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Equatorial scintillation and systems support
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Abstract. The need to nowcast and forecast scintillation for the support of operational
systems has been recently identified by the interagency National Space Weather Program.
This issue is addressed in the present paper in the context of nighttime irregularities in
the equatorial ionosphere that cause intense amplitude and phase scintillations of satellite
signals in the VHF/UHF range of frequencies and impact satellite communication, Global
Positioning System navigation, and radar systems. Multistation and multifrequency satellite
scintillation observations have been used to show that even though equatorial scintillations

vary in accordance with the solar cycle, the extreme day-to-day variability of unknown
origin modulates the scintillation occurrence during all phases of the solar cycle. It is
shown that although equatorial scintillation events often show correlation with magnetic
activity, the major component of scintillation is observed during magnetically quiet
petiods. In view of the day-to-day variability of the occurrence and intensity of scintillating
regions, their latitude extent, and their zonal motion, a regional specification and short-
term forecast system based on real-time measurements has been developed. This system,
named the Scintillation Network Decision Aid, consists of two latitudinally dispersed
stations, each of which uses spaced aritenna scintillation receiving systems to monitor 250-
MHz transmissions from two longitudinally separated geostationary satellites. The
scintillation index and zonal irregularity drift are processed on-line and are retrieved by a
remote operator on the Internet. At the operator terminal the data are combined with an
empirical plasma bubble model to generate three-dimensional maps of irregularity
structures and two-dimensional outage maps for the region.

Introduction

Even after two decades of intensive investigations
by theoretical and experimental geophysicists, the
space-time variability of nighttime F-region irregular-
ities remains an outstanding problem [Basu and Basu,
1985, and references therein; Basu et al., 1996]. This
problem is of serious concern to systems engineers
since it is well-known that these irregularities cause
amplitude and phase scintillation of satellite signals.
Scintillations affect satellite communication and nav-
igation systems in various ways [Aarons and Basu,
1994; Basu et al., 1995]. For example, amplitude
scintillations induce signal fading, and when the
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depth of fading exceeds the fade margin of a receiving
system, message errors in satellite communication
systems are encountered. In Global Positioning Sys-
tem (GPS) navigation systems, amplitude scintillation
may cause data loss and cycle slips. Phase scintilla-
tions, if severe, may sufficiently stress phase-lock
loops in GPS receivers such that loss of phase lock is
experienced. Overall, equatorial scintillation is often
sufficiently intense to disable many communication
and navigation systems.

The users need forecasts of equatorial scintillation
to make sure that the outages are caused by scintil-
lation and not by system failures and also for devel-
oping alternate methods of communication and nav-
igation. This need has been emphasized recently in
the interagency (Department of Defense, National
Science Foundation, Department of Commerce,
NASA, Department of Interior, and Department of
Energy) National Space Weather Program (NSWP)
Strategic Plan. We should note that the climatology of
equatorial scintillation is fairly well established [Basu
et al., 1988; Aarons, 1993], and its features can be
reproduced by the use of the recently upgraded
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scintillation model WBMOD [Secan et al., 1995].
However, we are not able to provide scintillation
weather information due to the extreme temporal and
spatial variability of scintillation.

Theoretical and experimental studies have revealed
that at least two types of nighttime F-region irregu-
larities arise in the equatorial region, namely, those
related to plasma bubbles [Haerendel, 1973; McClure
et al., 1977; Scannapieco and Ossakow, 1976; Ossa-
kow, 1981; Kelley, 1989] and those called the bottom-
side sinusoidal (BSS) irregularities, or simply bottom-
side irregularities [Valladares et al., 1983]. The plasma
bubbles as discussed in the quoted references origi-
nate in the bottomside F region and become highly
structured as they penetrate to altitudes exceeding
1000 km above the magnetic equator. These are
widely recognized as plumes on radar backscatter
maps [Woodman and La Hoz, 1976; Tsunoda, 1981,
Tsunoda et al., 1982]. These bubbles extended in
altitude map out along the magnetic field to anomaly
locations of 15°N and 15°S magnetic latitudes. The
magnitude of scintillation, however, varies with mag-
netic latitude since the background ionization density
is minimum at the magnetic equator and maximum
around the anomaly locations. On the other hand, the
bottomside irregularities with limited altitude extent
are confined over a relatively narrow latitude range
around the magnetic equator.

In this paper we shall first contrast the features of
scintillation statistics at the magnetic equator and the
equatorial anomaly regions at both L band and
250-MHz. We shall indicate the existence of a local-
ized source of 250-MHz scintillation near the mag-
netic equator. We shall discuss the spatial and tem-
poral variability of 250-MHz scintillation as well as
the features of the ionospheric motion. We shall then
present the Scintillation Network Decision Aid
(SCINDA) that has been recently developed at the
Phillips Laboratory to provide real-time regional
specification and forecasting of equatorial scintilla-
tion at 250 MHz.

Results and Discussion
Geometry of Observing Stations

Figure 1 shows the locations of the ground stations
that provided scintillation data used in this study. It
may be noted that the station at Huancayo, Peru, is
located near the magnetic equator, whereas Ascen-
sion Island is situated close to the crest of the
equatorial anomaly at a magnetic latitude of about
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15°S. A station near the magnetic equator, such as
Huancayo, detects a larger number of scintillation
events, at least at low frequencies, since the equato-
rial irregularities originate at the magnetic equator.
On the other hand, stations near the crests of the
equatorial anomaly detect most intense scintillation
events, since the ambient ionization density attains
high values during the early evening hours when the
irregularities occur. These two stations have provided
much of the long-term scintillation data at 250 MHz
and L band. More recently, scintillation measure-
ments near the magnetic equator are being made at
Ancon, Peru, instead of at Huancayo. Figure 1 shows
that the station receives 250-MHz signals from two
geostationary satellites in the west and the east, and
the intersection of these propagation paths with the
ionospheric height of 350 km, namely, the subiono-
spheric points, are indicated by 11 and 12, respec-
tively. The set of three parallel lines near the Ancon
station illustrate the projections of the Earth’s mag-
netic field lines mapped from apex altitudes of 400,
600, and 800 km down to 200 km altitude above
Ancon. To the south of Ancon, the station at Anto-
fagasta, Chile, at a magnetic latitude of 11°S, also
records 250-MHz signals from the same two geosta-
tionary satellites that are monitored at Ancon. The
350-km subionospheric points for the west and the
east geostationary satellites are indicated by I3 and 14,
respectively. The thin parallel lines in the vicinity of
Antofagasta again illustrate the projections of the
Earth’s magnetic field mapped from apex altitudes of
400, 600, and 800 km to 200 km altitude above this
station. Considering the magnetic field projections,
we find that an altitude of 200 km above Antofagasta
and Ascension Island maps along magnetic field lines
to the magnetic equator to altitudes of 400 and 800
km, respectively.

The stations at Ancon, Antofagasta, and Ascension
Island deploy receivers that acquire 250-MHz and
L-band signals from geostationary satellites and sam-
ple the detected signals at 50 Hz. The signals are
processed on-line to determine at 90-s intervals the
scintillation index S 4, which is defined as the standard
deviation of the normalized signal intensity, 1/(I). In
addition, the power spectrum of scintillation by the
fast Fourier transform (FFT) and cumulative ampli-
tude distribution function are also processed. At
Ancon and Antofagasta, the scintillation data are
acquired by receivers with antennas spaced in the
magnetic east-west direction. These autocorrelation
and cross-correlation functions of the spaced antenna
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Figure 1. Locations of the ground stations at Huancayo, Ancon, and Ascension Island which
performed scintillation observations. The 350-km subionospheric points are indicated: 11 and 12, for the
west and the east satellite observations, respectively, from Ancon; I3 and I4, corresponding to
Antofagasta; and I5 for east satellite observations from Ascension Island. The sets of three parallel lines
near Ancon, Antofagasta, and Ascension Island, displaced for clarity, represent projections of magnetic
field lines with apex altitudes of 400, 600, and 800 km which are mapped to 200 km altitude.

data are processed to determine the east-west drift
speed of the irregularities at both sites.

Scintillation Statistics at the Magnetic Equator
and the Equatorial Anomaly

As mentioned earlier, the bubble-related scintilla-
tion is expected to be extended in latitude due to the
magnetic field alignment of the bubbles and to be
most intense near the equatorial anomaly. The lati-
tude variation of this type of scintillation is best
studied at gigahertz frequencies which do not readily
get saturated by these intense events. Figure 2 shows
the variation in the occurrence of equatorial scintil-
lation at 1.54 GHz during 1986-1989. The statistics
have been established for the time interval of 2000-
2400 LT, when L-band scintillations usually occur,

and for three increasing levels of scintillation corre-
sponding to signal fadings of 2, 10, and 20 dB. The top
panel shows the monthly occurrence statistics for
Ascension Island, and the middle panel shows them
for Huancayo. The bottom panel shows the variation
of the sunspot number during 1986-1989. An inspec-
tion of the diagram shows that both stations encoun-
ter increased scintillation activity as the sunspot num-
ber increases from the solar minimum year of 1987
and approaches the solar maximum. Before we dis-
cuss the latitude variation of scintillation, we should
note that Huancayo and Ascension, though separated
in longitude, belong to the longitude sector with
similar seasonal variation. The characteristic seasonal
variation in this sector, namely, minimum scintillation
activity during May—August [4arons, 1993], is illus-
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Figure 2. The occurrence statistics of L-band (1.54 GHz) scintillation, for fades exceeding 2, 10, and
20 dB. The top panel shows the statistics for Ascension Island near the crest of the equatorial anomaly
during 1986-1988. The middle panel shows that only 2-dB statistics can be obtained at Huancayo for
the same period. The bottom panel shows the variation of sunspot number.

trated in the top two panels. The most distinguishing
feature of Figure 2, however, is the pronounced
variation of scintillation activity between the magnetic
equator and the crest of the equatorial anomaly. At
Huancayo, even during the solar maximum period,
fading depths as low as 2 dB do not occur more than
20% of the time. On the other hand, at Ascension
Island, similar levels of occurrence are attained at a
much higher depth of fading, namely, 20 dB. The
fading depths of 2 and 20 dB correspond to scintilla-
tion indices S, = 0.18 and 0.89, respectively. The
factor of 5 enhancement of scintillation at Ascension
near the equatorial anomaly may be accounted for by
considering that the F-region ionization density at
Ascension is enhanced by a factor of 5 above the
magnetic equator and that the irregularity amplitude

is preserved between the magnetic equator and the
equatorial anomaly. Such enhancements of F-region
ionization density at the anomaly location as com-
pared with that at the magnetic equator are typical
during the postsunset period.

Scintillations Under Magnetically Quiet
and Active Conditions

In Figure 2 we grouped together scintillation data
for all magnetic conditions. In order to investigate the
dependence on magnetic activity, we divide the data
set shown in the top panel of Figure 2 in two groups,
namely, under magnetically quiet (Kp = 0-3) and
active (Kp = 3" -9) periods. In Figure 3 we illustrate
the occurrence statistics of 1.54-GHz scintillation as
recorded at Ascension Island for magnetically quiet
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Figure 3. The occurrence statistics of L-band scintillation at Ascension Island during magnetically
quiet (Kp = 0-3) and active (Kp = 37-9) conditions.

and active conditions. The diagram corresponds to
20002400 LT when L-band scintillations usually
occur. The top panel refers to magnetically quiet
conditions (Kp = 0-3) and the bottom panel to
magnetically active conditions (Kp = 37-9). The
figure shows that even though scintillations occur
during magnetically active periods [Aarons, 1991], a
major component of scintillation is associated with
magnetically quiet conditions. The top panel shows
that during magnetically quiet periods, 20-dB fadings
are encountered 20% of the time, a level of activity
that seriously impacts robust communication and
navigation systems. Under magnetically quiet condi-
tions the postsunset enhancement of the eastward
electric field [Heelis et al., 1974; Rishbeth, 1971a, b,
1981; Farley et al., 1986; Fejer, 1991; Fejer et al., 1991,
Haerendel and Eccles, 1992; Basu et al., 1996] is
considered to be a major factor needed to destabilize
the ionosphere [Haerendel, 1973; Ossakow, 1981]. The
complex thermosphere-ionosphere interactions that
generate the postsunset electric field during magnet-

ically quiet conditions remain unresolved and unpre-
dictable. In addition to the above, the stabilizing
influence of the meridional wind [Maruyama and
Matuura, 1984] cannot be predicted either.

Latitude Extent of Equatorial Scintillation

We had mentioned earlier that bubble-related scin-
tillations are extended in latitude in view of their field
alignment and altitude extent above the magnetic
equator. On the other hand, we often encounter
irregularities with limited altitude extent above the
magnetic equator [Aarons et al., this issue]. The
bottomside sinusoidal irregularities (BSS) with steep
irregularity power spectrum and correlation lengths
of the order of 1 km belong to this class [Valladares et
al., 1983]. However, in addition to BSS, which occur
during the solstices, we often encounter, in other
seasons, scintillation events that are limited in lati-
tude. In Figure 4 we contrast the occurrence statistics
of 250-MHz scintillation at Ascension Island (top
panel) near the crest of the equatorial anomaly with
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Figure 4. The occurrence statistics of 250-MHz scintillation at Ascension Island and Huancayo. This
figure illustrates higher occurrence of 250-MHz scintillation at Huancayo near the magnetic equator.

that observed at Huancayo (bottom panel) near the
magnetic equator. The occurrence statistics are
shown for three progressively increasing levels of
scintillation, corresponding to signal fadings exceed-
ing 2, 6, and 10 dB. Referring to the bottom panel of
Figure 2, we find that during the time period covered
by Figure 4, the sunspot number increased from a
minimum to a moderate level. This explains the
overall increase of scintillation during 1988. The most
interesting feature of this figure is related to the fact
that the scintillation activity at 250 MHz is more
prevalent near the magnetic equator (Hunacayo) as
compared with that at Ascension Island. This is more
marked during early 1987 when the sunspot number
was low, indicative of the fact that during the solar
minimum the irregularity structure or the scintillation
belt does not extend as far poleward as Ascension
Island. During the period September 1987 to March
1988, higher scintillation occurrence near the equator
is especially marked at lower levels of scintillation.
This establishes that there is indeed a class of equa-

torial irregularities of limited thickness that can map
over a narrow-latitude belt around the magnetic
equator. These are well detected by 250-MHz obser-
vations but usually too weak to be detected by L-band
scintillation measurements, as indicated by Figure 2.

We shall now illustrate the variability of the lati-
tude extent of the irregularities with two specific data
samples. Figure 5a illustrates a 250-MHz scintillation
event that extended from Ancon, Peru, to Antofa-
gasta, Chile. From Figure 1 we may note that Ancon
is near the magnetic equator and Antofagasta has a
magnetic latitude of 11°S. The top two panels show
the variation of §4 index of scintillation at 250 MHz,
as recorded at Ancon with a geostationary satellite to
the west and to the east of the station, respectively.
The abscissa indicates the universal time (UT), which
is related to the local time (LT) as LT = UT minus 5
hours. The bottom two panels show the correspond-
ing results obtained at Antofagasta, Chile. We may
note from the top panel that the scintillation structure
detected at Ancon in the west drifted eastward at a
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Figure 5a. The temporal variation of the S4 inde

4:

6:00 8:00 10:00

00
Hours UT

x of scintillation recorded on day 272, 1996, at Ancon

by using the west satellite (top panel) and the east satellite (second panel) and at Antofagasta by using
the west satellite (third panel) and the east satellite (bottom panel). This figure illustrates that the
scintillation structure extended from the magnetic equator to at least 11° magnetic latitude.

speed of 170 m s~ and caused scintillation on the
east satellite link (second panel) at about 0200 UT.
The third panel shows that the Antofagasta station
detected scintillations simultaneously with the onset
of scintillation in the second panel. This is because
the ionospheric intersection of Ancon with the east
geostationary satellite and the intersection of Anto-

fagasta with the west satellite lie on the same mag-
netic flux tube (compare with Figure 1). These obser-
vations indicate that the irregularities extended to
altitudes of at least 600 km above the magnetic
equator at Ancon to be mapped to the subionospheric
location of Antofagasta observations at a magnetic
latitude of 10°S. Figure 5b illustrates that 2 days prior
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Figure 5b. Same as in Figure 5a except for day 270,

to Chile.

to the above observations, scintillations were ob-
served at Ancon only and did not extend to Antofa-
gasta. We cannot say exactly how high the irregularity
structures extrended in altitude above the magnetic
equator on this evening, but we know that it remained
below 600 km and that the latitude extent was less
than 10° magnetic latitude.

These results indicate that plasma bubbles, which

1996, when scintillation structures did not extend

contain the scintillation causing kilometer-scale irreg-
ularities, attain varying altitudes on different days.
This can be attributed to variations in the vertical rise
velocity of plasma bubbles, which have been shown to
depend on dN/N, the fractional plasma density de-
pletion, and g/v;,, the ratio of gravity and the ion-
neutral collision frequency [Ossakow and Chaturvedi,
1978; Ort, 1978]. Ossakow and Chaturvedi [197§]
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considered nonlinear models of constant-shape bub-
bles and showed that for all models the rise velocity
increases with increasing altitude and/or increasing
fractional density depletion, although the exact mag-
nitude depends on the specific shape of the bubble.
These authors show that for a cylindrical bubble at an
altitude of 350 km, the bubble rise velocity may be as
low as 6 m s~ ! for a fractional density depletion of
25% and as high as 40 m s ! for 100% depletion. At
higher altitudes, such as 450 km, the rise velocities
correspond to 30 and 220 m s~ * for 25% and 100%
depletions, respectively. Satellite in situ measure-
ments do indeed show this wide variability of rise
velocity in plasma bubbles [McClure et al., 1977).
Since the equatorial F region descends in the early
evening hours following the prereversal maximum,
bubbles with low fractional density depletion having
low rise velocity may be stopped from attaining higher
altitudes. Thus the variability in fractional density
depletion may indeed explain the observed variation
in the latitude extent of the irregularities.

Temporal Variability of Scintillation

Figure 6 illustrates the extreme temporal variability
of scintillation. The figure shows the daily variation of
the §, index of scintillation recorded at Ancon. It
indicates that three nights of no scintillation activity
were followed by three nights with substantial scintil-
lation. The entire period was magnetically quiet; as
such, the extreme variability of scintillation cannot be
attributed to a difference in magnetic activity. The
following week started with five nights of scintillation
activity that were followed by two nights of no activity.
Thus some nights remain totally benign even though
the February—March period corresponds to the sea-
son of high scintillation occurrence. As mentioned
earlier, the variability of equatorial scintillation under
magnetically quiet conditions remains unresolved.
The destabilizing and stabilizing roles of several key
neutral and plasma parameters have been critically
examined by plasma physicists and modelers [Ossa-
kow et al., 1979; Anderson and Haerendel, 1979; Sekar
et al., 1994; Crain et al., 1993]. From an observational
standpoint, however, the sources of day-to-day vari-
ability are yet to be identified. A few crucial param-
eters, such as neutral winds, which play a major role
in determining the equatorial electrodynamics, have
not been measured around the sunset period. Al-
though O I 630.0-nm dayglow has been recently
measured [Sridharan et al., 1994], neutral wind mea-
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surements, during the crucial presunset hours, by
optical techniques have not yet been possible.

Zonal Motion of Scintillating Regions

After sunset the F-region dynamo becomes effec-
tive, and a vertically downward polarization electric
field develops at F-region heights {Rishbeth, 1971a, b].
This polarization electric field is responsible for the
eastward motion of the ionosphere during the night.
Owing to this zonal motion, scintillating regions are
observed to move from the west to the east. Spaced
antenna scintillation measurements are being rou-
tinely performed at Ancon, Peru [Valladares et al.,
1996], as well as at Antofagasta, Chile. We shall
examine the characteristic variation of the zonal drift.
Under magnetically active conditions, the penetration
of the high-latitude electric field and the disturbance
dynamo affects the equatorial electrodynamics. As
such, we show the statistics of the zonal drift sepa-
rately for magnetically quiet (Kp < 3) and magneti-
cally active (Kp > 3) periods.

Figure 7a shows the seasonal variation of the zonal
drift obtained under magnetically quiet conditions
during the period May 1994 to April 1996. Each data
point in the scatter diagram represents a 5-min aver-
age of the measured drift, and the open circles denote
the hourly median value. An inspection of the figure
shows that the zonal irregularity drift is well ordered
and eastward except for a few points with westward
flows. The relatively sparse data points during May—
July arise from the low occurrence of scintillation
during these months.

Figure 7b shows the seasonal variation of the zonal
drift under magnetically disturbed conditions. Com-
paring Figures 7a and 7b, we find that in all seasons
except May—July the number of data points in Figure
7b is reduced, indicating an overall decrease of scin-
tillation occurrence during magnetically disturbed
periods. During May-July, when scintillations are
rarely observed at Ancon, magnetic activity is ob-
served to enhance the scintillation occurrence. Fur-
ther, we may note a preponderance of westward flows
during magnetically active conditions due to the
effects of the disturbance dynamo electric fields
[Fejer, 1991; Fejer et al., 1991]. Valladares et al. [1996]
have shown that the overall features of the seasonal
variation of the zonal plasma drift can be accounted
for by considering models of zonal drifts based on
zonal neutral wind and integrated Pedersen conduc-
tivity. As may be noted from Figures 7a and 7b, there
is considerable day-to-day variation of the drift speed,
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Figure 6. The temporal variation of 250-MHz scintillation recorded at Ancon on five successive nights.
This figure illustrates the extreme variability of scintillation with three nights of no scintillation followed

by four nights of scintillation activity.

and this variability cannot be modeled. As such,
accurate predictions of the position of a drifting
scintillating region will require simultaneous drift
measurements.

Scintillation Network Decision Aid (SCINDA)

Because of the variable and unpredictable nature
of scintillation occurrence, intensity, and dynamics
described above, a system known as the Scintillation

Network Decision Aid (SCINDA) has been devel-
oped to provide users with real-time regional specifi-
cation and short-term forecasts of 250-MHz scintilla-
tion. Indeed, a fundamental objective of the SCINDA
project has been to distill complex scintillation data
sets into simplified, operationally accurate products
which can be readily understood by nontechnical
users of satellite communications and navigation. The
SCINDA system, illustrated schematically in Figure 8§,
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Figure 7a. The scatterplot of the east-west irregularity drift measured at Ancon under magnetically
quiet (Kp < 3) conditions during May-July (top panel), August-October (second panel), November—
January (third panel), and February-April (bottom panel). The open circles denote the hourly median
values.

consists of a network of ground-based receivers which ~ physically consistent graphical representations of
monitor satellite transmissions and provide scintilla- scintillation features. The model is designed to func-
tion data in near real-time to drive a computer model tion well with a data stream from a minimum of two
which integrates the measurements and generates ground-based receivers separated in latitude; ideally,
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Figure 7b. Same as in Figure 7a except for magnetically disturbed (Kp > 3) conditions.

one should be situated at the magnetic equator and
the other close to an equatorial anomaly crest loca-
tion, nominally at about =15° magnetic latitude.

In the current implementation, satellite receiving
stations have been established at Ancon, Peru, near
the magnetic equator and at Antofagasta, Chile, 11°S

magnetic latitude, as was shown in Figure 1 and
described previously. Each station uses spaced an-
tenna scintillation receiving systems to monitor 250-
MHz transmissions from two geostationary satellites,
one in the west and the other in the ecast. The
receiving systems perform on-line processing of the
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Figure 8. Schematic diagram illustrating design of the Scintillation Network Decision Aid (SCINDA).
SCINDA ingests geophysical parameters and scintillation data from ground-based receivers to generate
a variety of real-time scintillation specification and weather forecast products for operational users.
Features not currently implemented but anticipated in the near future are shown with dotted lines.

signal intensity and compute scintillation index S,
and zonal irregularity drift every 90 s. The data are
then retrieved automatically in near real-time via the
Internet by the remote SCINDA operator. At the
operator terminal the observed parameters are com-
bined with an empirical model of equatorial bubble
dynamics in order to generate three-dimensional
maps of irregularity structures and related weather
products for operational users.

An example of one such map is shown in Plate 1a,
where the observed bubbles appear as wedge-shaped
features extended north-south along the direction of
the magnetic field. The latitudinal extent is deter-
mined by the time and location of scintillation detec-
tion. When scintillations are first detected at Ancon
near the magnetic equator, an irregularity structure is
initiated at a nominal altitude of 300 km and propa-
gated upward with a drift speed of 50 m s~ . The
rising structure is continuously mapped symmetrically
north-south along the magnetic field lines and, as a
result, the latitude extent of the disturbance in-
creases. The maximum extent is dictated by the
measurements at the southern receiver site in Chile.
If scintillations are not observed there, as in Figure
3b, the structures are terminated equatorward of the
station; the westernmost feature depicted in Plate 1a
is a graphic example of one such equatorially local-
ized disturbance. Otherwise, the structure is allowed
to propagate to approximately *£17° magnetic lati-

tude, slightly poleward of the nominal location of the
equatorial anomaly.

The longitudinal separation of the bubbles shown
in Plate 1a results from a combination of the temporal
variation of scintillation and the zonal drift velocity of
the density irregularities. Structures are initiated at
the longitude where scintillations are detected and
then propagated at the observed zonal drift velocity,
normally eastward at about 100 m s~ *. Because the
kilometer-scale  irregularities  responsible  for
250-MHz scintillation can persist for several hours,
the structures can drift hundreds of kilometers before
fully decaying. In the present model the eastward drift
of features arising from scintillations observed on a
western satellite link is constrained by observations
near the same latitude on the east link point, some
800 km downstream. The features from the west
terminate instantaneously as they reach the east link,
where new features are simultaneously generated
based on the current observations. If, in fact, the
structures created to the west are actually drifting
across the east link, this seemingly abrupt transition
in the model is essentially transparent in the visual-
ization scheme, as the east link observations will
generate new features at the precise moment and
location where the inbound features from the west
are destroyed. No measurement constraints can be
placed on structures spawned by east link observa-
tions, however, and they are assumed to decay grad-
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ually over a 5-hour period or rapidly within 30 min of
local sunrise, whichever occurs sooner. In the absence
of real-time drift velocity measurements, climatolog-
ical drift speeds, matched to the last observed values
and current geophysical conditions, are used to con-
vect the scintillation bubbles.

Scintillation intensity is displayed using a simple
green-yellow-red color map for ease of interpretation
by the operator. The scintillation levels which corre-
spond to each color may be selected by the operator
in terms of either S value or specified percentile fade
depth in decibels. In Plate 1a the green-yellow-red
features represent S, = 0.3, 0.3 < §, = 0.6, and
S4 > 0.6, respectively, which correspond to 99
percentile fade levels of <6 dB, 6-12 dB, and >12 dB
[Whitney, 1974]. The strength of the scintillation is
enhanced around the anomaly location at 15° mag-
netic latitude following the considerations adopted in
the improved WBMOD scintillation model [Secan et
al., 1995]. Indeed, an efficient, data-driven version of
the improved model, known as WBMGRID, has been
developed within SCINDA for the purpose of gener-
ating better scintillation weather products for opera-
tional users.

The two-dimensional outage forecast map shown in
Plate 1b represents the primary user product rou-
tinely generated by SCINDA. On the basis of current
observations of scintillation activity, the map effec-
tively provides up to a 3-hour forecast of communi-
cation outage regions to a specific satellite which can
be readily understood by any satellite communication
user. Satellite link selection can be entered manually
or selected graphically from an extensive list with
current ephemeris elements. Two distinct types of
information are displayed on the map; following the
tropospheric severe weather analogy, they are de-
noted “warning” arcas and “watch” areas. Warning
areas are based on the projected location of actual
observed scintillation structures, while watch areas
represent the general probability of outage within the
region.

To calculate accurate warning areas, the S, values
of the observed scintillation features are first con-
verted to the integrated strength of turbulence pa-
rameter, CkL, corresponding to the observation ge-
ometry [Secan et al., 1987, 1995]. The locations of
observed scintillation features are projected ahead in
time using the climatological zonal drift speeds
matched to the most recent observed velocities, sub-
ject to the irregularity lifetime constraints described
above. The anticipated velocity for the time of the
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forecast, indicated along the magnetic equator, is
included on the plot to provide an estimate of future
drift rates to the user. Once the locations are estab-
lished, the CkL values are then reconverted to S,
values using the propagation geometry dictated by the
bubble’s shadow on the ground projected from the
selected satellite. Given a map of the projections,
users on the ground can readily assess the anticipated
propagation conditions to the satellite from any loca-
tion within the satellite’s footprint on the Earth’s
surface.

Watch areas are derived by adjusting climatological
activity levels to be consistent with current observed
levels, and then running the adjusted climatology
model, WBMGRID, for the desired time period. This
provides a powerful tool for expanding specification
beyond the region of actual observations, particularly
to the west of ground-based sensors where meaning-
ful predictions would be otherwise impossible due to
the eastward drift of observed irregularity features.
Scintillation intensity in both the watch and warning
areas is displayed using the same simple three-color
mapping scheme employed in the three-dimensional
view. If the operator sets the color map thresholds
properly for a given user, the red-yellow-green areas
can be immediately interpreted as regions of severe,
moderate, and little effect on his specific system,
respectively. Watch areas are delineated further by
the crosses and open circles seen in Plate 1b. This
facilitates ready differentiation between watch and
warning areas and is even effective when faxing
black-and-white hard copies to remote users.

Summary

We have used multistation, multifrequency obser-
vations of equatorial scintillation to demonstrate the
extreme variability of the occurrence, intensity, and
dynamics of scintillating regions. At high latitudes the
intense ionospheric disturbances are usually exam-
ined by following the trail of energy from the Sun. We
have shown that in sharp contrast to this, the equa-
torial scintillation activity attains its maximum level
during magnetically quiet conditions. The complex
thermosphere-ionosphere interactions that cause the
ionosphere to become unstable continue to be stud-
ied in the context of new mechanisms and refined
models [Haerendel and Eccles, 1992; Crain et al., 1993]
as well as observational results obtained by radio,
radar, and optical techniques [Basu et al., 1996; Weber
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et al., 1996]. In spite of these advances, the variability
of scintillation remains an unresolved problem.

We have also used scintillation statistics and case
studies to demonstrate that once the scintillating
regions are formed, they evolve and convect in a
well-ordered manner. The Scintillation Network De-
cision Aid (SCINDA) has been developed in this
framework. In its current form, SCINDA provides
valuable diagnostic information that serves both the
scientific research and operational communities. The
maps of scintillating regions in space and time pro-
vided by SCINDA will define the framework for the
investigations of the irregularity onset and evolution.
Operational users will benefit from the real-time
specification of scintillation activity; this information
can be used to exploit, in a timely manner, alternate
communication and navigation assets and reduce
resources allocated to troubleshooting disruptions
caused by scintillation. SCINDA will also serve as a
unique tool for the validation of the coupled iono-
spheric scintillation model, a physics-based model
currently under development at Phillips Laboratory.

Several extensions to the existing system are being
planned in the near future that include the deploy-
ment of an additional latitudinally dispersed station
to reproduce the north-south asymmetry of scintilla-
tion; the implementation of an algorithm to predict
globally the onset of scintillation based on the ion
density data from the SSIES sensor on DMSP satel-
lites [Sultan, 1996]; and the extension of the fre-
quency and spatial coverage of the observations by
the addition of GPS receivers capable of recording
amplitude and phase scintillations. Overall, by imple-
menting new algorithms, by improving the model
through continued validation, and by extending the
system capability to GPS frequencies, SCINDA will
partially fulfill the goal of the National Space
Weather Program to globally specify and forecast
ionospheric scintillation.
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