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Abstract. The dependence of scintillation caused by equa-1 Introduction
torial bubbles on the electron density in the post sunset
anomaly cannot generally be determined because the irregrhe study of RF scintillation, which is caused by irregular-
ularities that produce the scintillation obscure the measureities that scatter RF transmissions passing through the iono-
ment of the electron density. This work addresses this probsphere, has a long history starting with observations of emis-
lem with the introduction of a new technique based on thesions by radio stars (e.g. Aarons, 1997). The study gained
finding that anomaly electron density is so regular that its LT particular importance with the launch of satellites because of
distribution can be fit by a polynomial over its post-sunset ex-the disruption of transionospheric RF communication, radar
tent. By means of this polynomial, gaps in the data caused bynd global positioning. Particularly disruptive is the scin-
the irregularities can be inferred where otherwise not measurtillation in the post sunset equatorial ionosphere caused by
able. Observations are of amplitude scintillation at 1.5 GHzirregularities accompanying equatorial spread F, principally
from the Marisat satellite and dimF2 measured by iono- bottomside spread F near the dip equator and the equatorial
spheric soundings at Ascension I. in Mar 2001 during solarplume or bubble that rises in altitude so as to extend from
maximum. The result is that the well defined maximum of equator to the post-sunset equatorial anomaly (Kudeki and
the S4 scintillation index is a linear function of coinciding Bhattacharyya, 1999; Whalen, 2000). Because of these dis-
NmF2. Evidence that supports this result has been found inuptive effects, much of the study of the equatorial aeron-
3 differing cases: The first finds that both S4 &haF2 de-  omy is justified by the need to understand and predict this
crease linearly with LT; the second, that both occurrence ofscintillation. The irregularities are perturbations of the iono-
scintillation andNmF2 increase linearly with F10.7 cm so- sphere, but are often so extreme that they prevent simultane-
lar flux; the third finds a linear relation between occurrenceous measurement of the electron density. Even so, past work
of scintillation at 137 MHz andNmF2. The importance of indicates that scintillation is dependent on the ionosphere, so
these results is that scintillation is caused by the bubble, buthat its properties cannot be understood independent of the
its magnitude is determined by the magnitude of the electrorproperties of the medium which the irregularities perturb.
density that the bubble intersects. A further implication is  Thjs paper is the first attempt to quantify the dependence
that, given the unpredictability of bubblesNfF2 could be  of scintillation on electron density. Its impetus is the evi-
predicted, the maximum level of S4 possible could be pre-gence of such dependence found by Aarons et al. (1981) that
dicted if a bubble were to occur. scintillation was greater in the anomaly than at the equator,
which they attributed to the electron density being greater in
Keywords. lonosphere (Equatorial ionosphere; lonosphericthe anomaly than at the equator. The cause of scintillation
disturbances; lonospheric irregularities) was identified as equatorial bubbles in both equatorial and
anomaly regions by a set of coincident airborne ionospheric
soundings and optical images by Weber et al. (1978, 1982).
Observation of individual bubbles by the SCINDA program
(Basu and Groves, 2001) found scintillation to be greater at
the anomaly than at the equator by simultaneous measure-
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7 | | 1 eters, LT on the one hand and solar flux on the other. A third
\ case indicates similar support but for scintillation at VHF.
‘. Ionospheric penetration point In outline, Sect. 2 describes experimental details. Sec-
\  of transmissions tion 3, a case study of the interrelation of the measurements.
75 -] \« from Marisat satellite L Section 4, the approach to measurement. Section 5, the re-

\
\

sults and discussion. Section 6, a summary.
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\ Observations were made during an expedition by the Air
\ Magnetic Field Force Research Laboratory to the Ascension Island station
-8.5 \ B of the SCINDA Network (Basu and Groves, 2001) on 13-31
\ March 2001. Conditions were solar maximum with F10.7 cm
\ varying between 135 and 275 solar flux units. Magnetic ac-
\ tivity varied from sunk’, of 4 to 61.
9 I T I Scintillation on the 1.5GHz transmissions from the
15 14.5 14 13.5 13 Marisat satellite was measured at 5-min intervals by the S4
GLONG (deg W) index, the standard deviation divided by the average signal
intensity (Briggs and Parkin, 1963). lonospheric soundings
Fig. 1. Location of the measurements. Transmissions from theyere by a Digisonde (Reinisch et al., 1989) making iono-
Marisa‘F satellite are received aloqg t_he ray path (sglid Iint_a), alignedgrams 1-30 MHz also at 5 min intervals. lonograms were
approximately along the magnetic field (dashed line) with the ef- 5 4o guailable by the University of Massachusetts at Lowell
fectlve_ ionospheric penetration pomt is showp as the X. lonospheric nd were scaled manuallv. The bodv of data was 180 iono-
soundings are made at the zenith at Ascension |. shown as the soh% y. . y
circle. grams for each of the 14 days scaling at least 2 parameters,
foF2 andh’ F comprised more that 5000 individual measure-
ments. The resolution and continuity of the measurements
has provided the basis for the approach to the solution here.
Scintillation at GHz was found to be associated with the 11,4 |ocation of the measurements is shown in Fig. 1. At
boundaries of the bubble using J,O'm measurements bY th%scension the ionospheric soundings are located near the
RPA analyzer on the AE-E satellite together with the Jica-jogpheric penetration point of the satellite transmissions.
marca ISR by Basu et al. (1980) and ground based measur@qre were 11 days during which both S4 associated with

ments by Basu et al. (1983). The latter paper found the morg) ,yjes andNmF2 where measured. 3 days were magneti-
intense GHz scintillations to be associated with bubbles haV'caIIy disturbed and had no bubbles BNIFF2 was measur-

ir!g large _depletions that were immersed in a backgro_und Ofable. On 5 days there were insufficient measurements of
high ambient electron density, a result that is further evidence .o
of the dependence of scintillation on electron density.
The dependence described above is not quantitative be-
cause measurement of electron density particularly by iono- . )
spheric soundings is generally blocked by the irregularities3 €ase study illustrating the measurements
that cause the scintillation. In order to overcome this diffi-
Cu|ty this paper reports a new approach to the measuremeﬂihe ionospheric and scintillation measurements made on 16—
of NmF2 under these conditions. It is based on the result ofl7 March 2001 are shown together as a function of LT in
these observations that the post sunset anomaly F layer hddg- 2. Panel (a) records the sounder measurementsof
on each day alLT dependenceN‘f{FZ is so regu|ar that it the virtual helght of the F-Iayer. The radar range echoes from
can be fit by a single polynomial. Because this function can4 bubble boundaries are also shown in this panel.
bridge the gaps in the data caused by the irregularities from Panel (b) recordslinF2, the maximum electron density of
the bubble, electron density can be inferred where the irregthe F-layer derived from the measurementfob®, the max-
ularities prevent its direct measurement. imum plasma frequency. The solid curve is the polynomial
The result is a linear relation between the well-definedfitting the data from 18:30 to 01:30 LT.
scintillation maxima and the coincidingnF2. The search Panel (c) records the scintillation index S4 measured on
for additional evidence in support of this dependence hagshe 1.5 GHz transmissions from the Marisat satellite. Each
found two cases where both electron density and GHz scintil-of the 4 bubble boundaries produces a peak in S4 as it passes
lation are determined separately as functions of other paramever Ascension.
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- Fig. 3. lonospheric and scintillation observations on 14-15 March
g S RO I 2001 showing the interpolation &fmF2 where the scintillation ir-
Qo L regularities obscure its direct measurement.
£
4 14
0 e — bubbles, the presence of which is indicated by the occurrence
7 18 19 20 21 2 23 0 1 of S4 (Fig. 3). The polynomial shown by the solid curve that
LT fits the data from 17:55 to 00:45 LT will be used to interpo-
100 e —| late NmF2 in the interval so as to yield values simultaneous
— 80 C. - with S4.
(=4 4 L . . . .
S 04 i This approach is consistent with the results of Basu et
= al. (1983) who found bubbles in situ to be depletions an the
% 407 i otherwise smoothly varying ambient plasma in which strong
20| - scintillation occurred at bubble boundaries which were sharp

L L U U U UL L negative gradients in electron density. In the following each
7 18 19 20 20 22 23 0 1 . X
LT well resolved peak in S4, S4max, will be measured, and the

NmF2 that coincides with it, if not measurable, will be in-
Fig. 2. The ionospheric and scintillation observations on 16- ferred by polynomial fit illustrated here.
17 March 2001(a) #’ F and Range, F-layer virtual height and radar
range to bubble boundaries measured by the sour(@@mMmF2,
maximum F layer electron density also measured by the sounde® Results and discussion
Solid curve is the polynomial fit to the datfc) S4, Scintillation
index at 1.5 GHz. 5.1 This approach

The 47 determinations of S4max and coincidbgF2 are
4 Approach to measurement plotted in Fig. 4. The straight line fit, has equation,

S4max= 25.6 x NmF2 — 20.4 1
The case study described above is not typical becu#e2 x @

was measurable when the bubble was overhead, whereasyjfhere S4 is x100 anNn¥2 is in 1 el/cn®. The quality of
usually disturbs the ionosphere so much that its electron denthe fit is#2~0.8,s~17.
sity cannot be measured simultaneously with the scintilla-  This result is evidence that scintillation is caused by the
tion. The approach here is the outcome of the detailed meapubble, but that its magnitude is determined by the magni-
surements of many cases over 10 h durations at 5 min inteftyde of the electron density that the bubble intersects.
vals: the LT distribution oNmF2 on each day is so regular  Because this is an original result, it has the limitations of
that it can be fit over most of its post-sunset extent by a poly-heing an otherwise untested technique, and is based on 11
nomial in LT unique to that day. Figure 2b is an example of days observations all at solar maximum. Furthermore, the
such afit. uncertainties are greatest where the magnitudes are greatest
The significance of this regularity appears on 14—15 Marchand therefore most important. However if scintillation has
2001 in whichNnF2 is not measurable in the interval from this dependence on electron density, it can be expected to
21:55 to 23:25LT as the result of the disturbance caused byppear in other investigations. To that end other observations
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The dependence of S4 &2 is found in three additional 40 - B

cases. The first additional case considers the same data si

described above, but analy2¢sF2 and S4max as functions 20 |

of the LT parameter. The second re-analyzes past indepen

dent measurements in whithmF2 and S4 are determined as

functions solar flux. The third measures occurrence of scin-

tillation at VHF with NmF2.

5.2.1 LT dependence Fig. 5. NmF2 and S4max data as functions of LT.

The measurements of Fig. 4 are re-examined here but as sep-
arate functions of LTNmF2 that coincides with S4max is other work has found that differences in scintillation can re-
plotted vs. LT in Fig. 5a. The straight line fit shows it to de- sult from differences ilNmF2 alone. In particular, Aarons et
crease linearly with LT, evidently as the result of F layer re- al. (1981) found that scintillation was greater at the anomaly
combination. In comparison, S4max vs. LT shown in Fig. 5b,than at the equator and attributed it to the fact that the elec-
also decreases linearly with LT, necessarily so because it hason density was greater at the anomaly than at the equator.
been found to be a linear function dfmF2 as shown in  Furthermore, SCINDA (Basu and Groves, 2001) also found
Fig. 4. lower S4 at the equator than at the anomaly but for individual
If S4max vs. LT (Fig. 5b) were viewed by itself, the inter- bubbles. Because the SCINDA observations were simultane-
pretation might be that S4 decreases because the irregularus in equator and anomaly, the regularities were of the same
ties decay with time. However, when seen together with theage so that differences in decay could not account for the dif-
decrease of coincidinimF2 with LT, it is evidence that S4 ference in the magnitude of the scintillation.
decreases with LT because the ionospheric medium in which
the irregularities form decreases with LT. 5.2.2 Solar flux dependence
In apparent contrast to these results, Hysell and Kelley
(1997) found scintillation to decrease with LT as the resultA second example in the effort to find corroboration of the
of irregularity decay. The choice between the two effects,dependence of S4 dinF2 uses the relation of both to so-
or whether there is a combination of the two, cannot be exdar flux. In addition it does not depend on the technique of
plicitly determined in the present observations. However,interpolatingNmF2 nor is it limited to solar maximum.
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NmF2 a. NmF2 b. Scintillation

NmF2 at the anomaly maximum is linearly dependent on o 19 Tem Solar Flux (sfu) g F10.7em Solar Flux (sfu)
F10.7 cm solar flux, as measured by individual month atlo- st .1 .+ 1+ . 1. R T R MY R
cations worldwide during the 13 years starting at solar maxi- __
mum at 1957, through solar minimum to the following solar '%
maximum at 1969 (Whalen, 2004). Each of the 12 months E
showed this linearity, but with a slope that is greatest in the =
equinoxes, least near June solstice, and intermediate near Deg! ~
cember solstice. The same result was found at each Iocationé
but the magnitude of the slope differed principally by lati-
tude. AlthoughNmF2 was not measured at Ascension Island
during the period of the S4 measurements, based on all the
other measurements it can be assumed also to have a linee
dependence on solar flux that varied similarly by month.

The measurements dfimF2 from Taipei and the S4 mea-
surements from Ascension Island, as described below, are
shown for the Sep-Dec period in Fig. 6.
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Evidence that S4 occurrence is linearly dependent on solar 4+ = ] 5
flux has been found in the measurements of the same 1.5 GH: P a0 . i
scintillation from Ascension | from maximum to minimum ] i ] I
of solar cycle # 21, from 1980 through 1985 as a result of S -
a re-analysis of the data extracted from Fig. 3 of Basu et 1 i I
al. (1988). a T |
In order to compare scintillation to solar flux, the approach o 4+———— L L e
is the same as that for electron density, namely to describe e e

the dependence by month of scintillation on solar flux ex-
404 / L
20 7
0

pressed as the percent occurrence of fade ke®aB which

is approximately the percent occurrence oB84. The first 3
panelin Fig. 6b shows the measurements as functions of sola | |
flux on successive September months from 1980 (solar max-
imum) up to 1980 (solar minimum). The other panels show 1
the same for October through December, months which have |
enough data to be analyzed. The relation is linear for each
month, and the slope decreases in monthly order as it doegig. 6. S4 andNmF2 dependence on solar flux from 1980 (solar
for Nemax. maximum) through 1985 (solar minimum) from September to De-
Although the results are not quantitative, they have follow- cember.(a) NnF2 from Taipei (Whalen, 2004)b) 1.5 GHz scin-
ing interpretation:NmF2 is a linear function of solar flux, tillation recorded at Ascension Island. % occurrence-6fdB is
and that S4 is also a linear function of solar flux is consis-approximately % occurrence of S8.4.
tent with its being a linear function dfinF2, which is the

principal finding of this work. is available during the same period in the Taipei soundings of
the monthly mediarfioF2 at hourly intervals recorded in in-
5.3 VHF scintillation dividual graphs and tabulations in the ionospheric data pub-

lished by the National Oceanic and Atmospheric Adminis-
The third example revisits the results of Huang (1970)tration as described in Whalen (2004).
which show evidence that supports the current findings in  Results from March—April 1969 in Fig. 7 show the percent
a very different frequency regime, technique and location.occurrence of 137 MHz scintillation to increase as a linear
Huang measured occurrence of scintillation in the anomalyfunction of NmF2. This result is consistent at 137 MHz with
at 137 MHz from transmissions from the Intelsat 1I-F2 satel- that found at 1.5 GHz shown in Fig. 4. In addition, the points
lite at Taipei (25.0N, 121.5 E) in relation to RSF measured labeled with hourly values of LT, show that both decrease
with ionospheric soundings. He found good correlation be-jointly from 21:00 to 05:00 LT, evidencing a dependence on
tween the two, but did not repdidF2. Fortuitously this data LT that is consistent with that shown in Fig. 5.
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linearly with LT, evidently because recombination erodes the
25 PR ST I L I F layer progressively with LT. S4max also decreases linearly
with LT, but indicates that it does so because the ionospheric
medium in which the irregularities form decreases with LT.
20 — L The second is a separate study at the same frequency and
location but where both parameters are measured as func-
r tions of solar flux. NmF2 increases linearly with solar flux.
Occurrence of L-band scintillation S4 also increases linearly
with solar flux, and so is consistent with its linear depen-
- dence orNmF2. The importance here is that the finding is
not limited to the technique of measurement used here nor to
solar maximum.
L The third study, observations from Taipei, finds occurrence
of 137 MHz scintillation to increase as a linear function of
~ NmF2. Its importance is yet a third technique that shows
dependence consistent with that found at 1.5 GHz, but in the
very different frequency regime of 137 MHz.
0 . I . I . I . The importance of these results is that scintillation is
0 1 ) 3 4 caused by the bubble, but its magnitude is determined by the
magnitude of the electron density that the bubble intersects.
NmF2 (106 el/cm3) As a result, because bubbles are unpredictabMiF2 can
be predicted, the maximum possible S4 may be predictable.
Fig. 7. Scintillation occurrence at 137 MHz as a functionNofF2 This work, which is the first attempt at such a prediction of
as observed on March—April 1969 at Taipei. Labels on the pointsthe upper limit to amplitude scintillation, will require a larger
are the local times of the measurements. data set from different locations, seasons and solar fluxes.

% Occurrence of 137 MHz Scintillation
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