric height, D-variations could have been muchregards small-scale irregularities as the main source of the



76 A. K. Sinha et al.: Low frequency modulation of transionospheric radio wave amplitude
0.10 — 0.10 —
B H i 30/06/2000
i\ 29/06/2000 7 [ H Time 01:30:40
0.08 —| Time 21:30:45 0.08 — D
| . |
e 0.06 — / \ o 0.06 —
Ll / \ Ll
= : - / 3 = .
3 AL - 3
_ - o —
0 0.04 /A /\ PON 0.04
| / _ \
I hNy PON
002— )/ 0.02 —|
0.00 — 0.00 —
0.10 — 0.10 —
0.08 —| 0.08 —
7 /\ TIR |
| 0.06 —
& 0.06 o
= : = 7 V\
=) ()
Q. 0.04 —| o 004 —
0.02 —| 0.02 TIR
0.00 I ‘ [ s e e 0.00 \ \ L .
15 20 25 30 35 40 15 20 25 30 35 40

PERIOD (Sec) PERIOD (Sec)

Fig. 9. The lower panel shows the power spectrum of 5 s averagedig. 10. The lower panel shows the power spectrum of 5 s averaged
filter scintillations at Tirunalvely on the specified day and at local filter scintillations at Tirunalvely on the specified day and at local
time. The dashed and solid curves in the upper panel respectivelyjme. The dashed and solid curves in the upper panel, respectively,
show the power spectrum of H- and D-variations of ground mag-show the power spectrum of H- and D-variations of ground mag-
netic data of 5 s sampling interval at Pondicherry. The range of thenetic data of 5 s sampling interval at Pondicherry. The range of the
eigen-period has been marked by the interval between two verticagigen-period has been marked by the interval between two vertical
lines. lines.

scintillations. The characteristic scale, in this case, is de-due to the variation of the refractive index caused by imposed
fined by F = (r1z/27)%5 (wherex is the wavelength andis ULF waves is important at frequencies around 10 MHz or
the distance of the phase screen from the ground plane) anéss (Sutcliffe and Poole, 1990) but not at 250 MHz. It is the
scale sizes less than the characteristic scale are believed tiift of the scattering that will have the most significant role
contribute to the observed scintillations despite the fact thato play. This follows from the fact that the refractive index at
the phase shifts introduced are of the order of 1 radian or lesssuch a high sounding frequency is close to unity and almost
The actual diffraction pattern generated on the ground is duéndependent of the background electron density or magnetic
to the superposition of waves coming out of a small area orfield.
the phase screen. The movement of the pattern on the ground po; the suitable combination of the phase amplitude and
due to the corresponding motion of the ionospheric mediumpe scale size of the phase variation, the refracted radio
generates the temporal scintillations observed at a fixed stag5yes may focus close to the plane of the ground (Titheridge,
tion. 1971). Our results seem to indicate that the field line eigen-
A second view looks at large scale irregularities with a period is much larger than the main body of scintillations
scale size typically of the order of the ionosphere’s scale size&onventionally associated with spatial scales less than the
which introduce a phase shift of 100-1000 radians. Thesd-resnel scale. Furthermore, the shorter scale sizes have
can act as a refracting media, causing the spatial pattern oshorter lifetime and may not be coherent over the period of a
the ground due to the interference of refracted waves. Thaumber of field line oscillations. An appreciable variation in
movement of these patterns might be reflected in terms ofhe radio wave signal can be produced as a result of even a
scintillation at a fixed location on the ground (Booker and small movement in the irregularity pattern in the ionosphere.
Majidiahi, 1981). Modulation of radio wave signal strength Our interest here is to see via a simple numerical experiment
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if such movement provided by transverse field line oscilla- 0.10 —
tions can explain such a large-scale variation in light of re- i SPECTRA OF SIMULATED DATA
fractive scattering. If so, such variations can be identified as
the signatures of field line oscillations imprinted on the radio
wave scintillations. This will provide additional evidence in 7
support of field line oscillations. @
We consider an irregularity which imposes a sinusoidal ;
phase shiftg, varying in thex-direction (westward), on a o
. . X . o

downward moving wave of unit amplitude. The phase shift

is given as 7
0.02 —

X — X0
¢ = gocos——, ) |
wheregyg is the amplitude of the phase variatios,is a ref- 0.00 —

erence point corresponding to the maximum phase shit,
the location of the point from where the radio wave leaves
the ionosphere and is the scale size of the irregularity. It
is assumed that the irregularities are infinitely long in the 0.08 —
direction. We assume that the pattern moves as a whole with
a mean drift velocity,V,, and an additional motionAV,
associated with a field line oscillationx is fixed, andx, &
changes with time, so that-x, becomes an explicit function g 7
of time. This motion is the reason that the incoming wave o
reaching the observer moves through various sections of the
irregularity and in the process, the radio wave that reaches a

0.10 —

fixed point on the ground undergoes a time dependent phase 002 7

change, given by Eqg. (6). The effects of the time dependent 7

phase variations are observed as scintillations on the ground. 0.00 T — T T
ConsideringV, as the mean drift velocity of the pattern and 15 20 25 30 35 40
AV as an additional motion associated with a field line os- PERIOD (Sec)

cillation, after timer, x — x, can be written as

Fig. 11. Power spectrum of the numerically simulated scintillation
sinQ,t + K, (10)  dataata2ssampling interval. The plot has been shows fou y.

The lower panel shows the spectrum &b 1.3dy and the upper
where,Q, is the characteristic angular frequency andl is panel shows the same far = 1.4d;. The characteristic eigen-
the velocity of the oscillation of the field line arid denotes  period, used for the nomerical calculation, has been marked by the
the distance of the radio wave from the point correspondingvertical line.
to maximum phase shift at = 0. From our model calcu-
lation, we note that the amplitude of the field line motion
decreases from 8.5 m/s to 1.4 m/s as we movealday from
the equator along a field line cutting the equator at 500 km
This is for the toroidal mode of oscillation corresponding to a
1 nT fluctuation in the magnetic field. This change in veloc- dy ~1/2 de\ 12

(_) _ (1+h—> , (13)

AV
x —xo= Vot +

r

whereh denotes the height of the irregularity layer.
The amplitudedA and phas& of the wave as it reaches the
‘point y on the ground is given as (Titheridge, 1971)

ity due to the oscillation of the field lines is quite significant A =
and implies that the amplitude of the phase oscillations intro-
duced varies with latitude.

A radio wave normally incident on the phase vary-

ing screen, representing the vertigally_integrated effecj[s Oflt is obvious from Eq. (10) that ady/dx approaches zero,
phase shifts introduced by the spatially inhomogeneous ionog, e ampjitude tends to infinity. It is not difficult to understand

spheric irfegularities, is refracted by a small anglegiven why this happensdy/(dx) — 0 implies that the waves em-

by (Titheridge, 1971) anating from the entire neighbourhood of the pairit the
A do 1 ionosphere reach or more correctly converge to the paint

€T ordx 11) This leads to the focussing of the beam. The singularity, of

The wave leaving the ionosphere at the horizontal Coordinat%?u:js_fef' th!l notf ?r::cur in a real phtytsrllcal_snu?tlon E;qc;use
x touches the ground at a horizontal coordinatgven by € difiraction of IN€ ray smears out the sigha’ aroura
this results in a finite (but large) wave amplitudeydtJscin-

y =x + he, (12) ski, 1971). It should be remembered that we are looking at

X dx

U = ¢ — whe?/A. (14)
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the phenomenon of refraction using the ray theory, ignoringThe results obtained from this preliminary numerical experi-
small-scale effects associated with diffraction. The focussingment appear to reproduce the essential features of the power

of the beam occurs when spectra near the characteristic eigen-period obtained from the
dy I o X —xg observational data. In Fig. 11, the results are.shown for the
ot T2 < 7 > =0. (15)  cases where the scale size of the phase variation has been
taken to be slightly greater than that required for focussing
The necessary condition for this to happen is (d > dy). ltis seen from the spectra that the peaks do not
. ¢o fall exactly on the characteristic period (marked by the ver-
2 0. (16)  tical line in Fig. 11), but become slightly shifted. The shift

_ _ ) ) ) is more ford (d = 1.4dy) farther fromd s, compared to the
For a fixedgo, focussing will occur if the scale size of the agrer oned = 1.3dy). In addition, it should be noted that

irregularity is less thad; given by the power of the peak around the characteristic period is less
o ford = 1.4dy, compared to that faf = 1.3d;.
df =,/ T a7) To obtain an insight into what is happening, the following

simplified analytic treatment can be useful. ok 1, we
Givendgyo, if the scale length is less thaly, a more complex  retain only linear terms in the expansion of the expression in
structure will occur. We concentrate here on a scale size closggs. (8) to (12).
to, but greater thati; for the sake of simplicity. Assuming thatAV /(22.d) < 1, Egs. (10) and (11) take
We are interested in tracking the time variation at a fixedthe form
ground station (i.e. for fixeg). We note from Egs. (6) and

(7) that as the irregularity pattern movesand¢ becomes an _ hi¢o Vor AV . Vot

explicit function of time and so doesgiven by Eq. (8). The A=1+ W[ 4 Qd sin (<2r1) 5|n—:| (19)
wave received at emanates from a different point (or points)

x in the ionosphere as the irregularity pattern drifts. The firstand

step is to determine(z) at each instant of time from Egs. (8) Vot v Vot

and (9) using an iterative algorithm. Ongds determined, v = ¢0|:cos—0 — sin(szrt) sin _0}, (20)
the amplitude and phase can be evaluated from Egs. (10) and d $2,d d

(11). The signalv (1) received on the ground is given by For the chosevy andd, the first term in the square bracket

W(t) = AcosV. (18) in Egs. (14) and (15) oscillates with a frequency of the or-
der of 1 mHz, which is much smaller than the frequency of
the oscillation { 40 MHz) of the second term and hence,

will act almost as a DC. It is the second term that gives the

After arriving at ago andd, we generate a time series of
W (t) of 1024 points at 2 s sampling interval and perform a

spectral analysis of the resultant time series after passing L ombinations of frequencie®, andVo/d in both the ampli-

through a band pass filter that only allows for 10 t0 100 Sy,ja ang the phase. It should be noted that they can combine

per|od|C|t.|es. The amplitude spectrl_Jm was computed by dI'in both constructive and destructive ways, resulting in peaks
rect Fourier transform and the amplitudes were smoothed by, lower (Vo/d — ©,) and higher(Vo/d + Q,) frequencies
r r

a s||(_1||ng WIndOW me_zthod over 5 points. .It shou!d be_noted as compared to the characteristic frequerey, In a real
that identical analysis was performed while dealing with Ob'data situation, there could be various time scales that could

ser\;]ed scintillation data. ormed f , binationsSCmPine with the ambient motion to give rise to various pe-
The experiment was performed for various combinations o gicities observed in the actual spectrum.

of ﬁ” andd f02r diff/erent E,BOO_SO; km)Vo (100_201(,)0 m/s) This small numerical exercise shows that the refractive
and AV (10-20m/s), taking. = 1.2m (corresponding to a scattering could be a plausible mechanism. It can provide

250 MHz radio wave) and, = 25 s (characteristic eigen- the explanation for the observed peak at the characteristic

period). The _results Ere‘;er.]tid herehis f%ng km. F7r period due to the movement in the large-scale ionospheric
our presentation, at this height, we have usg 150m S irregularities provided by the local field line oscillations.
based on Pathan and Rao (199&)V = 20m/s is taken

by choice and it does not make any qualitative difference in

the result. The choice @f, determinesi;. We cannottake 5 Results and conclusions

d = dy as the scale size since that will lead to singularity

and hence, we have chosérclose tody. The scale size Theoretical estimates of eigen-frequencies at various lati-

of the irregularities could be from submeters to hundreds oftudes shows that in low-latitude regions, the magnitudes of

kilometers (Hysell, 2000). As we are interested in large-scalethe frequency are typically around 50 mHz and 25 mHz dur-

irregularities that can only be obtained by a large amplitudeing midnight and noon, respectively. This has been shown in

of the phase variatiop,, we chosep, = 2000 radians such Fig. 1. The calculation is based on the various assumptions

thatd; ~ 10 km. stated in detail in Sect. 4. This calculation was done in or-
The spectrum thus obtained shows a clear-cut peak standter to have an order of the estimate of the eigen-frequency

ing out around the eigen-period, as demonstrated in Fig. 11at low-latitudes. A similar type of model calculation was
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done by Poulter et al. (1988) in a self-consistent way withwill be of the order of 182 J/m?. The energy available is thus
a global perspective in mind by taking a specific (but non-adequate to excite field line oscillations with much larger am-
standard) ion density model. Our model uses the standarglitudes. The possible process of Adfivywave generation has
IRI ion density model and the results obtained are in excel-been described in literature (Aggson et al., 1992). We antici-
lent agreement with those obtained by Poulter et al. (1988)pate that the appropriate frequency of the oscillations should
This shows that the eigen-periods are quite stable and thegorrespond to the natural period of field line oscillations. A
do not depend much on the model. mechanism of reflection of Ale#n waves at conjugate re-
The peak at the eigen-period is consistently seen in thajions, as suggested by Bhattacharyya and Burke (2000) for
spectra of the analyzed scintillation data, as depicted bythe nonlinear evolution of the ESF, will also naturally lead to
Figs. 3, 4, 6 and 7. The implication of such peaks is under-such oscillations.

stood in terms of the modulation of the downward mOVing The results obtained by us are pre"minary in nature, but
radio waves by field line oscillations. The very purpose of nevertheless encouraging as it involves an important tool
the present investigation was to look for such a modulationfor studying field line oscillations in low-latitude regions
at low-latitude stations. The reasons for the peaks at higheghrough the scintillations of the radio waves recorded on the
periods are not obvious and may be due to a combination ofround. However, more detailed investigations are needed in
velocities associated with ionospheric irregularities. order to understand the phenonomena in real physical terms.
No such peak is seen for the events when there is no scindnce established, attempts could be made to study the cou-
tilltion or the scintillations are very weak. Such events are p||ng between the field line oscillations and the ionospheric
shown in Figs. 5 and 8 and the corresponding spectra ifyregularities in order to quantify the energy transfer needed
Figs. 4 and 7, respectively. This result suggests that broagp excite the oscillation and to know precisely about the phys-

band energy available in ionospheric irregularities might bejcal conditions required for such oscillations to be excited.
playing some role in exciting field line oscillations at low-
latitudes. This is why we do not see the effect of field line
oscillations in the spectra when there is no scintillation or the
scintillation is very weak. References
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