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Abstract. The coherence scale length, defined as the 50%
decorrelation scale length along the magnetic east-west di-
rection, in the ground scintillation pattern obtained at a dip
equatorial location, due to scattering of VHF radio waves
by equatorial spread F (ESF) irregularities, is calculated, us-
ing amplitude scintillation data recorded by two spaced re-
ceivers. The average east-west drift of the ground scintilla-
tion pattern, during the pre- and post-midnight periods, also
calculated from the same observations, shows an almost lin-
ear increase with 10.7-cm solar flux. In the present paper the
variability of the drift is automatically taken into account in
the calculation of the coherence scale length of the ground
scintillation pattern. For weak scintillations, the coherence
scale depends on the Fresnel scale, which varies with the
height of the irregularity layer, and also on the spectral index
of the irregularity power spectrum. It is found that for weak
scintillations, the coherence scales are much better organized
according to the 10.7-cm solar flux, during the pre-midnight
period, than during the post-midnight period, with a general
trend of coherence scale length increasing with 10.7-cm so-
lar flux except for cases with F 10.7-cm solar flux<100.
This indicates that, during the initial phase of ESF irregu-
larity development, the irregularity spectrum does not have
much variability while further evolution of the spatial struc-
ture in ESF irregularities is controlled by factors other than
the solar flux.

Keywords. Ionosphere (Equatorial ionosphere; Ionospheric
irregularities; Plasma waves and instabilities)

1 Introduction

The generation and evolution of equatorial spread F (ESF)
irregularities through plasma instabilities (Haerendel, 1973;
Ossakow, 1981; Keskinen et al., 1998, 2003; Bhattacharyya,
2004) depends on ambient ionospheric conditions present in
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the equatorial and low-latitude regions. Hence, day-to-day
variability of the ionosphere in these regions is reflected in
the day-to-day variations in the occurrence and evolution
of ESF irregularities. In a large number of studies using
ionosondes, HF Doppler, and VHF radars, the height of the
nighttime equatorial F-layer has emerged as the most impor-
tant ionospheric parameter to control the generation of ESF
irregularities (Farley et al., 1970; Abdu et al., 1983; Sas-
tri, 1984; Kelley and Maruyama, 1992; Jayachandran et al.,
1993). Further, on the basis of long-term radar observations
carried out at the Jicamarca Observatory, Fejer et al. (1999)
have found that the threshold value for vertical plasma drift
velocity for the generation of strong early night irregularities
increases linearly with solar flux. In the present paper, iono-
spheric scintillation data is used to study the dependence of
the spatial structure of ESF irregularities on solar flux during
the phase when the irregularities produce weak scintillations.
It is well known that ESF irregularities span a large range of
scale sizes, extending over many orders of magnitude. Of
these, irregularities with scale sizes in the intermediate range,
which extend from tens of kilometers down to a few hundred
meters, give rise to a forward scattering of VHF or higher fre-
quency radio waves, transmitted from a geostationary satel-
lite and recorded on the ground. The resultant diffraction
pattern on the ground drifts past a ground receiver, due to the
drift of the irregularities across the signal path, thus convert-
ing spatial variations of intensity into temporal variations or
scintillations, recorded by a ground receiver. The irregular-
ities evolve as they drift, and this causes random temporal
fluctuations of the received signal. The ESF irregularity drift
also changes through the night. Therefore, extraction of in-
formation about spatial scales present in the ground diffrac-
tion pattern, which are related to various characteristics of
the irregularities including height from scintillation data is
not a straightforward exercise.

Recently, a method has been devised for determining the
spatial scales present in the ground scintillation pattern from
scintillation data recorded by two spaced receivers (Bhat-
tacharyya et al., 2003). In Sect. 2, this method is used to
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Fig. 1. Mass plot ofCI (x, 0) as a function ofx for the month of
September 2001. The points are divided into 2-h bins representing
different stages of evolution of the irregularities shown by different
symbols.

estimate the distribution of spatial scale sizes present in the
grounddiffraction pattern for periods of weak scintillations
during a scintillation event. The method itself is also ap-
plicable to strong scintillations. The reason for restricting
the study here to weak scintillations is discussed in Sect. 3,
where the distribution of scale sizes is studied as a function
of solar flux. Dependence of the corresponding zonal irreg-
ularity drift, calculated from the data, on solar flux is also
described in this section. Results obtained are discussed in
Sect. 4 and the conclusions drawn from these results are pre-
sented in Sect. 5.

2 Data analysis

The data used in the present study consists of amplitude scin-
tillations on a 251-MHz signal transmitted from the geosta-
tionary satellite, UFO2, located at 71.2◦ E, and recorded by
two spaced receivers at the equatorial station Tirunelveli (dip
latitude 0.6◦ N) during the period June 2001 to April 2004.
In addition, amplitude scintillations on a 251-MHz signal
transmitted from the geostationary satellite, FLEETSAT, lo-
cated at 73◦ E and recorded at Tirunelveli, for the equinoctial
months of 1992, 1996, 1998 to 2000 have been included in
the study. Since ESF irregularities have been found to be
closely aligned with the geomagnetic field (Tsunoda, 1980)
spatial variations of intensity in the ground scintillation pat-
tern at Tirunelveli are expected to be in the east-west direc-
tion. Hence, the receivers are placed along an east-west base-
line with a separation of 540 m, which is comparable to the
Fresnel scale. In order to estimate the average eastward drift
speedV0 of the ground scintillation pattern, when random
temporal changes in irregularity characteristics are present
(Wernik et al., 1983), a full correlation analysis technique

first suggested by Briggs (1984) is used. The basis of this
technique is the assumption that the space-time correlation
function of intensity in the ground pattern, for variations in
one dimension, is of the form:

CI (x, t) = f [(x − V0t)
2
+ V 2

C t2
] , (1)

wheref is a monotonically decreasing function of its argu-
ment, withf (0)=1, and the parameterVC , generally referred
to as the random velocity, is introduced, to take into account
the decorrelation due to random temporal variations in the
pattern which is drifting along thex-direction with an aver-
age speedV0. Estimation ofV0 andVC from spaced receiver
data does not require a knowledge of the exact form of the
functionf (Vacchione et al., 1987; Spatz et al., 1988; Bhat-
tacharyya et al., 1989). However, in order to obtain informa-
tion about spatial scales present in the ground scintillation
pattern, it is necessary to know the form off , such that the
coherence scaledI , defined by

CI (x = dI , t = 0) = 0.5, (2)

which gives an estimate of the dominant spatial scale present
in the ground scintillation pattern, may be calculated from
the data.

An examination of Eq. (1) shows that for two receivers
separated by a distancex0, the maximum value of the cross-
correlation function of signals recorded by them occurs at a
time lag tm which depends on the values ofx0, V0 andVC ,
and this value is less than one on account of decorrelation.
This value is, in fact, given by Bhattacharyya et al. (2003):

CI (x0, tm) = f [
x2

0V 2
C

V 2
0 + V 2

C

] . (3)

Values ofCI (x0, tm), VC andV0 are estimated from spaced
receiver data. As the ESF irregularities evolve, variations in
their spatial structure, the height and strength of perturba-
tions in density and the electric field associated with them,
produce different sets of values of these parameters. A mass
plot ofCI (x0, tm) versusx0VC/(V 2

0 +V 2
C)1/2 for scintillation

events which have been produced by ESF irregularities dur-
ing post-sunset hours of magnetically quiet days in a month,
such as the one displayed in Fig. 1, shows how the functional
form of CI (x, 0)=f (x2) changes at different stages of evo-
lution of ESF irregularities. Variation in the functional form
of CI (x, 0) determines the distribution of dominant spatial
scale sizedI in the ground scintillation pattern as the ESF
irregularities evolve.

The assumption about the form of the space-time cor-
relation function inherent in Eq. (1) requires that the es-
timation of V0 and VC from spaced receiver scintillation
data be restricted to only those data intervals which have
CI (x0, tm)≥0.5, because in this situation the assumption is
likely to have greater validity. Also, in order to reduce the
effects of noise in the data, estimation of these parameters
has been carried out only when theS4-index, which is the
standard deviation of normalized intensity fluctuations and
thus a measure of the strength of scintillations, is not less



B. Engavale et al.: Solar flux dependence of coherence scales 3263

0 50 100 150 200 250
0.5

0.6

0.7

0.8

0.9

1
TIRUNELVELI, JULY−2002, (PREMIDNIGHT)

X (meter)

C
I (

X
,0

)

10.7 cm SOLAR FLUX = 165 

d
I
 = 164 m 

Fig. 2. CI (x, 0) as a function ofx for the pre-midnight period of
weak scintillations during July 2002.

than 0.15. Whenever these conditions are satisfied,V0, VC

andCI (x0, tm) have been estimated for each period of 3 min
during a scintillation event, from data sampled at intervals of
0.1 s. The background ionospheric conditions show a great
deal of variability from one month to another, which would
give rise to different patterns of evolution of the irregulari-
ties during these periods. This is expected to yield different
distributions of spatial scale sizes in the ground scintillation
pattern in different seasons. In the present study, in order
to understand the roles played by various factors which con-
trol the characteristics of ESF irregularities, mass plots of
CI (x0, tm) versusx0VC/(V 2

0 +V 2
C)1/2, which are equivalent

to mass plots ofCI (x, 0) as a function ofx, are made from
estimates ofCI (x0, tm), V0 andVC for a period of one month
at a time.

3 Weak scintillation result

Scintillations due to ESF irregularities are generally expected
to be weak(S4≤0.25)when the irregularities just start grow-
ing and also when there has been considerable erosion of
density fluctuations in the decay phase of irregularities. At
other times, during the evolution of irregularities, often scin-
tillations are not in the “weak” category. The reason for re-
stricting the present study to weak scintillations is that, in
this case it is relatively straightforward to relate the esti-
mated coherence scale,dI , with irregularity characteristics.
In fact, theoretical considerations show that the maximum
contribution to weak amplitude scintillations is expected to
come from irregularities which have scale sizes of the order
of the Fresnel scale, and in this situation, the dominant spatial
scale present in the ground scintillation pattern is determined
by the Fresnel scale (Yeh and Liu, 1982). Theoretical calcu-
lations ofdI for weak scintillations produced by ionospheric
irregularities with a power-law spectrum also show a depen-
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Fig. 3. CI (x, 0) as a function ofx for the pre-midnight period of
weak scintillations during September 2002.

dence ofdI on the power spectral index, both for a phase
changing screen (Rino and Owen, 1980) and a thick layer
of irregularities (Engavale and Bhattacharyya, 2005). The
Fresnel scale is given bydF =

√
2λZR, whereλ is the signal

wavelength andZR is the average distance of the irregular-
ity layer from the receiver, which would be determined by
the average height of the irregularity layer for a fixed signal
path, as in the case of a geostationary satellite.

In scintillation data, spatial scales in the ground scintil-
lation pattern are converted into temporal scales due to the
drift of the irregularities across the signal path. The ve-
locity with which irregularities drift across the signal path
changes throughout the course of a scintillation event. In the
first few hours of ESF irregularity development, values of
V0 obtained from spaced receiver scintillation data show a
great deal of variability, since during this phase, perturbation
electric fields associated with the Rayleigh-Taylor (R-T) in-
stability, which gives rise to the scintillation producing ESF
irregularities, produceE×B drift of the irregularities (Bhat-
tacharyya et al., 2001). On magnetically quiet days, after
about 22:00 LT, the irregularities are found to drift with the
background plasma. In the method used here for estimation
of the spatial coherence scaledI (Bhattacharyya et al., 2003),
variations inV0 are automatically taken into account in deter-
mination of the spatial correlation functionCI (x, 0). Aver-
age height of the irrgularity layer varies during the course of a
scintillation event, and may be markedly different during pre-
and post-midnight periods. It is also expected that power-law
irregularity spectra would have different spectral indices dur-
ing pre- and post-midnight periods, with faster decay of short
scale length irregularities in the later period. Hence, separate
mass plots ofCI (x0, tm) versusx0VC/(V 2

0 +V 2
C)1/2 are made

for these two periods.

The average eastward drift of equatorial F-region plasma
during pre-midnight periods of scintillation events is
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Fig. 4. Massplot of average eastward drift,V0, of the ground scin-
tillation pattern as a function of local time for July 2002.
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Fig. 5. Massplot of average eastward drift,V0, of the ground scin-
tillation pattern as a function of local time for September 2002.

obtained by considering the estimatedV0 values for local
times later than 22:00 LT, when, as stated above, the ESF
irregularities simply, drift along with the background plasma
(Bhattacharyya et al., 2001). For obtaining a monthly rep-
resentative value ofdI for pre- and post-midnight periods of
weak scintillations, the mass plots ofCI (x, 0) versusx for
such periods are fitted by Gaussians:CI (x, 0)=e−(x/d0)

2
us-

ing a least-squares method to calculatedI=0.832d0. Two
examples of mass plots ofCI (x, 0) versusx for the pre-
midnight weak scintillation periods during the months of
July 2002 and September 2002, are shown in Figs. 2 and 3.
For these two months, mass plots ofV0 as a function of local
time are displayed in Figs. 4 and 5, respectively. Coherence
scalesdI , calculated for pre- and post-midnight periods of
each month, are plotted against the average 10.7-cm solar
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Fig. 6. Variation of coherence scaledI , for pre-midnight weak scin-
tillation patterns, with monthly average 10.7-cm solar flux (in units
of 10−22W m−2 Hz−1).

60 80 100 120 140 160 180 200 220 240
120

140

160

180

200

220

240
TIRUNELVELI, (POSTMIDNIGHT)

10.7 cm SOLAR FLUX

d
I (

m
et

er
)

Slope = 0.34 ± 0.20 

Fig. 7. Variation of coherence scaledI , for post-midnight weak
scintillation patterns, with monthly average 10.7-cm solar flux (in
units of 10−22W m−2 Hz−1).

flux (in units of 10−22 m−2Hz−1) for days with scintillations
during the month, in Figs. 6 and 7, respectively. Monthly av-
erage values ofV0 during pre- and post-midnight periods are
also plotted as functions of the 10.7-cm solar flux in Figs. 8
and 9, respectively.

4 Discussion

For the signal path from the geostationary satellite UFO2
(FLEETSAT), to the receiver at Tirunelveli, zenith an-
gle θ=12.8◦ (11.4◦), and the azimuth isφ=216.9◦(105.6◦).
Hence, both the vertical driftVZ and eastward driftVE , of
the irregularities, contribute toV0=VE−VZ tanθ sinφ. The
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Fig. 8. Plot of averageV0, for pre-midnight hours versus monthly
average 10.7-cm solar flux (in units of 10−22W m−2 Hz−1)

contribution ofVZ to the V0 values calculated here is ap-
proximately−0.1VZ and 0.2VZ for UFO2 and FLEETSAT
respectively. After 22:00 LT, on magnetically quiet nights,
vertical drift of the irregularities is basically that of the back-
ground plasma, and is much smaller thanVE so thatV0≈VE .
Therefore, an increase inV0 with solar flux is in agreement
with the observation by Fejer et al. (1991), based on Jica-
marca incoherent scatter radar data from 1968 through 1989,
that the nighttime eastward drift velocity of equatorial F-
region plasma increases with solar flux. As expected, smaller
values ofV0 are obtained in the post-midnight period com-
pared to the pre-midnight period when the height of the F-
layer is greater.

In many earlier studies, the 50% decorrelation time for ob-
served scintillations has been considered to be a measure of
the Fresnel Scale, which requiresV0 to be constant andVC

to be zero. Estimates ofV0 andVC from spaced receiver data
have demonstrated that the above assumption does not hold.
Rino and Owen (1980) found that under weak scatter condi-
tions, wideband satellite signals recorded at the dip equato-
rial station Ancon in Peru, displayed a time structure with a
coherence time, which was a monotonic function of the Fres-
nel radius divided by the effective scan velocity. However,
the irregularity power spectral index determined the shape
of this function. For weak scatter conditions, the coherence
time or scale is independent of the irregularity strength. In
the present study, use is made of the fact thatVC has non-
zero values, and variations inV0 are automatically taken into
account in the calculation of coherence scaledI , so that these
may be directly compared with results obtained in theoretical
calculations by Engavale and Bhattacharyya (2005). These
authors found that for a given average height of the irregular-
ity layer and weak scintillations,dI increased with increas-
ing value of the irregularity power spectral index. For a given
irregularity power spectrum and weak scintillations,dI var-
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Fig. 9. plot of averageV0, for post-midnight hours versus monthly
average 10.7-cm solar flux (in units of 10−22W m−2 Hz−1).

ied approximately as the square root of the average height of
the irregularity layer. Results for the post-midnight period
depicted in Fig. 7 are not conclusive as regarding the depen-
dence ofdI on the 10.7-cm solar flux. Part of the scatter seen
in the plots ofdI versus solar flux may be attributed to the de-
pendence ofdI on the power spectral index of the irregularity
spectrum (Engavale and Bhattachryya, 2005).

Figure 6, however, shows a clear tendency for pre-
midnightdI values to increase with 10.7-cm solar flux. It was
shown by Fejer et al. (1999) that the threshold value of the
vertical drift velocity for the generation of ESF irregularities
increases with solar flux, which would imply that the post-
sunset irregularity layer is formed at a higher altitude as the
solar flux increases. In a recent paper Jyoti et al. (2004) have
demonstrated the existence of a threshold height of the base
of the equatorial F-region, above which the polarity of merid-
ional winds did not influence the occurrence of ESF irregu-
larities, while below this threshold height triggering of ESF
requires equatorward winds. This is expected, since with in-
creasing altitude, as the ion-neutral collision frequencyνin

decreases, contribution of the meridional wind to the linear
growth rate of the Rayleigh-Taylor instability becomes less
significant compared tog/(νinL). Hence, the majority of the
cases of ESF studied in the above paper (Jyoti et al., 2004)
occurred when the threshold height was exceeded. These au-
thors also found that the threshold height increases with the
average 10.7-cm solar flux. Thus, the results shown in Fig. 6
imply that in the pre-midnight period, changes indI are due
to variations in the height of the post-sunset irregularity layer
with 10.7 cm flux and that during the initial phase of ESF ir-
regularity development, the irregularity spectrum is not as
variable as in the post-midnight decay phase.
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5 Conclusions

Theoretical calculations have shown that during the period of
weak scintillations, the dominant spatial scale in the ground
scintillation pattern, given by the coherence scale lengthdI ,
is determined by the average height of the irregularity layer
and the irregularity power spectral index. Both of these
factors are expected to be different for the pre- and post-
midnight periods. Weak scintillations are generally expected
to occur at the beginning and end of the scintillation event,
which, respectively, occur when the ESF irregularities have
just started to develop and during their decay phase. Accord-
ing to results obtained earlier (Fejer et al., 1999; Jyoti et al.,
2004), the height of the ESF irregularities, which produce
weak scintillations during the pre-midnight period, should
show an increase with solar activity, as measured by the av-
erage 10.7-cm solar flux. Hence, it may be concluded from
the pre-midnight results presented here for F 10.7-cm solar
flux exceeding 100, that in the initial development of ESF ir-
regularities, the irregularity power spectrum shows little vari-
ation in the power spectral index. This behaviour is not seen
during the post-midnight period, when no clear dependence
of dI on the F 10.7-cm solar flux emerges, possibly due to
much greater variability of the irregularity power spectral in-
dex caused by other factors which influence further evolution
of the irregularities. In the future a more detailed study of
this nature, using scintillation observations, may be used to
understand the factors which influence the evolution of spa-
tial structures in ESF irregularities after their initial develop-
ment.
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