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Abstract The FORMOSAT-3/COSMIC (F3/C) satellite probes the S4 scintillation index
profile of GPS signals by using the radio occultation (RO) technique. In this study, for
practical use on the Earth’s surface, a method is developed to convert and integrate the
probed RO S4 index, so obtaining the scintillation on the ground. To estimate the worst
case, the maximum value on each profile probed by F3/C, which is termed S4max, is
isolated. The isolated data are further used to construct the global three-dimensional dis-
tributions of S4max for various local times, seasons, solar activities, and locations. The
converted S4max for the first time estimates the global distribution of ionospheric scin-
tillations in the GPS L1 band C/A code signal on the ground. The results show that the
worst-case scintillations appear within the low-latitude region of +30°N, peaking around
+20°N magnetic latitude; they begin at 1900 MLT, reach their maximum at 2100 MLT,
and vanish by about 0200-0300 MLT. The most pronounced low-latitude scintillation
occurs over the South American and African sectors.

Keywords FORMOSAT-3/COSMIC satellite - Radio occultation - Ionospheric
scintillation - S4 index

1 Introduction

Scintillation can be defined formally as a random modulation imported onto propagating
wave fields by structures in the propagation medium (Rino 2011). Thus, scintillation
observations have been employed to identify and diagnose irregular structures in highly
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varied propagation media. The research on scintillations started during the 1950s. Par-
thasarathy (1959) reported scintillations in the auroral region. Following that, Frihagen and
Troim (1960) using 20 MHz signals from an Earth-orbiting satellite observed signal
scintillations at solar maximum, and Hook and Owren (1962) derived the ionospheric
E-region irregularity distribution from satellite radio signals (20.005 and 40 MHz).

Numerous studies have been conducted since then (Rastogi 1980; Aarons et al. 1983;
Watanabe and Oya 1986; Basu et al. 1988; Sahai et al. 2000; Abdu 2001; Huang et al.
2002; Burke et al. 2004; Thampi et al. 2009). Basu et al. (1988) employed limited
observations of ground-based radars (Huancayo, Ascension Island, Goose Bay, Tromsg,
and Thule) and satellite beacons (1.54 GHz from the Marisat satellite, polar beacon
satellites at 250, the 244 MHz signal from the Fleetsatcom satellite, and wide band satellite
data at 137 MHz) to construct a map of L-band (1.54 GHz) scintillations for periods of
different solar activity. However, the map lacked longitudinal information due to the radars
mainly being located in the American sector. Recently, GPS amplitude and/or phase
scintillations were observed on the ground (Aarons et al. 1997; Mendillo et al. 2000). More
recently, Olwendo (2013) derived the S4 index of GPS signals at geomagnetic equatorial
latitudes in 2011-2012. Although ground-based GPS receivers continuously monitor the
S4 index, they lack coverage in ocean and remote areas.

With the advent of GPS, the technique of radio occultation (RO) has been developed in
the 1990s. The technique of RO uses low Earth orbit (LEO) satellites at several hundred
kilometers in altitude to receive the GPS signals. The RO observations can uniformly
provide the global distribution of atmospheric and ionospheric parameters, such as air
pressure, temperature, electron density, and scintillation with high vertical resolution
(Scherliess and Fejer 1999; Yunck et al. 2000; Wickert et al. 2001), which significantly
improves the coverage of the traditional ground-based observations. With the GPS receiver
onboard a LEO satellite, the ionospheric irregularities were studied using the RO technique
(Hocke et al. 1999; Sokolovskiy et al. 2002; Straus et al. 2003; Wu et al. 2005, 2006; Arras
et al. 2008). By contrast, with a six-microsatellite constellation, Uma et al. (2012) and
Brahmanandam et al. (2012) reported the global three-dimensional (3D) structure of
S4max, the maximum value of each S4 profile recorded by F3/C (FORMOSAT-3/COS-
MIC). Although 3D S4max structures were investigated, for practical applications, the
worst case on the ground, similar to that discussed by Basu et al. (1988), has not yet been
developed and reported.

In this paper, a method is introduced which converts the space-based F3/C RO S4 index
observations to the ground-based situation. To carry out the conversion, 3D structures of
S4max are constructed, which allows us to understand GPS scintillation variations at
various local times, seasons, and solar activity conditions, as well as the geographical
distribution from the space-based point of view. By applying the method to data of the 3D
structure, maps of the worst-case scenario on the ground as functions of geomagnetic local
time and geographic coordinates are constructed and reported here.

2 F3/C Microsatellites and Data Conversion Method

The Formosa satellite 3, also named the Constellation Observing System for Meteorology,
Ionosphere, and Climate (abbreviated as FORMOSAT-3/COSMIC, or F3/C for short), is a
constellation of six microsatellites, designed to monitor weather and space weather with its
major payload, a GPS radio occultation receiver developed by NASA’s JPL (Jet Propulsion
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Laboratory), performing the RO observations in both the atmosphere and the ionosphere
(Anthes et al. 2008). Here, we examine the scintillation S4 index observations between
GPS and F3/C satellites from the GPS RO payload. The mission orbits are around 800 km
altitude, 72° inclination angle, and with a 30° separation in longitude between each
microsatellite. The F3/C scintillation data are calculated as the S4 index by using the signal
to noise ratio on the L.1 band C/A code (1.575 GHz) [see Syndergaard (2006) at http://
cdaac-www.cosmic.ucar.edu/cdaac/doc/documents/s4_description.pdf]. The signal to
noise intensity fluctuations from the raw 50-Hz L1 amplitude measurements are computed,
while these intensity measurements are recorded in the data stream at a 1-Hz rate. Due to
the number of satellites, F3/C obtained up to 3000 scintillation profiles per day. The
scintillation profiles are recorded in the scintillation files (data type scnL.vl) and can be
obtained from the Taiwan Analysis Center for COSMIC (TACC) and/or COSMIC Data
Analysis and Archive Center (CDAAC). In scnLvl, the value, the longitude, latitude, and
altitude of each S4max are recorded.

In order to convert the space-based F3/C RO scintillation to the ground-based one, a
new method is developed. Figure 1 illustrates the conversion method, where P is the
position of the tangent point of the straight line between GPS and LEO satellite, and L3 is
the distance between P and the Earth’s center. The length of L2, which is the layer
thickness, is set to be 1 km. The L1 is the tangent line of the circle with the radius L3 and
with the point of tangency P. The two end points of L1, P1 and P2, are with the distance
L2 + L3 from the Earth’s center. The conversion is performed under the following four
assumptions. First, the electron density fluctuations on the signal propagating path in the
shell, which has inner and outer radii L3 and L2 + L3, respectively, is the main source of
the amplitude fluctuations. Secondly, the electron density fluctuations in the shell are
uniform. Thirdly, in the uniform electron density fluctuations, the value of the S4 scin-
tillation index is proportional to the signal propagating distance. Fourthly, the S4 scintil-
lation index follows the superposition principle. Following these assumptions, the equation
of the conversion can be written as

L2

S4,Venical - H S4,horizonlal (1)

where Sy horizontal a0d S4 vericar are the values of the S4 index before and after the con-
version, respectively. By using Eq. (1), the S4 index of the signal which propagates

GPS

Re=6400km
|

Fig. 1 Illustration of the conversion method to convert the space-based F3/C RO scintillation to the
ground-based one. P denotes the position of the tangent point of the straight line between the GPS and LEO
satellites, and L3 is the distance between P and the Earth’s center. The length of L2, which is the layer
thickness, is set to be 1 km. The L1 is the tangent line of the circle with the radius L3 and with the point of
tangency P. The two end points P1 and P2 of L1 have the distance of L2 + L3 from the Earth’s center
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horizontally through the shell over the distance L1 can be converted to the S4 index of the
signal which propagates vertically through the shell over the distance L2.

In order to gather the converted S4 index data, a matrix with 360 x 180 x 700 grids is
used to indicate the geomagnetic local time (MLT), geomagnetic latitude (mLat), and
altitude, respectively. The ranges of MLT, mLat, and altitude are 0-24 h, —90° to 90°, and
50-750 km, respectively, and therefore their resolutions are 4 min, 1 degree, and 1 km,
respectively. With models of the International Geomagnetic Reference Field IGRF (Thé-
bault et al. 2015) and modified dip latitude Modip (Azpilicueta et al. 2006), and the
constructed matrix, we can interchange between MLT and geographic longitude (Lon) as
well as between geographic latitude (Lat) and mLat. Based on the time, location, and
altitude, each S4max will be put into its specified grid, and the median value of each grid
computed accordingly. Equation (1) is further applied to vertically integrate S4max from
50 to 750 km altitude at the certain location, and construct a two dimensional MLT-mLat
map, with 360 x 180 grids.

3 Observations and Results

The F3/C GPS RO observations are further subdivided into 4 seasons, M-month (+45 days
to March equinox), J-month (£45 days to June solstice), S-month (+45 days to September
equinox), and D-month (£45 days to December solstice). The 3D analysis on various
MLTs, mLats, and altitudes during the 4 months of the two solar activity periods studied,
which are the solar minimum of 2008-2010 and the solar maximum of 2012-2014, are
investigated. Figure 2 shows S4max at 80-150 and 150-600 km altitude.

During the solar minimum, the equatorial scintillations become prominent from the
post-sunset hours and often persist until the post-midnight hours (i.e., from 1800 to 0200
MLT) at the bottom side of the F-region, 150-350 km altitude (Fig. 2a). In general, the
S4max intensity reaches its maximum within +25°N mLat, at 200-250 km altitude, and at
2200-2300 MLT. The F-region S4max yields stronger intensities and expands to higher
latitudes in M-, S-, and D-months. Further, the scintillation activity in the E-region
(80-150 km altitude bin) is more prominent in both daytime (0900 MLT) and nighttime
(1900 MLT), and appears in mid-latitudes (30°-40°N mLat) of both northern and southern
hemispheres. Note that the E-region S4max reaches its maximum intensity in the summer
hemisphere, i.e., J-month in the northern hemisphere and D-month in southern hemisphere,
and the intensity in the northern hemisphere of J-month is stronger than that in the southern
hemisphere of D-month.

The distribution and appearance time of the S4max during the solar maximum generally
are similar to those during the solar minimum, except being of stronger intensity and
expanding to higher, even up to 600 km, altitudes. Here, the F-region S4max yields
stronger intensities and expands to higher latitudes/altitudes in M-, S-, and D-months. By
contrast, the E-region S4 index during the solar maximum is very similar to that during the
solar minimum which suggests that the solar activity effect is not essential in the E-region
but is for the seasonal one.

Based on the proposed method, the observations shown in Fig. 2 are converted into the
worst-case maps of MLT versus mLat observed on the ground in various seasons during
the solar minimum and solar maximum. Figure 3 depicts that, during the solar minimum,
the converted scintillation yields the greatest value in M-month, greater in D-month,
smaller in S-month, and smallest in J-month. It can be seen that the scintillations have a
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Fig. 2 S4max for magnetic latitude versus magnetic local time at 80-150 and 150-600 km altitude during
the solar minimum (a) and solar maximum (b). Four columns from left to right stand for M-, J-, S-, and
D-months, respectively. The altitude resolution is 10 m and 50 km in the E-region (80-150 km) and
F-region (150-600 km), respectively
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Fig. 2 continued

double-peaked feature, which settles on both sides of the magnetic equator and centers at
about £10°, is confined to low magnetic latitudes within +30°, appears from 2000 MLT,
enhances intensely at 2100 MLT, reaches the maximum at 2200-0100 MLT, and finally
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Fig. 3 The vertical integration of S4max from 50 to 750 km altitude in Fig. 2 during the solar minimum
(a) and solar maximum (b). The asterisk symbols denote the peak of the S4max

dissipates after 0200 MLT. By contrast, during the solar maximum, scintillation yields the
greatest value in S-month, greater in M-month, smaller in D-month, and smallest in
J-month. Although daily evolutions are generally similar, the scintillation in each month
during the solar maximum is greater than that of the solar minimum, accordingly. It can be
seen that the clear double-peaked structure appears in the 4 months during both solar
minimum and maximum. Figure 3 further reveals that the low-latitude scintillation
expands to higher latitudes, and the polar-latitude scintillation becomes intense during the
solar maximum.

To compare our results with those of Basu et al. (1988), we superimpose the maps of the
4 months shown in Fig. 3 and apply the Hammer projection (MATLAB R2010a) obtaining
the worst-case maps during the solar minimum and maximum. Since in this study the
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scintillation starts from 2000 MLT, we then construct the maps by shifting forward 6 h.
Figure 4 displays that the low-latitude scintillations situated at +25° mLat, starting from
2000 MLT, and reaching their maximum intensity at 2100 MLT. The polar-latitude
scintillations become prominent at 60° mLat and develop more strongly toward the
magnetic poles but yet with no obvious diurnal variations. Note that, unlike Basu et al.
(1988), there is no scintillation zone (intense belt) observed at polar latitudes.

4 Diurnal, Seasonal, and Solar Activity Variations

Figure 3 reveals the seasonal variation of S4max. To study seasonal effects in the F-region
in detail, we examine the monthly S4max median at 150-450 km altitude during
2007-2014. The ionosphere F-region has significant geomagnetic control effects. Figure 5
shows that the F-region S4max during 2000-0100 MLT becomes intense and expands over
4+30° mLat in the equinox months with relatively higher S4max than during the other
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Fig. 5 Illustration of F-region (i.e., 150-450 km) S4max monthly variation in 2007-2014
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seasons, and decreases and shrinks down to £20° in the solstice months. It can be seen that
there are fluctuating scintillation patterns appearing in 2007. A detailed study shows these
fluctuating patterns result from half of the F3/C constellation (satellite no. 1, no. 3, and no.
4) being at the parking orbit at 500 km altitude and not yet reaching the mission orbit at
800 km in 2007. In general, the intensity and latitudinal range of the F-region S4max are
proportional to the solar activity and reach their maximum in the equinox months of the
solar maximum 2011 and 2012 (Fig. 5).

On the other hand, the E-region scintillation which is mainly caused by the sporadic-E
(Es) layer (Yeh et al. 2014) is significantly affected by the neutral wind, and therefore, its
variations will be plotted as a function of the geographic latitude (Fig. 6). Figure 7 reveals
that the E-region scintillation, which is the monthly median of the S4max at 80-130 km
altitude, appears strongly from 0600 MLT to 2400 MLT, and moves to the middle latitudes
in the summer hemisphere. The E-region scintillation has hemispheric asymmetries. For
the low- and mid-latitudes, the E-region scintillation in the northern hemisphere during
May—August is much more intense than that in the southern hemisphere during November—
February. Similarly, in the polar ionosphere, the E-region scintillation, which appears
prominently in the nighttime, is more intense in the northern hemisphere than in the
southern hemisphere. The overall E-region S4max is greater in 2010-2011 than in
2012-2013 which suggests that the intensity of the E-region scintillation is inversely
proportional to the solar activity.

5 Geographic Distribution

Although the diurnal, seasonal, and solar activity variations have been presented, it is
essential to know the geographic distribution of the ionospheric scintillations. Figure 7
depicts that the pronounced F-region S4max generally appears along the magnetic equator
with a latitudinal zone of £30°, and the intensity and the altitude in the solar maximum is
much greater and higher than those at solar minimum. Although the geographical distribution
patterns of pronounced areas for the two solar activities are accordingly similar in each
season, the patterns of the four seasons are different in the low latitudes. On the other hand,
the E-region S4max prominently centers at 100-110 km altitude and appears in almost all
mid-latitudes of 30° to 40° mLat in the northern hemisphere in the J-month and —30° to —40°
mLat in the southern hemisphere in the D-month. It is interesting to find that there are lesser
intensity zones, for example a gap over North America (—80° to —130° longitude) in
J-month and a hole centered over South Africa (—45° to +45° longitude) (Chu et al. 2014).
The E-region S4max is much less intense and somewhat symmetric with respect to the
magnetic equator in M- and S-months. As expected, the E-region S4max intensity is greater
during solar minimum than during solar maximum in all corresponding seasons.

Due to the thickness of the F-region being much larger than that of the E-region, the
distributions of the converted (i.e., vertically integrated) S4max are nearly identical to
those of the F-region (Fig. 7). Figure 8 further displays the geographical distributions
(worst-case maps) of the converted S4max during the solar minimum and maximum
conditions. The pronounced pattern generally follows the magnetic equator in the four
seasons, taking place from —70° to 0° longitude (South American-Atlantic sector) in
D-month, from 0° to 40° and 140° to 210° longitude (African and Pacific sector) in
J-month, and around 0° (—60° to 0° in the solar minimum, and —60° to 60° in the solar
maximum) longitude (Atlantic sector) in M- and S-month, respectively. In general, the
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Fig. 6 Illustration of E-region (i.e., 80—130 km) S4max monthly variation in 2007-2014

S4-index
1

09
08
07

06

03
02

0.1

@ Springer



802 Surv Geophys (2016) 37:791-809

w0 J-month w0 S-month s D-month

S4-index
002

0018

0016

= 0.014
€ € 5 £
= ks =z i3

=1 < < e‘:" — 0.012
S S S s
54 4 > k=3
g 2 2 2
w u w u

— 001

= = =  0.008

z £ £ = ’
= = k3 z
< = = =
S s 5 =
S L 2 S
> 2
2 g 5] 4
; 2 2

ul 7 O =
w w

0006

0004

0002

o 60120180 o 60120180 0 60120180

3012060

%
=
£

3

¢ X <
% 4 %
B - 0 60120180 B,
2, 2

80120-60
Lon.(deg.) Lon.(deg.) Lon.(deg.) Lon.(deg.)

Fig. 7 The distribution of S4max in geographic coordinates for solar minimum (a) and solar maximum (b).

Four columns from left to right stand for M-, J-, S-, and D-months, respectively. The altitude resolution is 10
and 50 km in the E-region (80-150 km) and F-region (150-600 km), respectively
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Fig. 7 continued
intense S4max tends to occur between +30° in magnetic latitude. In the polar latitudes, the

F-region S4max is enhanced, and the most pronounced region occurs at longitudes between
90° and 180° in the southern hemisphere during the solar maximum.
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Fig. 8 The altitudinal integration of S4max from 50 to 750 km altitude in the geographical distribution for
various seasons in Fig. 7 during the solar minimum (a) and solar maximum (b)

Based on the similar spirit of Basu et al. (1988), we construct the worst-case map using
geographical coordinates during the solar minimum and maximum. Figure 9 illustrates
that, at low latitudes, the most intense scintillations occur in the South American-African
sector centering over the South American region in the solar minimum, while centering
over the African region for the solar maximum, and the scintillation in the solar maximum
is much greater than that in the solar minimum. It can be seen that the weakest low-latitude
scintillations appear between 70° and 90° and between —80° and —100° in the solar
minimum. On the other hand, the polar latitude scintillation is greater in the solar maxi-
mum than that in the solar minimum and yields its greatest value at longitude 90°-130°,
and 60°-200°, in the southern hemisphere during solar minimum and solar maximum,
respectively.
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Fig. 9 The altitudinal
integration of S4max
geographical distribution during
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6 Discussion and Conclusions

Basu et al. (1988) constructed worst-case scintillation maps which showed that the low-
latitude S4 scintillation locates at £20° mLat, starts around 2000 MLT, and ends by about
midnight in both the solar maximum and minimum. Their results reveal that a double-
peaked “feather” shape appears in the solar maximum, while a single peak occurs in the
solar minimum. The high latitude S4 scintillation appears above 60° mLat. To cross
compare our results with those of Basu et al. (1988), we construct similar figures but from
1800 to 0600 MLT. Figure 4 shows that the low-latitude-converted S4maxs are located at
430°, centering at around £20° mLat, appear at 1900 MLT, reach their maximum at 2100
MLT, and vanish by about 0200-0300 MLT. In equatorial/low latitudes, our results shown
in Fig. 4 and the results published in Basu et al. (1988) are generally similar, except that
we observe the double-peaked features in both solar minimum and maximum. Meanwhile,
at polar latitudes, the scintillation intensity of our S4max study is proportional to the
latitude (for detail, see Fig. 3), while that of the L-band scintillations of Basu et al. (1988)
yields the intense zone (belt). Generally, the scintillation intensity of this study is much
weaker than that of Basu et al. (1988).

Su et al. (2006) observed the global distribution of the occurrence rate for ion density
irregularities at 600 km in the topside ionosphere by using the data of the ROCSAT-1
satellite during moderate-to-high solar activity years of 1999-2004. They found that the
density irregularity is most frequently observed in longitudes between 0° to 60° (African
sector) in the June solstice, March and September equinoxes, and shifts to longitudes
between —60° to 0° (Atlantic sector) during the December solstice. In the June solstice, a
second high occurrence rate appears in longitudes between 150° to 210° (Pacific sector).
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The geographic distribution of F-region S4max is nearly identical to those of the occur-
rence rate for density irregularities reported by Su et al. (2006). It can be seen that the
geographic distribution of the E-region S4max is very different from that of the F-region
S4max.

Figures 2 and 6 show that the E-region S4max reach their maximum values in the
summer hemisphere (northern hemisphere in J-month and southern hemisphere in
D-month). These maximum phenomena are due to the two mechanisms of sporadic-E (Es)
layer formation, the meteor ionization mechanism and wind shear theory, which are the
contributor of ionized particles and the environment of the sporadic-E (Es) layer formation,
respectively (Yeh et al. 2014). The observations show that the meteor numbers in J- and
D-months are much larger than in M- and S-months. Therefore, the meteor tails provide
many more ionized particles to form larger irregularity intensities in J- and D-months than
in M- and S-months (Yeh et al. 2014). Meanwhile, the hemisphere difference in J- and
D-months is due to the convergence mechanism caused by the negative vertical gradient of
the horizontal wind velocity, which occurs mainly in the summer hemisphere (Yeh et al.
2012, 2014). Figures 2 and 5 show that the nighttime F-region irregularities become
intense, reach greater altitudes, and move to higher latitudes in the equinox M- and
S-months and the solar maximum. These might result from that the ExB plasma fountain
due to the pre-reversal enhancement which increases in the equinoxes and at solar maxi-
mum (Kelley 2009).

It can be seen that the geographic distributions of the converted S4max in the four
seasons shown in Fig. 8 are slightly different from those of Su et al. (2006). Sun et al.
(2015) examine the intensity of low-latitude nighttime F-region ionospheric density
irregularities observed by ROCSAT-1 and ground-based GPS receivers in solar maximum.
They suggest that differences between the two observations might result from ROCSAT-1
probing ionospheric irregularities at its 600 km orbital altitude and, however, a ground-
based station simultaneously detecting all the irregularities along the slant path from the
GPS satellite to the receiver. Therefore, the slight pattern discrepancy between Fig. 8b and
Su et al. (2006) might occur because the converted S4max is computed by integrating
S4max instead of RO S4 index from 50 km altitude to the satellite altitude in this study,
while the occurrence rate is derived from in situ measurements of ion density at a satellite
height of about 600 km altitude by Su et al. (2006).

We validate the converted S4max by cross comparing it with the ground-based GPS
scintillation at 10°-25°S, 100°-130°E recorded by the Bureau of Meteorology, Australia
(http://www.ips.gov.au/). Figure 10 shows that the two observations yield similar ten-
dencies in diurnal, seasonal, and solar activity variations, except for the F3/C S4max being
constantly greater than the ground-based S4 index. The discrepancy might result from the
fact that the scintillation is derived from the greatest value of F3/C S4, while the ground-
based one is computed as its median value.

In summary, F3/C provides a global uniform 3D structure of L-band scintillation
observations. The converted S4max can be used for understanding the appearance time and
the geographic distribution of ionospheric scintillations, which will benefit practical uses
for communication, navigation, and positioning applications on the ground. In fact, the 3D
structure of the F3/C S4 scintillation observations should benefit the satellite—satellite link
of communication, navigation, and positioning. The worst-case scintillation on the ground
appears in the low latitude of +30°, peaking at around +20° mLat from the post-sunset of
1900 MLT till post-midnight of 0200-0300 MLT. The region which experiences the worst-
case scintillations is the low-latitude ionosphere between South America and Africa.
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