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Abstract Radio signal scintillation caused by electron density irregularities in the ionosphere affects the
accuracy and integrity of Global Navigation Satellite Systems, especially in the equatorial and high-latitude
regions during solar maxima. Scintillation in these two regions, nevertheless, is usually influenced by different
factors and thus has different characteristics that cause different effects on GNSS signals. This paper compares
the characteristics of high-latitude and equatorial scintillation using multifrequency GPS scintillation data
collected at Gakona, Alaska, Jicamarca, Peru, and Ascension Island during the 24th solar maximum. Several
statistical distributions are established based on the data to characterize the intensity, duration, and occurrence
frequency of scintillation. Results show that scintillation in the equatorial region is generally more severe and
longer lasting, while high-latitude scintillation is, in general, more moderate and usually dominated by phase
fluctuations. Results also reveal the different impacts of solar activity, geomagnetic activity, and seasons on
scintillation in different geographic locations.

1. Introduction

Ionospheric scintillation refers to the random amplitude and phase fluctuations observed in radio signals
propagating through electron density irregularities in the ionospheric plasma and most commonly occurs
in equatorial, auroral, and polar regions [Yeh and Liu, 1982; Aarons, 1982; Aarons and Basu, 1994; Jiao et al.,
2013c]. Occurrence of scintillation is difficult to predict and model due to the variability of its numerous
influencing factors, which include solar activities, interplanetary magnetic field activities, local electric field,
and conductivity, convection processes, and wave interactions [Aarons, 1982; Tsunoda, 1988; Pi et al., 1997;
Basu et al., 2002; Kintner et al., 2004; Smith et al., 2008; Redmon et al., 2010; Liu et al., 2013]. Transionospheric
radio waves, such as the Global Navigation Satellite System (GNSS) signals, are vulnerable to scintillation.
Strong scintillation can severely impact the acquisition and tracking process in GNSS receivers, causing a
degradation in navigation solution accuracy, integrity, and continuity [Skone, 2001; Skone et al., 2001;
Kintner et al., 2007; Seo et al., 2007; Xu et al., 2012; Carroll et al., 2014; Fortes et al., 2014; Morton et al.,
2014; Xu andMorton, 2015]. As GNSS technology becomes a crucial component for a functional, technologically
advanced society in such areas as intelligent transportation, precision agriculture, consumer electronics, and
remote sensing, there is a great need that is to have a better understanding of the characteristics and impact
of ionospheric scintillation affecting both scientific and engineering areas of interest.

It is often of interest to monitor and model ionospheric scintillation in two contrasting regions in the world:
the equatorial region (within ±20° around the magnetic equator) and high-latitude regions including auroral
and polar zones [Aarons, 1982; Basu et al., 2002]. The former area is known to be plagued with frequent and
strong scintillation, especially deep amplitude fading, after local sunset caused by the up-rising and disintegra-
tion of the Rayleigh-Taylor instability (bubbles) in the F region equatorial ionosphere [Kelley et al., 1981; Hysell
et al., 1990; Hysell and Kudeki, 2004]. Research also shows that equatorial scintillation is more frequent and
intense around equinoxes and subsides in the summer [Aarons, 1982; Tsunoda, 1985; Kintner et al., 2007;
Beniguel et al., 2009]. In high-latitude regions, where irregularity patches are presumed to be caused by gradient
drift instability and accelerated energetic electron precipitation along geomagnetic field lines, the observed
ionospheric scintillation is greatly associated with solar transients and thus may become severe during
disturbances in the geomagnetic field of the Earth [Basu et al., 2002]. Positive correlation between high-latitude
scintillation and global geomagnetic field activities has been observed using the global geomagnetic field
activity indices K/Kp, Ap, and Dst [Dagg, 1957; Das Gupta et al., 1985; Basu et al., 2002; Rodrigues et al., 2004;
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Reggiani et al., 2005; Hasbi et al., 2007; Li
et al., 2008; Shang et al., 2008]. Studies
have also revealed scintillation’s close
relationship with variations in local geo-
magnetic field components [Prikryl
et al., 2010, 2011; Jiao et al., 2013b]. In
addition, high-latitude scintillation is
usually observed to be dominated by
phase fluctuations at the L-band fre-
quencies used by Global Positioning
System (GPS) signals [Buchau et al.,
1984; Valladares et al., 2002; Kintner
et al., 2007; Skone et al., 2008; Azeem
et al., 2013]. Several previous research
findings showed that auroral scintilla-
tion is usually a nighttime phenom-
enon, while polar cap scintillation

exists at all local times [Kintner et al., 2007; Li et al., 2010; Jiao et al., 2013a, 2013c]. Previous literature also showed
that high-latitude scintillation has a location-dependent seasonal pattern of occurrence with more events
reported during winter and equinox [Rino et al., 1983; Kersley et al., 1988, 1995; Aquino et al., 2005; Kintner
et al., 2007; De Franceschi et al., 2006; Li et al., 2010; Alfonsi et al., 2011; Prikryl et al., 2011; Jiao et al., 2013c].

The objective of this paper is to analyze and compare characteristics of ionospheric scintillation observed in
equatorial and high-latitude regions, using the latest multifrequency GPS data collected during the 24th solar
maximum. The GPS data were collected at three different locations: Gakona, Alaska (geographic: 62.4°N,
145.2°W; geomagnetic: 63.5°N, 92.2°W), Jicamarca, Peru (geographic: 11.9°S, 76.9°W; geomagnetic: 2.0°S,
4.3°W), and Ascension Island (geographic: 7.9°S, 14.4°W; geomagnetic: 2.6°S, 57.3°E). Their geographic
locations are illustrated in Figure 1. Gakona is located in the northern auroral oval where the authors of this
paper have been collecting GNSS data since 2010 [Pelgrum et al., 2011; Vikram, 2011; Taylor et al., 2012].
Jicamarca and Ascension Island are near themagnetic equator. Amulti-GNSS data collection system has been
collecting data at Jicamarca since November 2012, while a similar system was deployed on Ascension Island
for an experimental campaign in March 2013. The analysis presented in this paper is based on data
collected by a GPS Silicon Valley GSV4004B receiver (L1C/A signal) and a Septentrio PolaRxS receiver
(L2C and L5 signals) at Gakona, and multiband data collected by Septentrio PolaRxS receivers at
Jicamarca and Ascension Island.

A set of criteria have been established to filter scintillation events from the high-rate measurement data
based on the values of the two commonly used scintillation indices: the amplitude scintillation indicator
S4, and the phase scintillation indicator σϕ. The events extracted are then processed to obtain several impor-
tant features of scintillation occurring in different regions considered in this paper. Results clearly show the
characteristics and differences in scintillation intensity and duration across frequency bands, diurnal and sea-
sonal dependencies, and also the correlation with geomagnetic activities that were observed at the three
antenna sites. These results show agreement with earlier work in ionospheric scintillation and provide
detailed numerical statements and comparisons, which will be helpful in the future study of the nature of
ionosphere and scintillation, as well as in the development of robust scintillation mitigation receiver design.

The rest of the paper is organized as follows. Section 2 describes the data collection systems and the data set
used in the analysis. Section 3 introduces the two scintillation indicators and the event filtering procedures.
Section 4 characterizes scintillation results at different locations. Section 5 is a summary and recommendations
for future work.

2. Data Collection Systems and Available Data Set

A high-latitude GNSS receiver setup was established in 2009 at Gakona, Alaska, which is located within the
50% auroral oval zone [Taylor et al., 2012]. The setup evolved into an array of four antennas, each connected
to a commercial ionospheric scintillation-monitoring (ISM) receiver (GSV4004B receiver or PolaRxS receiver in

Figure 1. Global map showing the geographic locations of the three
antenna sites represented in blue dots. The bands of the magnetic
equatorial area and the auroral ovals are estimations.
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this study) and several software defined
radio (SDR) front-ends (Figure 2). The
ISM receivers continuously collect
measurement data including I and Q
channel correlator outputs and carrier
phase. Scintillation indices and scintilla-
tion event indicator are computed from
the ISM measurements. The indicators
are continuously compared with preset
threshold values to trigger the data
server to record raw intermediate
frequency (IF) samples generated by
the SDR front-ends [Taylor et al., 2013;
Jiao et al., 2013c; Xu and Morton, 2015].
These event-driven SDR front-end
recorded data are used for advanced
scintillation receiver algorithm develop-
ment and for postprocessing and
analysis of strong scintillation signals.

In this study, only the ISM data are used
to provide a general characterization of
high-latitude and equatorial scintilla-
tion. High-latitude GPS L1C/A scintilla-
tion, as discussed in section 4, is based

on 1038days of GPS data collected by a GSV4004B receiver [Van Dierendonck et al., 1993, 1996; Van
Dierendonck and Arbesser-Rastburg, 2004] from August 2010 to June 2014. The GSV4004B outputs 50Hz phase
and amplitude measurements only for the GPS L1C/A signal. Table 1 lists monthly normal operation days, and
the percentage of time when data were collected. The high-latitude scintillation data on L2C and L5 were
collected by a Septentrio PolaRxS receiver from August 2012 to March 2013. The corresponding monthly
sum of normal operation days and the percentage are listed in Table 2. Collocated at the GNSS receiver array
site is a fluxgate geomagnetometer operated by the High Frequency Active Auroral Research Program
(HAARP). The magnetometer recorded 1Hz H (horizontal), D (declination), and Z (vertical) components of the
local geomagnetic field until June 2013. The data were also available on the Alaska Satellite Facility website
at https://www.asf.alaska.edu/magnetometer/ download.

The equatorial scintillation data studied in this paper were collected at two locations—Jicamarca, Peru, and
Ascension Island, by the event-driven GNSS data collection system shown in Figure 2. The former site is

Figure 2. General architecture of the event-driven GNSS data collection
systems deployed at several high-latitude and equatorial sites. The
GSV4004B and the PolaRxS receivers are the commercial ISM receivers
which are used to collect full-time navigation data and trigger the data
collection of the RF front ends. All the data analyzed in this study are from
the two ISM receivers.

Table 1. Number and Percentage of Days of L1C/A Data Available From the GSV4004B Receiver at Gakona, Alaska

Year 2010 2011 2012 2013 2014

Month No. of Days % No. of Days % No. of Days % No. of Days % No. of Days %

Jan Not available 31 100 7.8 25.2 21.8 70.3 0 0
Feb 28 100 19.8 68.3 28 100 25 89.3
Mar 23 74.2 15.1 48.7 31 100 31 100
Apr 28.9 96.3 0 0 30 100 30 100
May 31 100 0 0 14 45.2 31 100
Jun 30 100 22.3 74,3 30 100 22 73.3
Jul 17 54.8 28 90.3 31 100 Not available
Aug 6 19.4 21 67.7 26.8 86.5 31 100
Sep 28 90.3 0 0 30 100 30 100
Oct 15 48.4 6 19.4 31 100 31 100
Nov 29 96.7 14 46.7 30 100 24.9 83.0
Dec 31 100 18.6 60 8 25.8 19.8 63.9
Total 109 71.2 248.6 68.1 218.8 59.8 322.5 88.4 139 76.8

Grand total in 2010–2014 1037.9 72.6
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located at Jicamarca Radio Observatory (JRO), close to the geomagnetic equator [Jiao et al., 2014]. Only GPS
data collected by the commercial ISM receiver, a Septentrio PolaRxS receiver, are used in this study. This
receiver generates 100Hz phase measurements and 100Hz correlator outputs on all three GPS bands
(L1C/A, L2C, and L5), which are further processed to generate 50Hz signal intensity measurements. In
addition, this receiver can also collect data from other GNSS constellations (GLONASS, Galileo, and
BeiDou), although these data are not discussed in this study. Table 3 summarizes the number and percentage
of days of data available from Jicamarca, Peru, from November 2012 to July 2014. Similar to HAARP, JRO also
operates a geomagnetometer, which provides 1/60 Hz measurements of the H, D, Z, I (inclination), and
F (intensity) local geomagnetic components.

The Ascension Island data were collected during a campaign from 1 to 10 March in 2013 using a setup similar
to the one described in Figure 2. Only the Septentrio PolaRxS ISM receiver data were used in this study. The
data were collected over a 10 day period during which a number of very strong scintillation events were
captured. Unfortunately, no local geomagnetic data are available on Ascension Island for this period of time.

3. Scintillation Indices and Event Thresholds

The raw signal intensity and carrier phase measurements from the ISM receivers were detrended using a
sixth-order Butterworth filter with a 0.1 Hz cutoff frequency [Van Dierendonck et al., 1993]. The detrended

Table 2. Number and Percentage of Days of L2C and L5 Data Available From the Septentrio PolaRxS Receiver at
Gakona, Alaska

Year 2012 2013

Month No. of Days % No. of Days %

Jan Not available 24.2 78.2
Feb 6.1 21.7
Mar 29.7 95.7
Apr Not available
May
Jun
Jul
Aug 26.3 84.9
Sep 28.1 93.6
Oct 31 100
Nov 30 100
Dec 31 100
Total 146.4 95.7 60.0 66.7

Grand total in 2012 and 2013 206.4 85.0

Table 3. Number and Percentage of Days of L1C/A, L2C and L5 Data Available From Jicamarca, Peru

Year 2012 2013 2014

Month No. of Days % No. of Days % No. of Days %

Jan Not available 29.5 95.1 0 0
Feb 28 100 6.9 24.7
Mar 30.0 96.8 24.0 77.4
Apr 28.5 94.9 24.1 80.4
May 22.5 72.7 0 0
Jun 12.6 42.0 0.1 0.4
Jul 0 0 29.7 95.7
Aug 5.3 17.0 Not available
Sep 14.1 47.1
Oct 26.6 85.6
Nov 8 26.7 11.8 39.3
Dec 31 100 0 0
Total 39 63.9 208.9 57.2 84.8 40.0

Grand total in 2012–2014 332.7 52.1
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measurements are then used to compute the two scintillation indices: S4 and σϕ based on equations (1) and
(2). S4 is a measurement of amplitude scintillation, which is defined as the standard deviation of the
detrended received signal power normalized to the average signal power [Briggs and Parkin, 1963]. The phase
fluctuation indicator σϕ is defined as the standard deviation of the detrended signal carrier phase measure-
ments [Yeh and Liu, 1982].

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2
� �� Ih i2

Ih i2

s
(1)

σϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2� �� ϕh i2

q
(2)

In the two equations, I and ϕ stand for detrended signal intensity and carrier phase, respectively, and <·>
represents the expected value over the interval of interest. In this study, the interval of interest was set to
10 s to most effectively highlight scintillation features based on evaluations of several different time
intervals between 10 and 60 s [Pelgrum et al., 2011]. Also, a sliding averaging window was used, so that
the rate of the indices is 1 Hz. It should be noted that although the GSV4004B receiver output S4 and σϕ
measurements at 1/60 Hz rate, the values of the two indices used in this study were calculated from the
high rate raw signal intensity and phase data in order to maintain consistency among different receivers
(e.g., the PolaRxS does not output the values of S4 and σϕ indices). Calculation of the indices using high rate
raw data also enables the customization of parameters, such as time interval, sliding window size, and
low-pass delay correction. In addition, it should be mentioned that the conventional Butterworth detrend-
ing method may cause “phase without amplitude” scintillation phenomena frequently observed at high
latitudes [Forte and Radicella, 2002; Beach, 2006; Mushini et al., 2011]. In this study, the conventional
detrending approach is taken to simply present the scintillation characteristics as observed by conven-
tional receiver and processing methods.

In order to better characterize ionospheric scintillation, a set of criteria has been established to extract
scintillation events from the data, based on evaluations of nonscintillation baseline indicators as described
in the work of Taylor et al. [2012]. A brief summary and explanations of the criteria are listed as follows,
and the reader is referred to Jiao et al. [2013c] and Jiao [2013] for more details.

1. The elevation angle mask is set to 30° to minimize multipath effects.
2. The thresholds for S4 and σϕ are 0.15 and 15° (0.26 rad), respectively, for data collected at Gakona. For

equatorial data, the S4 and σϕ thresholds are 0.2 and 15°, respectively, to accommodate stronger
amplitude scintillation.

3. To exclude certain interference cases, the index value needs to remain above the threshold value for a
minimum of 30 s to qualify as a scintillation event.

4. An event detected within 5min from the end of another event is not considered a new event. Instead, the
two events are lumped into one event.

5. Scintillation events experienced by multiple satellites simultaneously are treated as separate events, and
events experienced simultaneously by all tracked satellites are investigated on an individual basis to
eliminate potential external interferences.

6. Carrier cycle slip (σϕ > 100° (1.75 rad)) and loss-of-lock detection and repair procedures [Liu, 2011] are
implemented. It can then be determined whether these cases are caused by scintillation or other factors
(multipath or interference) using the previous criteria. These events are considered in the event duration
statistics, but they are not included in the scintillation intensity statistics.

The criteria cited above are used to automate scintillation event extractions and are also designed to
exclude most nonscintillation events (multipath and interference). The automated procedures greatly
reduced the amount of time needed for visual inspection of individual events and enabled the generation
of large number of scintillation events recorded at these three sites, which are necessary for statistical
analysis and comparison of scintillation characteristics. It should be noted that these criteria and proce-
dures involve some degrees of arbitration, and they are likely to introduce some errors in the classification
of the observed events. To minimize the errors, they have been tested against a sample data set.
Parameters used in the criteria were then selected based on extensive tests. Manual visual inspections
are applied whenever there are cases of suspicious or difficult classification.
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4. Results and Discussion

This section focuses on analyzing and comparing scintillation characteristics observed in high-latitude and
equatorial regions using multifrequency GPS data collected during the 24th solar maximum. The high-
latitude results presented here are based on a total of 5264 scintillation events determined using the criteria
mentioned in section 3 from 1038 days’worth of L1C/A data collected in a time span of 4 years and 206 days’
worth of L2C and L5 data during a span of 8months. For equatorial scintillation, 7690 events from Jicamarca,
Peru, and 129 scintillation events from Ascension Island were observed and analyzed for a total of 332 days’
worth of data from 2012 to 2014. The detailed number of amplitude and phase scintillation events observed
at the three locations are listed in Table 4.

4.1. Scintillation Indicator and Duration Distributions

The magnitudes of the two scintillation indices, S4 and σϕ, are often used to indicate the intensity of iono-
spheric scintillation, as their values directly reflect the disturbance magnitudes of received power and
carrier phase measurements. Figure 3 compares GPS L1C/A, L2C, and L5 intensity distributions of ampli-
tude and phase scintillation observed at Gakona, Jicamarca, and Ascension Island. MaxS4 or maxσϕ in
the figures is the maximum S4 or σϕ value during an amplitude or phase scintillation event, which is a
practical indicator of the impact of scintillation on GNSS receivers. Note that due to the limited number
of events observed on L2C and L5 from Ascension Island, statistical results are not presented for them in
Figures 3c–3f.

Figure 3a shows that amplitude scintillation events observed on L1C/A in the equatorial region were
generally more intense than those observed at Gakona. This is consistent with most previous studies, which
concluded that amplitude scintillation is most intense in the equatorial region [Basu et al., 2002]. Figure 3b
shows that the magnitudes of L1C/A phase fluctuations at Jicamarca and Gakona are comparable. On
Ascension Island, more deep amplitude and large phase variations including cycle slips were observed in
the data, resulting in higher probabilities of larger maxS4 andmaxσϕ. Also, note that there is a limited amount
of data from Ascension Island, which impacts the statistical soundness of the probability distributions. The
sampling pools for scintillation on L2C and L5 are even more limited compared to those for L1C/A. This is
especially true for amplitude scintillation at high latitudes, resulting in the rough appearance of the distribu-
tions in Figures 3c, 3e, and 3f.

To further illustrate the relationship of the index values across the three GPS bands, Figure 4 gives three
examples observed on PRN 1 on 17 March 2013 at Gakona, on PRN 25 on 5 October 2013 at Jicamarca,
and on PRN 24 on 10 March 2013 on Ascension Island. The red solid lines in the plot are least-mean-square
linear fits that intercept the origin. The slopes of the linear fits are marked in each subplot as r values. The
linear fit is based on the theory that the scintillation index values follow a power law dependence on
frequency, assuming that the scintillation is caused by a weak scattering through a thin, phase-changing
screen [Rino, 1979a, 1979b; Franke et al., 1984; Van Dierendonck et al., 1993]. To reduce the impact of
multipath, receiver noise, and scintillation saturation effect on the linear fit, only signals above 20° elevation
with S4 values between 0.1 and 0.8 or σϕ values between 10° and 40° are included. Figure 4 shows that L2C
and L5 signals are more adversely affected during scintillation than L1C/A signal. However, the quantitative
relationship of the scintillation indices on signal frequency varies for different times, receiver location, and the
satellite. Figure 4a shows that although there are strong phase scintillation at Gakona on PRN 1, there was
hardly any amplitude scintillation observed. In Figure 4c, the data points are more spread at higher
scintillation indices, indicating the breakdown of the power law dependence and the effects of scintillation
saturation during strong scintillation.

Apart from the magnitude, the duration of a scintillation event can also indicate its severity and its negative
impact on receiver signal processing and the navigation solution’s accuracy, integrity, and availability.
Therefore, event duration probability distributions of amplitude and phase scintillation are shown in Figure 5,
with the mean values indicated in the legends. The duration of an event is defined as the difference between
the ending time and the starting time of the event that satisfies the criteria listed in section 3. No statistical
analysis is presented for Ascension Island in Figures 5c–5f due to a lack of a sufficient number of events to
be statistically significant. Figure 5 shows that equatorial scintillation events generally lasted longer than those
at high latitudes. At Gakona, observed phase scintillation generally lasted longer than amplitude scintillation,
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except on L5, mainly due to a lack of observations because only a few GPS satellites were broadcasting L5
signals. At Jicamarca, however, amplitude scintillation events lasted longer than the phase scintillation events.
On average, Ascension Island observed the longest scintillation events on L1C/A among the three sites,
althoughmore data are needed to further confirm this result. In addition, at both Gakona and Jicamarca, events

Figure 3. Distributions of maxS4 and maxσϕ (maximum S4 and σϕ during an event) for amplitude and phase scintillation
on L1C/A, L2C, and L5 observed at Gakona (Alaska), Jicamarca (Peru), and Ascension Island. Statistical analysis is not
presented for L2C and L5 data from Ascension Island due to a limited number of events.

Table 4. Amplitude and Phase Scintillation Event Number Observed Using Criteria Described in Section 3 and Analyzed
in Section 4 on Three GPS Bands at Gakona, Alaska, Jicamarca, Peru, and Ascension Island

Event No.

Band L1C/A L2C L5

Location Amplitude Phase Amplitude Phase Amplitude Phase Total

Gakona, Alaska 1271 3617 63 243 18 52 5264
Jicamarca, Peru 2438 2795 885 830 366 376 7690
Ascension Island 31 66 11 13 3 5 129
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Figure 4. Examples of the relationship of S4 and σϕ indices across the GPS bands at (a) Gakona, Alaska on PRN 1 on
17 March 2013; (b) Jicamarca, Peru, on PRN 25 on 5 October 2013; and (c) Ascension Island on PRN 24 on 10 March 2013.
The indices are calculated within 10 s intervals for signals above 20° elevation. The r values denoted in the plot are the
slope rates of the linear-fit lines which intercept the origin. For S4 index, the linear fit is conducted using points between
0.1 and 0.8. For σϕ index, the linear fit is conducted using points between 10° and 40°.
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on L5 are generally longer than those on L2C, which in turn are longer than those on L1C/A, with the exception of
phase scintillation at Jicamarca where the mean L2C duration is actually slightly longer than that of L5.

Ionospheric scintillation of combined high intensity and long duration poses a major threat to signal proces-
sing in GNSS receivers [Seo et al., 2009, 2011]. Unfortunately, these two aspects are often positively correlated
at equatorial locations and high latitudes especially during active solar and geomagnetic activities. Moderate
correlation coefficients (0.5–0.7) [Rumsey, 2011] have been observed between scintillation durations and the
magnitudes of scintillation indicators at both Jicamarca and Ascension Island (Figures 6b and 6c). The
correlations, however, are much smaller at Gakona, especially for amplitude scintillation events. Because
simultaneous deep amplitude fading and large phase variations impose conflicting demands on receiver
carrier tracking loop design, these results further confirm that scintillation is a more challenging issue for
receiver design in the equatorial region.

Figure 5. Duration distributions of amplitude and phase scintillation events on L1C/A, L2C, and L5 observed at Gakona
(Alaska), Jicamarca (Peru), and Ascension Island. Statistical analysis is not presented for L2C and L5 data from Ascension
Island. Mean duration values are labeled in the legends.
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4.2. Diurnal and Seasonal Dependency of Scintillation Occurrence

The occurrence frequency of scintillation events, defined as the number of scintillation events recorded
based on the criteria described in section 3 during a certain time interval, is an important indicator in scintilla-
tion climatology studies [Alfonsi et al., 2011; Prikryl et al., 2011]. The knowledge of the occurrence frequency
dependence on time and season can help to predict the periods when scintillation is most likely to occur.

Figure 7 shows scintillation hourly occurrence probabilities at the three sites with respect to hours after local
sunset. Although scintillation events at the three locations mostly occurred during local nighttime, the
distribution at high latitudes is much flatter than those in the equatorial region, where the events are mostly
concentrated between 1–2 h post local sunset and midnight. Statistics show that more than 98% of the
scintillation at Jicamarca and Ascension Island was observed from 1 to 6 h after sunset, which is consistent
with previous findings [Basu et al., 2002; Cervera and Thomas, 2006; Beniguel et al., 2009].

In addition to solar radiation, scintillation occurrence is also affected by the Earth’s orientation and the Sun-
Earth magnetic field interaction, which is reflected in the seasonal pattern of scintillation. Figure 8 illustrates
how scintillation occurrence frequency at Gakona and Jicamarca was affected by solar activity and seasons.

The four seasons are defined as spring,
March to May; summer, June to August;
fall, September to November; and winter,
December to February. The mean event
number for a season is the total number
of events observed in that season divided
by the percentage of data available dur-
ing the period (shown as the percentages
in Tables 1 and 2). The intensity of solar
activity is indicated by the seasonal sum
of the monthly sunspot number shown
as the black dotted line.

Due to the limited data sets available
from these two sites, it is difficult to make
a clear comparison until more data are

Figure 6. Scintillation duration versus intensity and their correlation coefficients on L1C/A for (top row) amplitude
and (bottom row) phase scintillation events at (left column) Gakona, (middle column) Jicamarca, and (right column)
Ascension Island.

Figure 7. Scintillation occurrence frequency on L1C/A with respect to
hours after local sunset at Gakona, Jicamarca, and Ascension Island.
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processed. Nevertheless, several ob-
servations can be made from the
individual data sets. At Gakona, the
scintillation occurrence frequency is
correlated primarily with sunspot num-
bers. There is also a secondary seaso-
nal modulation effect. Scintillation
was observed more frequently in
spring and fall than in summer and
winter. In contrast to the half-a-year
cycle at high latitudes, at Jicamarca,
scintillation follows a 1 year cycle, as
described in previous research [Akala
et al., 2011], and is largely subdued in
the summer.

4.3. Scintillation and Geomagnetic Activity

Ionospheric scintillation is closely related to interplanetary magnetic field and geomagnetic field
disturbances, especially in high-latitude regions [Basu et al., 2002; Rodrigues et al., 2004; Prikryl et al., 2010,
2011; Jiao et al., 2013b]. Therefore, data collected during solar or geomagnetic storms are of great interest,
as strong scintillation events are more likely to be observed at high latitudes. Since 2011, we have entered
the 24th solar maximum during which solar activities are expected to be at their peak level at the time of this
writing. However, because of a dip in solar activity in 2012, only a few days in 2011, 2012, and 2013 experi-
enced large geomagnetic disturbances. Table 5 lists the days from 2011 to 2013 when Ap index values
reached or exceeded 27 (corresponding to Kp ≥ 4). On seven of the days, the average geomagnetic activity
reached storm level according to the NOAA space weather scale (Kp ≥ 5). Note that some GPS data from
Alaska and Peru are missing due to system outages; also, HAARP magnetometer readings on some days
are not available. Finally, data collected on Ascension Island are only discussed in section 4.3.2 due to the
limited time span of the data.

Figure 8. Seasonal scintillation occurrence frequency on GPS L1C/A, deter-
mined by the mean event number (the histogram), compared with the sea-
sonal sunspot number (the black dotted line) for Gakona and Jicamarca.

Table 5. Days From 2011 to 2013 With Ap ≥ 27 (Kp ≥ 4)
Date Ap Kp Date Ap Kp

2011 03/01 27 4 2012 07/15 78 6�
03/11 37 4+ 07/16 42 5�
05/28 45 5� 09/03 31 4
05/29 34 4+ 09/05 32 4+
08/05a 42 5� 10/01 32 4+
08/06a 31 4 10/08 40 5�
09/09a 30 4 10/09 46 5��
09/10a 40 5� 10/13 47 5�
09/12a 27 4 11/14 37 4+
09/17a 32 4+ 2013 03/01b 34 4+
09/26a 38 4+ 03/17b 72 6�
09/27a 30 4 03/29b 28 4
10/25a 38 4+ 05/01a,b 29 4

2012 03/07a 48 5 05/25 37 4+
03/09 87 6 06/01 58 5+
03/12 32 4+ 06/07b,c 27 4
03/15 36 4+ 06/29c 50 5
04/24a 41 5� 07/06c 27 4
04/25a 27 4 10/02c 58 5+
06/17 43 5� 10/09c 29 4
07/09 42 5� 12/08c 28 4

aDays without Alaska GPS data;
bDays with Peru GPS data;
cDays without HAARP geo-magnetometer data.
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4.3.1. A Case Study Example
In order to illustrate and compare the qualitative relationship between ionospheric scintillation and geomag-
netic disturbances observed in high-latitude and equatorial regions, a case study was conducted based on
data collected on 17 March 2013 (Figure 9) [Jiao et al., 2013b]. At the top of both subplots Figures 9a and
9b are average S4 and σϕ indices on L1C/A among satellites above 30° elevation. Spikes in the curves are
caused by loss-of-lock of at least one satellite signal. The stair line on the bottom of each subplot represents
the percentage of satellites affected at a given epoch with elevation above 30°. Finally, each subplot also
accommodates zero-mean variations of the H, D, and Z components of the local geomagnetic field.
Outages of the HAARP magnetometer led to discontinuities in the curves in Figure 9a at around 23:00 and
14:00 local time. In order to show the intensity of the global geomagnetic field activity, 3 h Kp values are
plotted over the H, D, and Z curves. Both UTC and local time are shown on the horizontal axis.

Figure 9 shows that at both locations the local geomagnetic field disturbances started at approximately 6 h
UTC. At Gakona, the intensity of ionospheric scintillation, especially phase scintillation, increased as the local
geomagnetic field disturbance became enhanced. It can also be observed at Gakona that the percentage of
satellites affected was highly synchronized with disturbances in geomagnetic field components, which indi-
cates that scintillation and local geomagnetic field activities are strongly correlated in Alaska [Aquino et al.,
2005]. In contrast, scintillation at Jicamarca is much less correlated with geomagnetic activity with most
events observed before the storm from 2.5 to 6 h UTC. In all, it can be concluded from Figure 9 that distur-
bances in the geomagnetic field do not correlate with scintillation in the equatorial region as they do at high
latitudes. This conclusion is in agreement with conclusions from earlier studies that solar and geomagnetic
activities only play a secondary modulating role in equatorial scintillation [Basu et al., 2002].
4.3.2. Ionospheric Scintillation and Global Geomagnetic Field Activities
To obtain a more general relationship between ionospheric scintillation and global geomagnetic field activ-
ity, possible correlation between daily scintillation occurrence frequency and daily geomagnetic activity

Figure 9. Scintillation on L1C/A and geomagnetic field activities observed at (a) Gakona, Alaska, and (b) Jicamarca, Peru, on
17 March 2013 [Jiao et al., 2013b]. The two curves on the top of each subplot are S4 (blue) and σϕ (red) values averaged
among all the satellites above 30° with upper bounds limited to show details. The three curves below S4 and σϕ in each
subplot are readings from the magnetometer of the H, D, and Z components of the local geomagnetic field. The dashed
stair line imposed on them is the Kp index for global geomagnetic activity. The stair line on the bottom in each subplot
shows the percentage of satellites (SV) affected by scintillation above the elevation of 30°.
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index Ap is presented in Figure 10. The result in Figure 10a was obtained using data collected over seven
months at Gakona: March and November 2011, March, July, October and November 2012, and March
2013. During these months, scintillation and geomagnetic field activities were relatively high. For equatorial
results shown in Figures 10b and 10c, all the data from November 2012 to June 2013 (8months) were ana-
lyzed for Jicamarca, and all 10 days’ data from 1 to 10 March in 2013 were analyzed for Ascension Island.

Figure 10 shows a strong correlation between occurrence frequency of scintillation events and Ap index
values at Gakona with a correlation coefficient of 0.90. In contrast, the correlation coefficients are neg-
ligible in the equatorial region, indicating that equatorial scintillation is relatively independent of global
geomagnetic activity.
4.3.3. High-Latitude Ionospheric Scintillation and Local Geomagnetic Field Activities
Although the Kp and Ap indices discussed in the previous section are closely related to the scintillation
observed at Gakona, they do not necessarily reflect activities in the local geomagnetic field as these
indices are 3 hour averages among observations from 13 geomagnetic observatories located around
the world [Bartels et al., 1939; Rostoker, 1972; Mayaud, 1980]. Therefore, readings from the co-located
geomagnetometer are used to further investigate any correlation between ionospheric scintillation
and local geomagnetic field activities. Note that all results discussed in this section are only for L1C/A
data collected at Gakona, as the amount of correlation has been insignificant in the equatorial region
as shown in Figures 9 and 10.

Figure 11 investigates the correlation between the hour-by-hour magnitude of the local geomagnetic field
standard deviation and the S4/σϕ index, averaged among all satellites above the elevation of 30° (excluding
the satellite signals that lost lock). The investigation is based on data collected on the 23 days listed in Table 5

Figure 10. Daily scintillation event occurrence frequency on L1C/A with respect to Ap index at (a) Gakona, Alaska;
(b) Jicamarca, Peru; and (c) Ascension Island. A linear least-mean-square fit is imposed on subplot Figure 10a based on
the data points.

Figure 11. Correlation between hour-by-hour magnitude of the local geomagnetic field standard deviation and average
L1C/A S4/σφ index over all SV above 30° elevation at Gakona, Alaska. Correlation coefficients are labeled in both subplots.
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with a daily equivalent Kp ≥ 4 when both GPS and geomagnetometer data were available. The magnitude of
the geomagnetic field standard deviation is nearly linearly related to the hourly mean σϕ as shown in subplot
Figure 11b with the correlation coefficient of 0.72, whereas its relationship with the hourly mean S4 index is
fairly weak with a correlation coefficient of 0.18. Additional data analysis also shows a similar correlation
between standard deviations in individual field components and average S4/σϕ index values. These results
show that at Gakona, geomagnetic field disturbances are muchmore strongly correlated with phase scintilla-
tion than with amplitude scintillation. Furthermore, the relatively moderate correlation coefficient values for
phase scintillation indicate that there must be other factors influencing scintillation occurrence and severity
at high latitudes.

A more striking way to demonstrate the relationship between geomagnetic field disturbance and the level of
phase scintillation is shown in Figure 12. The statistics are conducted by categorizing the maximum value of
the σϕ index during an event (the color bar) with respect to the peak-to-peak geomagnetic field component
readings (Figure 12, top row) and the deviations in field component readings (Figure 12, bottom row) during
the event. In addition to the days listed in Table 5, events on 10 March and 1 November in 2011, 15 February
and 1 November 2012 are also included in this plot. From these 27 days of data, there are 1505 phase scin-
tillation events, 25 amplitude scintillation events, and 158 concurrent amplitude and phase scintillation
events. Considering the weak correlation observed in Figure 11 and the smaller number of events, amplitude
scintillation is not discussed in Figure 12.

The top row of Figure 12 shows that the larger the change in the magnitude of geomagnetic field, the more
likely it is to observe stronger phase scintillation. The bottom row shows that the more rapid the change in
the local geomagnetic field, the more likely it is to observe stronger phase scintillation. It can also be seen
in Figure 12 that the same phenomenon can be observed not only in the magnitude of the geomagnetic
field, but also in individual field components. In addition, Figure 13 presents quantitative relationships
between the occurrence probability of phase scintillation events with maxσϕ values larger than 30°, and
the variation and deviation in the geomagnetic field. The statistics in Figure 13 are obtained by summing
the probabilities of maxσϕ> 30° in Figure 12, so that each bar in Figure 12 becomes a data point in Figure 13,
and the two subplots correspond to the top row and the bottom row in Figure 12, respectively. Based on the

Figure 12. Event-based L1C/A maxσϕ occurrence probability on variations in geomagnetic field amplitudes and standard deviations in geomagnetic field components
in Alaska. The statistics are conducted by categorizing the maximum value of the σϕ index during an event (the color bar) with respect to (top row) the peak-to-peak
geomagnetic field component readings or (bottom row) the deviations in field component readings during the event. The top row shows that the larger the change in
the magnitude of geomagnetic field, the more likely it is to observe stronger phase scintillation. The bottom row shows that the more rapid the change in the local
geomagnetic field, the more likely it is to observe stronger phase scintillation.
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occurrence probability shown in Figure 13, the disturbances in the local geomagnetic field can be used in future
research to predict the intensity of phase fluctuations observed in Alaska.

5. Summary and Recommendations for Future Work

This paper compares different features of ionospheric scintillation in high-latitude and equatorial regions,
using high-rate, multifrequency GPS data collected during the 24th solar maximum at Gakona, Alaska,
Jicamarca, Peru, and Ascension Island. More than 5000 high-latitude and 8000 equatorial scintillation events
have been used to investigate various aspects of scintillation characteristics across the GPS signal bands at
the three antenna sites. Scintillation intensity, duration, occurrence frequency, seasonal pattern, and its rela-
tionship to solar and geomagnetic activities were the main variables investigated. The results of this work
provide a supportive and comprehensive analysis of when and how scintillation occurs in the northern aur-
oral and equatorial regions and can help with future scientific research on GNSS receiver design for robust
signal tracking and monitoring of space weather. A summary of the results also substantiate the following
conclusions in general scintillation studies by means of quantitative analysis:

1. Scintillation in the equatorial region is typically more severe than that at high latitudes with deeper and fas-
ter signal power fading and longer duration. Equatorial scintillationwith higher intensity usually lasts longer,
which further contributes to its pronounced impact on signal acquisition and tracking in receivers. In addi-
tion, scintillation is generally more intense and longer lasting on Ascension Island than at Jicamarca, Peru.

2. In the high-latitude region, phase fluctuations are more severe than amplitude scintillation. There are a
larger number of phase fluctuations having longer durations compared to the relatively mild-amplitude
scintillation. We emphasize that the different amplitude and phase scintillation thresholds used in this
study do not affect this conclusion. The lower amplitude scintillation threshold used to extract high-
latitude scintillation is intended to preserve as many amplitude scintillation events as possible.

3. Scintillation events are generally stronger and longer-lasting on L2C and L5 than on L1C/A at both high-
latitude and equatorial regions. A more detailed analysis of multifrequency equatorial scintillation is the
subject of another publication by the same authors.

4. Scintillation occurs more frequently during nighttime, and almost all equatorial scintillation events were
observed to occur within 6 h after local sunset. The overall occurrence frequency of scintillation not only
increases with an increase in solar activity but also follows certain seasonal patterns at different
geographic locations. In general, scintillation effects are more pronounced during equinoxes.

5. Occurrence frequency of scintillation observed in Alaska has a strong positive relationship with global
geomagnetic field activity. More scintillation events are likely to be observed when the Ap/Kp index is
larger. On the other hand, equatorial scintillation activity is largely independent of geomagnetic activity.

Figure 13. Event-based occurrence probability of maxσφ> 30° on L1C/A with respect to (a) variations in geomagnetic field
amplitudes and (b) standard deviations in geomagnetic field components in Alaska. The statistics are obtained by summing
the probabilities of maxσφ> 30° in Figure 12, so that each bar in Figure 12 becomes a data point in this figure. The two
subplots correspond to the top row and the bottom row in Figure 12, respectively.
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6. In Alaska, the magnitude and rate of fluctuations in the local geomagnetic field are strongly correlated
with the intensity of phase scintillation events. Larger andmore rapidly changing disturbances in the geo-
magnetic field are generally associated with phase scintillation events of stronger intensity. However,
such correlation is much weaker for amplitude scintillation. It should also be noted here that the 24th solar
cycle is a relatively mild one. Because of this the relationship between geomagnetic activity and scintilla-
tion effects derived from the data in this study may prevent it from being extended in a generalized way
to all situations.

The above conclusions are drawn from a preliminary study. But they offer promise for the future develop-
ment of high-latitude and equatorial ionospheric scintillation forecasting and prediction. As more data
become available from an increasing number of monitoring sites, especially from equatorial regions, a more
comprehensive analysis and comparison can be made to facilitate global scintillation monitoring, mapping,
and modeling.

The establishment of criteria to identify and quantify scintillation events is essential for automated processing
of massive amount of data collected from multiple stations during the 24th solar maximum. The criteria are
defined to minimize false alarms due to interferences, multipath, and other nonscintillation-related distur-
bances on GPS signals. There are necessary arbitrary elements in the event selection criteria. Additionally,
carrier phase cycle slips during strong scintillation introduce errors in phase scintillation characterization.
Although every effort was made to detect and repair cycle slips in the data presented in this study, there
are outstanding challenges in separating actual phase jumps associated with deep amplitude fading from
artificial cycle slips introduced by receiver processing [Humphreys et al., 2010; Xu and Morton, 2015]. The
ultimate solution is to eliminate or drastically reduce the number of cycle slips through development of
robust carrier tracking algorithms and application of these algorithms to postprocess raw IF data collected
during strong scintillation events. To facilitate this approach, scintillation event-driven raw IF scintillation data
collection systems have been developed and deployed at several equatorial and high-latitude locations
[Morton et al., 2015].

Recent progress in receiver algorithm development specifically designed to capture carrier parameter distor-
tions during scintillation shows promise in generating accurate and reliable scintillation indicators, which will
improve future studies of scintillation characteristics [Xu and Morton, 2015; Yin et al., 2014]. As satellite navi-
gation becomes increasingly important in many civil and defense applications, ionospheric scintillation will
impact the accuracy, availability, and integrity of GPS receiver performance. Scintillation signal characteristics
revealed by the studies presented in this paper and elsewhere offer important guidelines in next-generation
GPS receiver algorithm development that can mitigate scintillation effects to provide robust navigation
solutions and to function as effective distributed sensors for ionosphere and space weather monitoring.
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