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Abstract Ionospheric scintillation is a manifestation of space weather effects that seriously affect the
performance and availability of space-based navigation and communication systems. This paper presents
results from an investigation on the characteristics of the phase and amplitude scintillation of Global
Positioning System signals at the L1, L2C, and L5 frequencies. Field data obtained by a scintillation monitor
installed in São José dos Campos (23.1°S, 45.8°W; dip latitude 17.3°S, declination 21.4°W), Brazil, a station
located near the southern crest of the equatorial ionization anomaly, were used for this purpose. The analyzed
datawere collectedduring 150nights fromNovember 2014 toMarch 2015, an epochofmoderate solar activity
close to the recent solar maximum. Only measurements corresponding to an elevation mask of 30° and
values above standard threshold levelswere used in the analysis. Outstanding characteristics of amplitude and
phase scintillation are analyzed and compared in this study. The different characteristics of the scintillation
focused in this study include (1) the statistics of their occurrences at the three frequencies; (2) the local time
distributions of the amplitude andphase scintillation at different intensity levels; (3) azimuth-elevation (spatial)
distributions at different levels of the standard deviation of phase fluctuations; (4) scintillation enhancement
and loss of phase lock conditions due to field-aligned (longitudinal) propagation; (5) the relationship between
amplitude and phase scintillation parameters for the L1, L2C, and L5 frequencies; and (6) the frequency
dependence of the amplitude and phase scintillations. Important results on these different characteristics are
presented and discussed, and some outstanding problems for future investigations are suggested.

1. Introduction

The structuring and dynamics of the nighttime ionosphere that characterize the equatorial spread F (ESF) irre-
gularity phenomenon can cause severe deteriorating impacts on satellite radio signals received at the ground.
The ESF irregularities develop in the postsunset equatorial ionosphere through plasma interchange instability
processes driven by the Rayleigh-Taylor (R-T) mechanism that initiates at the bottomside gradient region of a
rapidly rising evening F layer. The nonlinear growth of the instability involves the lower density plasma rising
up to the topside ionosphere in the form of plasma-depleted flux tubes (magnetic field-aligned plasma bub-
bles, equatorial plasma bubble (EPB)), with extremities extending to latitudes of larger background plasma
density in the equatorial ionization anomaly. As a result of the vertical growth of the plasma-depleted mag-
netic flux tubes characterizing a typical bubble development process, irregularities are observed, in the hours
immediately following the sunset, first over dip equatorial regions followed by their later occurrence with
increasing time delay at off-equatorial latitudes. During their evolution, the EPBs generally drift eastward.
Secondary instabilities develop at the steepening gradient regions of the rising bubbles in a cascading process
leading to hierarchy of irregularities with decreasing scale sizes [Haerendel, 1973]. However, diffusive losses
dominate the R-T instability growth and the cascading process at short-scale sizes (a few hundreds to several
tens of meters) [Kelley et al., 2011], whichmay explain the different slopes observed in the power spectral den-
sities of the irregularities over a range from a few hundred kilometers to a few meters [Rodrigues et al., 2009].

Motions of medium-scale density structures across transionospheric raypaths form moving complex field
patterns at the ground that include amplitude and phase structures. Thus, random temporal fluctuations
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are produced in both amplitude and phase of satellite signals received at the ground. These fluctuations
are known as amplitude and phase scintillation, respectively [Yeh and Liu, 1982; Kintner et al., 2004; Kintner
et al., 2007]. Assuming a phase screen at the altitude z= 350 km, the Fresnel scale sizes (λz)1/2 at the L1,
L2C, and L5 frequencies would be approximately equal to 460m, 520m, and 530m, respectively. It is
commonly accepted that irregularities with scale sizes less than these are generally responsible for scin-
tillation of transionospheric signals emitted by the Global Positioning System (GPS) satellites through the
diffractive scattering mechanism. Under geomagnetically quiet conditions, the equatorial scintillation
activity develops in the postsunset hours and typically lasts for 4–5 h until midnight, sometimes also
extending for a few hours into the postmidnight period. It presents strong seasonal and longitudinal var-
iations that depend on the alignment of the sunset terminator with the magnetic meridian [Abdu et al.,
1981; Tsunoda, 1985]. They additionally depend on other factors related to seasonal variations in the ther-
mospheric winds and instability-seeding sources, such as gravity waves. In the Brazilian region, scintilla-
tion activity extends from September to March and peaks in the southern summer months. In addition,
scintillation undergoes significant short-term variability due to geophysical drivers, such as upward propa-
gating atmospheric waves, sudden stratospheric warming episodes, and changes in solar and magnetic
activities [Aarons, 1982; Basu et al., 2001; de Paula et al., 2015].

Scintillation may be responsible for significant degradation in the operational accuracy of Global Positioning
System (GPS) receivers. As pointed out by several authors [Skone et al., 2001; Doherty et al., 2003; Zou and
Wang, 2009], rapid phase variations can produce cycle slips. In extreme cases, depending on the processor
performance, they may challenge the receiver ability to hold phase lock. Additionally, amplitude fades can
cause the signal-to-noise ratio to drop below receiver threshold. These effects may increase the range mea-
surement errors or may even cause the carrier and code loops to lose lock [Kintner et al., 2001]. Depending on
its severity, scintillation can result in full disruption of the receiver operation or may lead to complete system
failures [Basu and Basu, 1981; Beach, 1998; de Rezende et al., 2007]. Such extreme phenomena are more usual
near the equatorial and low-latitude regions (between approximately �20° and +20° geomagnetic latitude)
than in the auroral and polar zones (above 55° of latitude). It should be noted that Dao et al. [2012] applied a
zero-order approximation to their sophisticated model of the distribution of ion density depletions along
magnetic field lines. The approximation indicates that ion density perturbations (with strength of the irregu-
larities ΔN) remain proportional to the ambient density along these field lines. Since the intensity of scintilla-
tion increases with the strength of irregularity structures, both generally accompany the background plasma
density [Aarons, 1982]. This explains why the occurrence of more intense scintillation is greater at the crest of
equatorial anomaly region (around approximately ±15°), where the background plasma density is higher,
than that at the ionization trough around the dip equator, as experimentally observed by Basu et al. [1988]
and de Paula et al. [2003].

In view of such detrimental/disruptive effects of scintillation on different space application systems related to
navigation and telecommunications, and especially on the operability of the Global Navigation Satellite
Systems (GNSS) receivers, it is very important to investigate their statistical characteristics. Based on such con-
tinued efforts, techniques can be developed to mitigate the identified degrading effects and improve the
robustness of GNSS receivers under ionospheric scintillation.

Scintillation occurs dominantly at equatorial, low-, and high-latitude regions of the Earth. In this context,
some pertinent statements by Aquino and Sreeja [2013] should be quoted: “At GNSS frequencies, amplitude
scintillation is not of significant concern for auroral and polar latitudes. Phase scintillation however poses a
greater concern. Phase scintillation induces rapid phase shifts, which may exceed the phase-locked loop
(PLL) bandwidth, resulting in loss of phase lock.” The morphology of phase scintillation in the auroral oval
and polar cap was well established by Basu et al. [1985]. Recently, several works with analyses of phase scin-
tillation have been reported for different high-latitude sites [Li et al., 2010; Prikryl et al., 2011a; Prikryl et al.,
2011b; Jiao et al., 2013; Prikryl et al., 2014; Sreeja and Aquino, 2014]. On the other hand, amplitude scintillation
is very important at equatorial and low latitudes and dominates over the effects of phase scintillation.
However, as explained in the third paragraph, the effects of phase scintillation should not be ignored in these
regions. Indeed, in the model proposed by Conker et al. [2003] to estimate the effects of scintillation on the
performance of GPS receivers, the variance of the tracking error at the output of the PLL is a sum of three
components, due to phase scintillation, thermal noise (amplitude scintillation), and oscillator noise.
Furthermore, Sreeja et al. [2011] have shown in their Figure 6b that the contributions of the first two
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components are equivalent. Their results are supported by those from simulations by Skone et al. [2005].
Further, the results to be presented here will show clearly good correspondence between the scintillation
features as diagnosed by both the amplitude and phase measurements of the GNSS signals, which opens
up the possibility of using phase scintillation measurements as a valuable tool complementary to that of
the amplitude scintillation in the investigation of the ionospheric irregularities at low latitude.

Measurement of phase scintillation has additional utility for the diagnostics of the low-latitude ionosphere.
For example, Carrano et al. [2016] recently proposed a procedure to estimate the zonal irregularity drift from
single-station GNSS measurements of S4 and σφ, to be used when the well-established spaced-receiver mea-
surements are not possible. It is based on the weak scatter scintillation theory, considering the propagation
geometry. The procedure also requires assumptions on the height of the scattering layer and the spectral
index of the power spectral density of the irregularities. They validated the technique by using VHF
spaced-receiver measurements of the zonal irregularity drift. Particularly, in the equatorial region, it appears
that intensity scintillation is the main driver of PLL problems [Van Dierendonck, 2008]. Indeed, some PLL
designs may even suppress phase scintillation, which would impair the use of such a receiver as a diagnostic
tool. Thus, it evident from the present and the previous paragraphs that the processor response to strong
scintillation remains a research issue. It should also be noted that the approach proposed by Carrano et al.
[2016] will not be explored in the present paper.

Aligned with the above understanding on the relevance of phase scintillation studies at equatorial and low
latitudes, corresponding measurements have been performed in the Asian sector [Gwal et al., 2006;
Xu et al., 2012; Forte, 2012]. Additionally, Doherty et al. [2003] and Jiao and Morton [2015] compared results
from scintillation measurements performed in Peru and at high-latitude sites. The latter authors also reported
on experimental results from Ascension Island. It is well known that the morphology of ionospheric irregula-
rities at equatorial and low latitudes are highly dependent on the longitude sector [Huang et al., 2014; Costa
et al., 2014], that the Brazilian sector displays one of the global maxima in their occurrence rates [Kil et al.,
2006; Su et al., 2008], and that a similar dependence is extended to scintillation [Basu and Basu, 1981]. L-band
amplitude scintillation has been extensively studied over the Brazilian sector [de Paula et al., 2003; de Rezende
et al., 2007; Muella et al., 2008; Moraes et al., 2012], but corresponding phase scintillation information is miss-
ing. The purpose of the present paper is to fill this gap by investigating and statistically characterizing the
standard deviation of phase scintillation over a low-latitude region in the Brazilian sector. The results will
be compared with the relevant/related description of the parameter for amplitude scintillation simulta-
neously measured in the Brazilian sector, in an effort to evaluate the conditions of their potential impact
on GNSS applications. The conditions affecting the scintillation intensity due to the signal propagation path
aligning with geomagnetic field-aligned plasma bubbles will also be discussed.

The paper is organized in the following way. Section 2 describes the experimental setup, the period of ana-
lysis, and the geophysical condition during measurements. Section 3 introduces the observed values for the
standard deviation of the phase fluctuations in the received signals at the three available GPS frequencies. It
indicates the typical values and the frequency of occurrences that a user may expect under similar circum-
stances. Section 4 discusses the spatial distribution of the scintillation events, enhancing the current under-
standing on how the irregularities affect users of GNSS systems in low-latitude regions. Section 5 analyzes the
relation between the amplitude and phase scintillation parameters, showing how they relate under different
scattering conditions. Section 6 presents the relation among scintillation parameters for the three GPS fre-
quencies, verifying the validity of widely used frequency-scaling expressions [Fremouw et al., 1978; Yeh and
Liu, 1982]. Finally, section 7 summarizes the study and presents concluding remarks.

2. Measurements, Data Processing, and Initial Analysis

The experimental data utilized in this study were measured by one of the PolaRxS triple-frequency (L1, L2C,
and L5) receivers with ultralow-noise Oven-Controlled Crystal Oscillators of the Concept for Ionospheric
Scintillation Mitigation for Professional GNSS in Latin America/Countering GNSS high Accuracy applications
Limitations due to Ionospheric disturbances in Brazil (CIGALA/CALIBRA) network [Vani et al., 2016]. The receiver
was operated at São José dos Campos (SJC), Brazil, (23.21°S, 45.95°W,�17.5° dip latitude, declination 21.4°W),
a site near the southern crest of the equatorial anomaly. This is a region known for the occurrence of strong
amplitude scintillation, but with limited studies on phase scintillation events.
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The analysis was limited to postsunset up to early postmidnight hours (19:00 LT to 02:00 LT) during the period
between 01 November 2014 and 30 March 2015, which is part of the strong and frequent scintillation occur-
rence season associated with equatorial spread F phenomenon observed in the Brazilian longitude sector
[Abdu et al., 1992; Sobral et al., 2002; de Rezende et al., 2007]. Data were actually recorded during 140 days
out of the total of 150 days. During this 5month period, themonthlymean absolute values of the 10.7 cm solar
radio flux (F10.7) were respectively 155.2 solar flux unit (sfu), 158.7 sfu, 141.7 sfu, 128.8 sfu, and 126.0 sfu, where
1 sfu = 10�22Wm�2 Hz�1. Data for all levels of geomagnetic activity were considered in the analysis.

The parameters used in this analysis are the amplitude and phase scintillation indices S4 and σφ calculated
from measurements performed at the three GPS frequencies L1 (1575.42MHz), L2C (1227.60MHz), and L5
(1176.45MHz). The indices σφ and S4 are the standard deviations of δφ and I/<I> [Van Dierendonck et al.,
1993], respectively, where δφ is the unwrapped and detrended carrier phase (using a sixth-order
Butterworth high-pass filter with the default cutoff frequency of 0.10Hz), I is the detrended signal intensity,
and <I> represents its average value during the computational interval. The receiver automatically samples
δφ and I at 50Hz and computes both indices every 60 s using the preceding 3000 points for all tracked satel-
lites and at the three frequencies. The values of S4 are also corrected to eliminate the thermal noise contribu-
tion. Using similar procedures, the receiver records σφxx indices for xx = 01, 03, 10, and 30, which are the
average of the (60/xx) standard deviations computed over consecutive and nonoverlapping xx-s intervals
during the last minute. Note that σφ is equal to σφ60. For each frequency, a signal counter accumulates the
number of seconds since the last lock time.

Note that the TEC measurement capability by the receiver was used to control the quality of the scintillation
data analyzed here, as described below. At every minute, the receiver also provides the last four total electron
content (TEC) values measured at the current time of the week (TOW, s), at TOW-15, TOW-30, and TOW-45,
with basis on the L2-P and L1-P pseudoranges. Additionally, differential TEC (dTEC) values, computed from
carrier phase measurements only, report the TEC changes between the four consecutive 15 s intervals during
the last minute. Similarly, another counter accumulates the number of seconds since the last lock time on the
second frequency used for the TEC computation.

To be accepted, a 1min record should contain the S4, σφ, all σφxx (for any xx) values and the signal counter
should be greater than 60 s, for the particular frequency. For the three frequencies, all the TEC or dTEC values
should be present and the TEC counter should also be greater than 60 s. Note that the TEC counter and TEC
and dTEC values were in fact the twomost important sources of data rejection. In addition, an elevation mask
of 30° was always used tominimize multipath and nonionospheric effects on the received signal. All recorded
samples that met the above criteria during the previously mentioned 5months were used in the analysis.

In the presence of combinations of GPS satellites and their ownmotions, plasma irregularities drift across ray-
paths with a velocity of about 150m/s. Thus, 500m irregularities that cause scintillation at GPS frequencies
would not be well represented in 01 s or 03 s records (corresponding to the scale-size limit of 450m), indicat-
ing that σφ01 or even σφ03 would not be adequate for the present study. Additionally, comparisons based on
all the data set selected using the criteria of the previous paragraph indicated an almost functional relation-
ship σφ10≈ σφ30≈ σφ60 = σφ between the involved indices. On the other hand, it should be remarked that rate
of TEC index (ROTI), which is the standard deviation of ROT evaluated at every 5min, has also been used as an
indicator of fluctuations in the received signal. ROT is the rate of change of TEC over 30 s intervals [Pi et al.,
1997; Zou and Wang, 2009]. However, as discussed by the latter authors, ROTI is sensitive to 6 km irregulari-
ties, much larger than the Fresnel scale sizes of interest. The above arguments justify the selection of σφ= σφ60
as the only indicator of phase scintillation in the present work, in alignment with several other authors
[Doherty et al., 2003; Zou and Wang, 2009; Sreeja et al., 2011].

Before presenting and discussing the results from the present experimental campaign, several problems with
data treatment and scintillation indices should be acknowledged [Forte and Radicella, 2002; Beach, 2006;
Moraes et al., 2014]. However, it should be observed that the above Ionospheric Scintillation Monitor (ISM)
and the applied preprocessing of the raw data meet the recommendations by respected developers [Van
Dierendonck et al., 1993; Van Dierendonck, 2008], being also aligned with the conventional practice
[Doherty et al., 2003; Jiao and Morton, 2015]. In addition, the S4 and σφ indices are undoubtedly the most
widely adopted parameters in the description of ionospheric scintillation and will be used here to maintain
consistency with the bulk of the associated literature.
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Using the criteria described above, it was found that the receiver detected 119, 107, and 98 nights (out of 140
nights) with scintillation activity on one or more satellite links for the L1, L2C, and L5 frequencies, respectively,
during the period of measurements. Alone, these numbers are impressive. However, the numbers in Table 1
provide a more detailed and realistic picture of the amplitude and phase scintillation activities in the region.
The differences in number of measurements for the three frequencies reflect the fact that the GPS constella-
tion is a mix of different generations of satellites, which have been undergoing a modernization process over
the years. The L2C signal is present in the IIR-M and IIF blocks, while L5 is present only in the improved IIF
block. Thus, while the GPS constellation had 31 satellites transmitting the L1 signal, only 15 and 8 satellites
transmitted the L2C and L5 signals, respectively, during the measurement period. Table 1 indicates that (1)
S4 = 0.3 was exceeded by 6.90%, 8.53%, and 9.44% of the valid samples, while σφ= 10° was exceeded by
5.53%, 5.78%, and 5.94% of the valid samples for the L1, L2C, and L5 signals, respectively, between 19:00
LT and 02:00 LT; (2) S4 = 0.7 was exceeded by 1.00%, 1.71%, and 2.70% of the valid samples, while σφ=30°
was exceeded by 1.00%, 1.36%, and 1.76% of the valid samples for the three signals, respectively, during
the same time interval. The above percentages were obtained by dividing every number in the columns
(19:00 LT–01:59 LT) of Table 1 by the corresponding upper element (total). Additionally, (3) 38.81%,
35.23%, and 29.68% of the amplitude scintillation activity (S4> 0.3) was concentrated in the (20:00 LT,
21:59 LT) interval, while 66.87%, 59.33%, and 53.39% of the same activity was concentrated in the (20:00
LT, 22:59 LT) interval for the three signals, respectively. The above percentages were obtained from the divi-
sion of the element of row (S4> 0.3) associated with a frequency and restricted time interval by the corre-
sponding value for the same row, frequency, and full time interval (19:00 LT–01:59 LT), followed by
multiplication of the result by 100. For example, the first percentage in (3) is obtained from
100× 8234/21,214 = 38.81%. Applying the same operations to the elements of row (σφ> 10°) of Table 1,
one concludes that (4) 41.20%, 40.53%, and 40.28% of the phase scintillation activity was concentrated in
the (20:00 LT, 21:59 LT) interval, while 71.41%, 66.48%, and 65.06% of the same activity was concentrated
in the (20:00 LT, 22:59 LT) interval for the three signals, respectively.

Figure 1 shows one example of S4 and σϕ estimates at the L1, L2C, and L5 signals transmitted by PRN 25
on the night of 13 November 2014. It illustrates a case of strong amplitude and phase scintillation event,
with S4 exceeding 1.0 at the three frequencies and σϕ exceeding 100° at L2C and L5 during several con-
secutive minutes. Figure 1a also shows the relative total electron content (TEC) for this example, where it
is possible to note the strong gradients during the period of scintillation occurrence. The data gaps indi-
cate the time intervals when, due to very intense scintillation, the receiver was unable to estimate TEC.
Most of the gaps occurred when S4> 1.0. It may be noted that the TEC variation signature is the results
of a large plasma bubble (that is, magnetic field-aligned plasma depletion) zonally drifting eastward. It is
observed that the scintillation intensity (during its occurrence) has a minimum near 20:30 LT, which cor-
responds to the minimum in the TEC variation, and the two scintillation maxima correspond to the
regions of TEC gradients on either sides of the minimum. This relative locations of the scintillation max-
ima with respect to the TEC gradient appears to be indicative of the cascading process which generates
secondary (smaller-scale) plasma irregularities [Haerendel, 1973], operating at the steep walls of an evol-
ving large-scale bubble structure. The scintillation intensity appears to be stronger from the TEC gradient
(near 20:40 LT) at the western wall of the eastward drifting plasma depletion, which agrees with the pre-
vious observational results showing preference of irregularity development at the west wall of a develop-
ing bubble [Tsunoda, 1983; Tulasi Ram et al., 2012].

Table 1. Data Availability and Number of Samples for Different Thresholds and Local Time Intervals

Number of Samples

19:00 LT–01:59 LT 20:00 LT–22:59 LT 20:00 LT–21:59 LT

L1 L2C L5 L1 L2C L5 L1 L2C L5

Total 307,596 109,790 65,575 12,5091 41,824 22,616 81,901 28,288 13,953
S4> 0.3 21,214 9,370 6,187 14,186 5,559 3,303 8,234 3,301 1,836
S4> 0.7 3,076 1,879 1,767 2,383 1,402 1,259 1,582 969 867
S4> 1.0 383 286 371 311 212 274 192 155 189
σφ> 10° 17,018 6,348 3,895 12,153 4,220 2,534 7,012 2,573 1,569
σφ> 30° 3,081 1,489 1,151 2,470 1,224 923 1,621 853 695
σφ> 60° 226 178 174 210 162 150 151 119 126
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In addition to the description of the data set provided by Table 1, Figure 2 shows the complementary
cumulative distributions functions (CCDFs) of S4 and σφ for the L1, L2C, and L5 signals. The distributions
in Figures 2a and 2b use the data set corresponding to the interval (19:00 LT to 02:00 LT), restricted by
the above selection criteria. The inflection points in Figures 2a and 2b indicate that roughly 80% of the
S4 values are less than 0.15 and 85% of the σφ values are less than 3.2°, independently of frequency.
One would expect the severity of phase scintillation to follow the inverse of the signal frequency. The
results in Figure 2 not only confirm this expectation but also empirically quantify the dependence of
phase scintillation on the frequency. Therefore, it is possible to state that users of the new civil signals
will be more susceptible to the effects of the ionosphere in low latitudes, distributed over a slightly wider
local time interval.

Figure 2 and the percentages quoted in the previous paragraph clearly indicate that any statistical analy-
sis of the full data set would be overwhelmed by negligible amplitude and phase scintillation. To closely
study scintillation that may affect the performance of GPS receivers, lower thresholds will be specified for
S4 and σφ, in alignment with other authors [Xu et al., 2012; Jiao and Morton, 2015]. To guide the selection
of these thresholds, the CCDFs of the amplitude and phase data recorded during the daytime period from
10:00 LT to 14:00 LT (for all days of the campaign, but restricted by the same selection criteria) were
obtained. They indicated that S4 = 0.2 and σφ=3.5° were exceeded by less than 1% of the corresponding
samples, confirming that the scintillation events were, in fact, associated with typical nighttime ESF. Based
on these results and to clearly separate daytime data from spread F effects, the thresholds S4> 0.3 and
σφ> 10° will be adopted as indicators of noticeable amplitude and phase scintillation, respectively,

Figure 1. (a) The relative TEC for PRN 25 on 13 November 2014 in TEC units (1016 el/m2). (b)–d) The corresponding S4 and
σφ indices for the L1, L2C, and L5 signals, using the combinations (blue continuous lines, left vertical axes) and (green
dashed lines, right vertical axes), respectively.
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when suitable to each study discussed in the next sections. Note that these thresholds are comparable to
the ones selected by the above authors.

3. On the Occurrence Rate and Intensity of Scintillation

This section describes the scintillation values that GPS L1, L2C, and L5 carriers may experience under different
geophysical settings, assuming S4> 0.3 and elevations ε> 30°. That is, the discussions in the present section
will be based on 21,214; 9370; and 6187 samples for the three frequencies, respectively, according to Table 1.

Following the statistical analysis of the S4 and σφ variabilities presented in the previous section, the distribu-
tions of these indices as functions of local time were investigated. The bar charts of Figure 3 show these dis-
tributions from 19:00 LT to 02:00 LT, in 30min intervals. This 7 h period was the time interval during which all
the relevant scintillation events occurred. Figures 3a, 3c, and 3e correspond to the S4 and σφ indices, respec-
tively. Figures 3b, 3d, and 3f correspond to the L1, L2C, and L5 frequencies, respectively. To obtain the num-
ber of occurrences for a given color-coded index range, its lower reading at the vertical axis should be
subtracted from its upper reading. For example, the number of occurrences of σφL1 in the range (15°, 30°) dur-
ing the time interval (22:00 LT, 22:30 LT) observed in Figure 3b is approximately equal to 2750–1700= 1050.
To account for the large differences in the total number of samples among the three frequencies, the vertical
scales of the bar charts were appropriately adjusted.

It is noted in the histograms for S4< 0.6 and σφ< 30° associated with the L1 frequency in Figures 3a and 3b
that amplitude and phase scintillation only start around 20:00 LT and reach the occurrence peaks between
22:00 LT and 22:30 LT. The peaks are relatively broad, lasting around 2 h. This behavior is similar to the one
displayed by Gwal et al. [2006] for amplitude scintillation at Chiang Rai, Thailand (19.57°N, 99.52°E) during
the quiet evenings of the equinox months. However, the scintillation occurrence peak for that site during
the quiet evenings of the months around the December solstice was observed at 20:30 LT. A local time dis-
tribution of amplitude scintillation at the L1 frequency was recently reported by Jiao and Morton [2015] for
Jicamarca, Peru (11.9°S, 76.9°W), using a 332 day data set recorded from November 2012 to July 2014.
Their single distribution combines all amplitude scintillation values from all seasons, differently from the ones
in Figure 3a. The Jicamarca distribution starts 1 h earlier, increases more slowly to the same peak at 22:00 LT,
and decreases faster than the histogram for S4< 0.6 in Figure 3a. Xu et al. [2012] collected L1 amplitude and
phase scintillation data in July and August 2012 at Hok Tsui, Hong Kong Island (22.20°N, 114.25°E). Their
hourly histograms for S4< 0.6 and σφ< 34° show significant amplitude and phase scintillation activity after
00:00 LT, which differ from the decreasing trends observed in the corresponding histograms displayed in
Figures 3a and 3b, respectively. The earlier start time of the scintillation at the dip equatorial station
Jicamarca with later onset times in our data and in the Hong Kong Island data analyzed by Xu et al. [2012]

Figure 2. Complementary cumulative distributions of S4 and σφ for the L1, L2C, and L5 signals. (a and b) Consider all
measurement results restricted only by the selection criteria specified in the text.
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is consistent with the irregularity development process marked by vertical rise of flux tube-aligned bubbles
over the dip equator (briefly described earlier).

The corresponding histograms (that is, for S4< 0.6 and σφ< 30°) for the L2C and L5 frequencies in Figures 3c–3f
are reasonably similar to those of the L1 frequency, but the occurrence peaks are reached later, around 23:00 LT
to 23:30 LT, and last only about 1 h. During the absolute peak intervals for the above scintillation levels, the
S4< 0.6 cases represent 75.1%, 78.6%, and 73.7% of the total cases at the L1, L2C, and L5 frequencies, respec-
tively. Correspondingly, the σφ< 30° cases represent 84.7%, 89.4%, and 90.3%, respectively. Then, the scintil-
lation occurrences gradually decrease, being extremely rare after 02:00 LT.

Figure 3 also shows that the hourly distributions of the moderate-to-strong amplitude and phase scintilla-
tion (S4> 0.6 and σφ> 30°) are somewhat different from those of their weaker counterparts. While those
scintillation levels also begin around 20:00 LT, their peak occurrences are observed at least 1 h earlier than
that of the weaker scintillation cases, that is between 21:00 LT and 21:30 LT for all frequencies. The
moderate-to-strong scintillation occurrences remain the same for about 1 h, and then sharply decrease
and become extremely rare after 01:00 LT. On the other hand, the hourly distributions of L1 moderate-
to-strong amplitude and phase scintillation over Hong Kong displayed by Xu et al. [2012] showed signifi-
cant activity after 00:00 LT, particularly for July 2012. During the peak interval for the present scintillation
levels, the cases S4> 0.6 constitute 31.9%, 44.2%, and 61.4% of the total cases at the L1, L2C, and L5 fre-
quencies, respectively. Correspondingly, the σφ> 30° cases constitute 20.4%, 26.8%, and 41.0% of the total
cases at the three frequencies. The alarming fact is that in the cases with noticeable amplitude scintilla-
tion (that is, with S4> 0.3) during the peak interval, those that display σφ> 60° constitute 2.2%, 4.0%, and
8.7% of the total cases at the three frequencies, respectively. It is further observed that all the above
percentages increase as the GPS frequencies decrease. The elevated scintillation values discussed in the
present paragraph may lead receiver loops to fail during carrier tracking procedures, resulting in a loss
of performance for precision positioning applications in particular.

Figure 3. Histograms of the (left) S4 and (right) σφ indices as functions of local time intervals, assuming S4> 0.3. The bar charts correspond to the (top) L1, (middle)
L2C, and (bottom) L5 frequencies, respectively.
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Another aspect worth mentioning is the duration of scintillation events with S4> 0.3 for the satellites that
transmit the three signals. An independent processing (from those leading to the previous results and
figures) showed that scintillation at the L5 frequency lasted longer than that at the L1 and L2C frequen-
cies in 89.44% and 66.11% of the cases, respectively. The average durations of scintillation events were
34.25, 29.95, and 27.09min for the L5, L2C, and L1 frequencies, respectively. For the analyzed period
and the satellites that transmit the three signals, there were totals of 21,214; 9370; and 6187 scintillation
minutes (with S4> 0.3) at the L5, L2C, and L1 frequencies, respectively.

4. On the Spatial Distribution of σϕ and S4
As explained in section 1, the nonlinear evolution of the R-T instability causes the field-aligned EPBs rise up to
the topside ionosphere, with their extremities extending to lower latitudes. The scintillation producing irre-
gularities develop at the steep density gradient regions of the rising bubbles. Each EPB can extend several
degrees in latitudes and several hundred kilometers in the east-west and vertical directions.

Knowledge of the spatial distribution of the irregularities is very important to evaluate the scintillation impact
on receivers of GNSS systems in low-latitude regions. In particular, this information may be useful to users of
aeronautical and augmentation systems based on GNSS. In this context, it should be noted that there are two
situations leading to more intense scintillation. One is the presence of the larger background plasma density
that exists in the crest region of the equatorial ionization anomaly (EIA), wherein the ΔN values are larger and
therefore produce larger scintillation, as explained in section 1. The other factor is the degree to which seg-
ments of signal propagation paths become closer to being aligned with the field-aligned plasma bubble
structures. A longer field-aligned propagation segment, permitting close to end-on view of the bubble irre-
gularities, can cause more intense amplitude and phase scintillations. This arises because, obviously, the sig-
nal propagation path affected by the turbulent region associated with the plasma bubble is longer in this
case than in any other orientation of the propagation path. For this reason, the geomagnetic declination
and inclination angles associated with the GNSS signal ionospheric penetration point (IPP) distribution are
controlling factors for the scintillation intensity distribution surrounding a receiving site. These aspects will
be examined below, with the help of scintillation distribution plots as functions of azimuth, elevation, and
propagation angles.

Figure 4 shows the azimuth and elevation distributions of phase scintillation observed by the São José dos
Campos receiver. The top, middle, and bottom rows of plots refer to the L1 (Figures 4a–4c), L2C
(Figures 4d–4f), and L5 (Figures 4g–4i) frequencies, respectively. The data set used in this figure was limited
to measurements made between 21:00 LT and 23:00 LT, when the most intense scintillation events were
observed. Scintillation cases with S4> 0.3 and ε> 30° were used, the number of corresponding samples
being 11,714; 4368; and 2573 at the three frequencies, respectively.

Figures 4a, 4d, and 4g show σφ values for all 350 km ionospheric penetration points (IPPs) in azimuth-
elevation plots centered at the receiver, adopting the bottom-left color scale to represent the standard
deviation of phase scintillation (degrees). Note that consecutive orbits show very small day-to-day variations
in latitude and longitude during the 150 days of the observational campaign. Thus, the numbers of samples
quoted in the previous paragraph essentially overlap in the plots along the orbits. These figures were
designed to favor the visualization of intense phase scintillation cases. The different operation stages of
the GPS constellation regarding the three carriers clearly affected the results displayed in these figures.
Indeed, the numbers of available cases decrease together with the number of satellites transmitting
each carrier.

Figures 4a, 4d, and 4g are consistent among themselves, in the sense that, broadly speaking, phase scin-
tillation affecting L5 transmissions also affected L2C and L1 transmissions along the same raypaths. These
figures indicate the predominance of moderate-to-strong phase scintillation levels (σφ> 30°) in the north-
ern region (quadrants) and at low to moderate elevation angles (30° to roughly 60°) for the three frequen-
cies. This result, particularly evident in Figure 4a associated with L1 transmissions, may be due to the fact
that the ambient plasma density and the TEC must be stronger in the northern sector over the receiver,
which must be associated with the location of the EIA crest at latitudes closely northward of São José dos
Campos. It may be noted in particular that though scintillation (and therefore the bubble irregularities)
extends to regions southward of the receiver site, its intensity is notably weaker than that in the
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northern sector at all the three transmissions. The absence of any scintillation in the extreme southern
regions is also noticed. This observation may be attributed to the situation where the vertical growth
of the bubbles was not sufficient for them to reach the magnetic field line apex heights that map to
these southern regions (during the geophysical conditions that prevailed during the measurements).
Another noteworthy feature is the intense scintillation events that are concentrated in the northwest
quadrant, appearing to be aligned in the magnetic meridian (the declination angle over the SJC region
is 21.4°W). This feature may be attributed to the propagation path being in closer alignment with the
field-aligned bubble structures and therefore has important consequences for scintillation enhancement
leading to the occurrence of loss of lock of the GNSS signals, which will be discussed soon. The
existence of orbits with low σφ values interspersed with other ones displaying moderate and high σφ
values is also observed. This is exemplified by the sequence of orbits located between the azimuths
345° and 60° in Figures 4a and 4d. Unfortunately, the absence of orbits in relatively wide azimuth
sectors of the two northern quadrants prevents any additional elaboration of this observation. Xu et al.
[2012] adopted the elevation threshold of 10° to plot the spatial distribution of L1 phase scintillation at

Figure 4. The spatial distribution of phase scintillation events. Results for (a–c) L1, (d–f) L2C, and (g–i) L5 measurements are presented. Figures 4a, 4d, and 4g show
the azimuth-elevation spatial distribution of phase scintillation. Figures 4b, 4e, and 4h show the statistical distribution of σφ as a function of elevation. Figures 4c, 4f,
and 4i show the statistical distribution of σφ as a function of azimuth.
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Hok Tsui, Hong Kong Island (22.20°N, 114.25°E), in the same format of Figure 4a. More than half of their
phase scintillation data corresponded to elevations below 30°, and virtually, no moderate-to-strong phase
scintillation (σφ> 34°) was observed for elevations above 45°. Most of their phase scintillation observa-
tions were associated with IPPs in the southern sector of the field of view. Considering that the above
Asian site is near (and somewhat northward of) the northern crest of the equatorial anomaly (geomag-
netic latitude and declination equal to 17.6°N and 2.5°W, respectively), their observations consistently sup-
port the above explanation.

Since the present IPP plots overlay data and favor intense phase scintillation, it is difficult to infer details of the
σφ elevation and azimuth distributions from them. The bar charts representing the elevation distributions of
σφ, using 6° elevation intervals centered at 33° + 6°n, with n=0,…, 9, are provided by Figures 4b, 4e, and 4h
for the L1, L2C, and L5 frequencies, respectively, using the color scale at the bottom right of Figure 4. The
results show that most scintillation events occur between the elevation angles 30° and 72°. It is observed that
the number of cases with lower values of phase scintillation (σφ< 30°) are relatively well distributed in the
elevation interval 30°< ε< 54°, with a discrete peak around 51° for the L1 and L2C signals. However, for
the L5 signal, the same phase scintillation values are similarly distributed in the narrower interval 30°< ε<
48°, with the same peak occurring around 33°. It is noticed that higher values of σφ (greater than 30°) are more
evenly distributed over a wider interval (30°< ε< 72°) than lower ones. It is also interesting to note that the
proportion of elevation angles with σφ> 60° for the L5 signal is relatively higher than those for the other two.
This is another indication of a greater susceptibility of the signal at the new frequency to ionospheric irregu-
larities in comparison with that of the L1 signal.

Figures 4c, 4f, and 4i show bar charts representing the σφ azimuth distributions at 45° intervals for the L1, L2C,
and L5 frequencies, respectively. These charts, which share the same color scale with the elevation plots,
mainly confirm in quantitative terms the predominance of high σφ values between azimuths 315° and
360°. It appears evident that the high occurrence of intense scintillation in northwest azimuth sector could
be associated with the westward magnetic declination of the São José dos Campos site (21.4°W). Signals
received from this sector are more likely to propagate a longer distance in the turbulent medium created
by the EPBs, which are aligned with magnetic field lines, becoming more vulnerable to interruptions due
to loss of phase lock.

To evaluate the effect of loss of lock due to end-on view of the bubble irregularities, the angle between the
propagation path and the geomagnetic field directions was calculated at the IPPs for all cases of loss of phase
lock experienced by the L1 signal during the observational period. Next, this angle was projected onto (1)
the magnetic meridian vertical plane and (2) the horizontal plane, at the IPPs. The first projection (β) mea-
sures the difference between the path elevation and the geomagnetic inclination. The second projection (γ)
represents the difference between the path azimuth and the geomagnetic declination. The results are
presented in Figure 5. Figure 5a shows that the largest number of cases of loss of lock occurred for values
of β in the range 0° to 15°, while the corresponding values of γ displayed in Figure 5b were in the range of
0° to 10°. These angles correspond to the GNSS signal propagation path approaching alignment with the
geomagnetic field lines. The statistics of the S4 values plotted in Figure 5c shows that the largest number of
cases of loss of phase lock occurred around S4 = 1. These results show for the first time, on a quantitative
basis, that GNSS signals received end-on through field-aligned plasma bubbles can suffer enhancement in
scintillation intensity. Such enhancement in scintillation intensity is in addition to its enhancement in the
EIA crest region arising from its dependence on the background plasma density, discussed earlier.

Table 2 indicates, for each of the three frequencies, the percentage distributions of occurrences of different
ranges of σφ within the four quadrants, taking the receiver position as the central reference. Note that the
percentages in each column add to 100%. For σφ ≤ 30°, the results show a preference for phase scintillation
in the northwestern and southwestern quadrants for the L1 signal. Except for the southeastern quadrant,
they show a relative balance among the other ones for L2C signal. Finally, they display again a preference
for the northwestern and southwestern quadrants, with a predominance by the latter, in the case of the L5
signal. For 30°< σφ ≤ 60°, scintillation tends to concentrate in the northwestern quadrant for the L1 and L5
signals and in the northeastern quadrant for the L2C signal. The strongest phase scintillation (σφ> 60°) is con-
centrated in the northwestern quadrant, in agreement also with the distribution of the amplitude scintillation
index S4 of larger intensity associated with the cases of loss of lock presented in Figures 4 and 5.
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It should again be stressed that
the azimuth and elevation distri-
butions for the three frequencies
should be weighted by the differ-
ent operational schedules of the
GPS constellation.

5. Relationship Between S4
and σϕ for the L1, L2C, and
L5 Carriers

The numbers of simultaneous occur-
rences of σφ and S4 are shown in the
maps of Figures 6a–6c for the L1,
L2C, and L5 frequencies, respectively.
These maps are based on 21,214;
9370; and 6187 samples for the three
frequencies, respectively, that satisfy
the thresholds ε> 30° and S4> 0.3
and use the common scale shown in
the rightmost color bar representing
the number of cases. The maps con-
sist of rectangular cells with resolu-
tions of δσφ= 1.67° and δS4 = 0.096.
It is observed that most of the occur-
rences are concentrated in the low-
value regime of both amplitude and
phase indices. The above differences
in the numbers of samples and in
their distributions in Figures 6a–6c
are due to the operational status of
the GPS constellation during the
measurement period. While all the
31 satellites (16, 7, and 8 from blocks
IIR, IIR-M, and IIF, respectively) trans-
mitted the L1 signal, 15 satellites
(7 and 8 from blocks IIR-M and IIF,
respectively) transmitted the L2C
signal and only 8 (from block IIF)
transmitted the L5 signal. However,

all plots indicate that there are nonnegligible numbers of simultaneous cases of high values of S4 and low
values of σφ, and vice versa. This feature will be further discussed below.

Figures 6d–6f show the average S4 value as a function of σφ for the L1, L2C, and L5 frequencies, respec-
tively. The average value of S4n was determined for all samples of σφ in the interval (5°n� 2.5°, 5°n+2.5°),

Table 2. Percentage Phase Scintillation Activity for Different Sky Regions for the L1, L2C, and L5 Signals

σφ ≤ 30° 30°< σφ ≤ 60° 60°< σφ ≤ 90° σφ> 90°

Quadrant L1 L2C L5 L1 L2C L5 L1 L2C L5 L1 L2C L5

Northeast 17.2 31.2 16.0 29.8 48.1 36.5 19.8 42.5 23.2 20.0 36.4 8.3
Northwest 35.8 26.0 35.8 55.3 33.4 49.3 71.0 51.5 70.7 70.0 63.6 91.7
Southeast 11.5 14.3 2.7 5.6 11.0 1.2 3.2 3.0 0.6 0.00 0.00 0.00
Southwest 35.5 28.5 45.5 9.3 7.5 13.0 6.0 3.0 5.5 10.0 0.00 0.00

Figure 5. Angles between the GNSS signal path and geomagnetic field lines
at all the IPPs that suffered loss of phase lock during the observational period,
and the S4 distribution for these cases. (a) Angular difference between the
path elevation and magnetic inclination (dip angle). (b) Angular difference
between path azimuth and geomagnetic declination. (c) Distribution of S4
occurrences for cases of loss of phase lock or cycle slips.
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for n= 1,…, 14. Each of these sets of samples was also used to calculate the standard deviation of S4n, repre-
sented by the error bars of the same plots. The three average functions behave similarly, displaying an
increasing trend of average S4 values with σφ and a change of slope near σφ≈ 40°. A closer look at these aver-
age curves indicates that those corresponding to S4L2C and S4L5 essentially overlap. It is also observed that for
σφ< 40°, S4 increases with σφ at a faster rate at the lower frequencies (L2C and L5) than it does at the higher
frequency (L1), whereas S4 varies with σφ at the same rate at the three frequencies for σφ> 40°.

Figures 6g–6i show the complementary cumulative distribution of σφ for the three frequencies, considering
different S4 intervals. The L2C and L5 curves agree quite well (within 5° or less) for all probability values and
selected S4 intervals. A similar agreement holds for all curves corresponding to the lowest S4 interval. The dis-
tributions further show (in general) that for ranges of larger S4 values, the occurrences of larger σφ values also

Figure 6. From left to right, the columns refer to the L1, L2C, and L5 signals, respectively. (a–c) Occurrence map for combinations of S4 and σφ values, using the
top-right color scale for the number of cases. (d–f) Average values for S4 with standard-deviation bars, as functions of σφ. (g–i) Complementary cumulative
distribution of σφ for different S4 ranges.
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increase. Such increases are relatively more pronounced for the L2C and L5 frequencies than those for the L1
frequency. This is another clear indication of nonnegligible numbers of simultaneous cases of high values of
S4 and low values of σφ, and vice versa, as also evident in Figures 6a–6c.

To further understand the nature of the relationship between σφ and S4, their correlation coefficient, as
defined by Papoulis and Pillai [2002]

ρ ¼ cov S4; σϕ
� �

std S4ð Þstd σϕ
� � ¼ E S4σϕ

� �� E S4½ �E σϕ
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E S24
� �� E2 S4½ �� �

E σ2ϕ
h i

� E2 σϕ
� �n or (1)

was calculated. In equation (1), cov( , ) is the covariance between two random variables and std is the indivi-
dual standard deviation. The correlation coefficient is an important factor in the analysis of GNSS receiver per-
formance. Indeed, Moraes et al. [2014] considered the correlation coefficient in their estimations of the
receiver tracking loop errors. Depending on the value reached by ρ, the tracking errors may increase by up
to 25%. That is one of the motivations for the statistical characterization of ρ. This calculation was applied
to the set of synchronized and cofrequency σφ and S4 values resulting from all sections of satellite orbits with:
(1) 10minute duration, (2) all elevations above 30°, and (3) all samples with S4> 0.3.

Figures 6d–6f have already indicated well-defined relations between σφ and the average value of S4. Now
Figures 7a–7c present the distributions resulting from the correlation coefficient calculations between S4
and σφ at the L1, L2C, and L5 frequencies. These plots confirm most records of cofrequency σφ and S4 and
are highly correlated. However, the correlation can also be low for a substantial number of cases. The average
correlation coefficient is approximately equal to 0.65. Figures 7d–7i illustrate six examples of relationships
between σφ and S4 for decreasing values of ρ. Note that the vertical scales for σφ and S4 were adjusted in each
panel for the corresponding curves to superpose to the possible extent. Figure 7d shows a highly correlated
example (ρ= 0.91). Except for the two peaks with high values of σφ and S4 near 1 (indicating saturation), the
superposition between the curves is almost perfect. This assessment extends to most sections of the curves
displayed in Figure 7e, where ρ=0.81. A difference between them is observed between 22:40 LT and 23:10 LT,
as well as in a few localized peaks and notches. Figure 7f shows an example with ρ= 0.62, which is close to the
average value, with σφ and S4 time series displaying different decreasing trends after 21:15 LT. Figures 7g–7i
show different examples with moderate to low values of ρ, exhibiting increasing disagreement between
phase and amplitude indices. The large-scale behaviors of the σφ and S4 curves in Figure 7g are similar.
However, long periods of relatively smooth variations of one index accompanied by fast oscillations of the
other are also observed. In Figure 7i, S4 displays a relatively fast initial increase to a moderate level, which
is not followed by σφ. The differences in the fluctuation patterns of σφ and S4 between 23:10 LT and 23:25
LT also contribute to a decreased value of the correlation coefficient.

Another aspect worth discussing is the occurrence of intense amplitude scintillation and weak phase scintilla-
tion, and vice versa. Table 3 displays the number of single or simultaneous observations of S4 and σφ using dif-
ferent thresholds, for the three carriers, assuming satellite elevations greater than 30°. Note that Table 3 is
divided into three vertical blocks. Each vertical block is additionally divided into upper and lower subblocks.
For convenience, some of the numbers previously presented in Table 1 have been repeated in Table 3. The
top-left subblock considers noticeable amplitude scintillation (S4> 0.3) and weak phase scintillation
(σφ ≤ 10°), which corresponds to 39.14%, 41.60%, and 40.75% of the cases of noticeable amplitude scintillation
and unrestricted phase scintillation for the L1, L2, and L5 frequencies, respectively. They are relatively high and
remain approximately independent of the GPS frequencies. The bottom-left subblock considers weak ampli-
tude scintillation (S4 ≤ 0.3) and noticeable phase scintillation (σφ> 10°), which corresponds to 24.13%,
13.80%, and 5.88% of the cases of unrestricted amplitude scintillation and noticeable phase scintillation for
the three frequencies, respectively. These percentages clearly decrease faster than the GPS frequencies. On
the other hand, the top-right subblock considers strong amplitude scintillation (S4> 0.7) andweak phase scin-
tillation (σφ ≤ 10°),which corresponds to11.48%, 7.82%, and6.40%of the cases of strongamplitude scintillation
and unrestricted phase scintillation for the three frequencies, respectively. These relatively small but nonnegli-
gible percentages also decrease faster than the GPS frequencies. Finally, the bottom-right subblock considers
weak amplitude scintillation (S4≤ 0.3) and strong phase scintillation (σφ> 30°), which corresponds to 1.27%,
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0.20%and 0.09%of the cases of unrestricted amplitude scintillation and strong phase scintillation for the three
frequencies, respectively. These results seem to indicate that the combination of intense amplitude
scintillation and weak phase scintillation is more common than the opposite.

To complement the information of Table 3, Figures 8a, 8c, and 8e show the conditional bar charts for S4
(>0.3, indicating noticeable to strong amplitude scintillation) assuming σφ ≤ 10° (indicating weak phase
scintillation) for the three GPS frequencies. Note that the bars in each of these S4 plots (from top to
bottom) add up to 39.13%, 41.60%, and 40.75%, respectively, as explained in the previous paragraph.
These plots indicate that the conditional percentages decrease exponentially, according to the model

pS4 ¼ ae�bS4 . Additionally, Figures 8b, 8d, and 8f show the corresponding bar charts for σφ (>10°, indicat-

ing noticeable to strong phase scintillation) assuming S4≤ 0.3 (indicating weak amplitude scintillation),
together with corresponding exponential trend lines. The bars in each of these σφ plots add to 24.13%,
13.80%, and 5.88%, respectively. To indicate how closely the values calculated by the trend line are to
the measured data, the coefficient of determination R2, which is a number from 0 to 1, has been esti-
mated for all bar charts of Figure 8. A trend line is most reliable when its R2 value is equal to or near

1. In all cases, R2 exceeded 0.99. Figure 8 shows that there are cases of noticeable or even strong

Table 3. Total Activity for Amplitude and Phase Scintillation Events for L1, L2C, and L5

L1 L2C L5 L1 L2C L5 L1 L2C L5

S4> 0.3 21,214 9,370 6,187 S4> 0.5 8,391 4,396 3,361 S4> 0.7 3,076 1,879 1,767
S4> 0.3
and
σφ ≤ 10°

8,302
(39.14%)

3,898
(41.60%)

2,521
(40.75%)

S4> 0.5
and

σφ ≤ 10°

1,728
(20.59%)

910
(20.70%)

592
(17.61%)

S4> 0.7
and

σφ ≤ 10°

353
(11.47%)

147
(7.82%)

113
(6.39%)

σφ> 10° 17,018 6,348 3,895 σφ> 20° 6,883 2,895 2,076 σφ> 30° 3,081 1,489 1,151
S4 ≤ 0.3
and
σφ> 10°

4,106
(24.12%)

876
(13.80%)

229
(5.88%)

S4 ≤ 0.3
and

σφ> 20°

418
(6.07%)

27
(0.93%)

9
(0.43%)

S4 ≤ 0.3
and

σφ> 30°

39
(1.26%)

3
(0.20%)

1
(0.01%)

Figure 7. (a–c) The distribution of the correlation coefficient ρ for the L1, L2C, and L5 signals, respectively. (d–i) Several examples of the S4 and σφ relation for decreas-
ing values of ρ.
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amplitude scintillation accompanied by weak phase scintillation, and vice versa. However, S4 is less than
0.5 for most of cases with σφ ≤ 10° and σφ is less than 17.5° for most of the cases with S4 ≤ 0.3. Therefore,
isolated scintillation cases are a fact in the SJC data set, but their values do not normally reach disrupting
levels. These isolated occurrences are more common in amplitude than in phase.

In summary, this section quantified and discussed in more detail the conclusion by Doherty et al. [2003] that
amplitude scintillation could occur without phase scintillation, while phase scintillation was always accompa-
nied by at least a moderate level of amplitude scintillation. This conclusion was later endorsed by Gwal
et al. [2006].

6. Frequency Dependence of S4 and σϕ in the L Band

In this section, the GPS frequency dependence of amplitude and phase scintillation will be addressed. The
goal is to verify the ratios between the scintillation indices at the lower frequencies L2C and L5 with
respect to corresponding values at the widely used and higher L1 frequency for the cases of σφ and
S4. From the knowledge of such ratios, it would be possible to estimate the severity of the L2C and L5
scintillation based on studies using only L1 data. This analysis is particularly important for users of preci-
sion dual-frequency receivers. Another aspect to consider is the fact that the new L5 signal is intended for
aeronautical applications. Knowledge of ionospheric effects at this frequency is of great use for planning

Figure 8. (a, c, and e) The conditional bar charts for S4 (>0.3), assuming σφ ≤ 10°. (b, d, and f) The conditional bar charts for
σφ (>10°) assuming S4 ≤ 0.3. The top, middle, and bottom rows refer to the L1, L2C, and L5 signals, respectively. An
exponential trend line has been adjusted to each bar chart. For all bar charts, the coefficient of determination R2 is greater
than 0.99 (see text for additional explanation).
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of the corresponding systems while the GPS constellation develops to full operationality. According to
Fremouw et al. [1978] and Yeh and Liu [1982], the dependence of the σφ and S4 indices on the
different GPS frequencies can be represented by

σϕ Lað Þ ¼ f Lb
f La

	 

σϕ Lbð Þ (2)

and

S4 Lað Þ ¼ f Lb
f La

	 
1:5

S4 Lbð Þ (3)

where La and Lb represent the combinations of the L1, L2C, and L5 frequencies with fLb> fLa. The avail-
able empirical data sets for this study are defined by pairs of simultaneous measurements (σφLb, σφLa) and
(S4Lb, S4La).

Figure 9 shows scatterplots of the indices σφ and S4 for all combinations of the three GPS frequencies. Figure 9
(right column), associated with σφLb and σφLa, also displays blue straight lines through the origin representing
their relationships according to equation (2). The coefficients resulting from the frequency ratios obtained
from equation (2) are fL1/fL2C = 1.283, fL1/fL5 = 1.339, and fL2C/fL5 = 1.044). Also note that the green crosses
indicate<σφLa> values at 10° intervals along the abscissa, where<σφLa> is the average of all ordinate values
associated with abscissa values in the range (10°n� 5°, 10°n+5°). The blue straight lines are aligned with the
corresponding average curves defined by the green crosses for σφL1< 70°. Therefore, equation (2) provides

Figure 9. Scatterplots of the indices (left column) σφ and (right column) S4 for all combinations of the three GPS frequen-
cies. The blue straight lines through the origin result from equations (2) and (3), respectively (the corresponding
coefficients are shown). The green crosses indicate the average of all ordinate values associated with narrow and
consecutive abscissa intervals. The dashed red curves indicate 1%, 10%, 50%, 90%, and 99% percentiles, obtained by
similar procedures to that utilized in the determination of the average curve.
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an excellent representation for the average relationship between σφ and the GPS frequency. The present
results are also in good agreement with the results reported by Jiao and Morton [2015] for Jicamarca, Peru
(11.9°S, 76.9°W).

Figure 9 (right column) additionally displays dashed red curves, indicating 1%, 10%, 50%, 90%, and 99% per-
centiles, obtained by similar procedures to that utilized in the determination of the average curve. Based on
these curves, it is possible to estimate the distribution of the ordinate σφLa for each range (10°n� 5°, 10°n+ 5°)
of the corresponding abscissa. It should be noted that the percentile curves of the plots (σφL1, σφL2C) and
(σφL1, σφL5) exhibit a gradual data spreading around the average line as σφL1 increases. Figure 9e shows that
the dispersion of the values around the average curve is less for the σφL2C versus σφL5 plot than the other
cases indicated immediately above, since the corresponding frequencies are very close.

Figure 9 (left column) represent the relationships between different combinations of pairs of S4Lb and S4La
values in the same format as that in Figure 9 (right column). These plots also display blue straight lines
through the origin representing equation (3) and the corresponding coefficients, which are equal to the fre-
quency ratio raised to the power 3/2. The plots in Figures 9a and 9c indicate that this equation only repre-
sents the average relationship between the pairs (S4L1, S4L2C) and (S4L1, S4L5) in the restricted range
S4L1< 0.6. In other words, the average values of both S4L2C and S4L5 (represented by green crosses) tend
to saturate around unity well before S4L1 attains unity and increases beyond. On the other hand, equation
(3) is an excellent representation for the average relationship between S4L2C and S4L5 due to the proximity
of these two frequencies. With the exception of the range S4L1> 0.6, which was not considered by Jiao
and Morton [2015], the above results are in good agreement with the ones reported for Jicamarca, Peru
(11.9°S, 76.9°W). A discussion based on the percentile curves of the plots (S4L1, S4L2C), (S4L1, S4L5), and
(S4L2C, S4L5) would also be entirely similar to the one in the previous paragraph and will be omitted.

7. Summary and Conclusions

This study presented and discussed the results of an analysis of scintillation data at the L1, L2C, and L5
frequencies recorded during 5months (from November 2014 to March 2015) at São José dos Campos,
Brazil, located near the southern crest of the equatorial ionization anomaly. Analysis has been performed
on both amplitude and phase scintillation, with the corresponding characteristics of both types of scintilla-
tion relating to some key irregularity features have been examined and compared. Important aspects of local
time and spatial distributions of scintillation were discussed. The unique nature of the associated plasma bub-
ble irregularity distribution with respect to the geomagnetic field configuration that produced propagation
angle dependent scintillation enhancement over the Brazilian region was also discussed. A brief summary
of the main results and some conclusions are presented below.

During the period of this study, noticeable scintillation (S4> 0.3 or σφ> 10°) was present during 8% to 10% of
the time interval (1900 LT to 0200 LT), while strong scintillation (S4> 0.7 or σφ> 30°) was present only during
2% to 4% of the same time interval. During the local time period of its larger occurrence probability (2000 LT
to 2300 LT), the percentage concentration of phase scintillation activity (80%) was higher than that of ampli-
tude scintillation activity (60%).

A case of TEC depletion event, marking an EPB passage across a raypath, was examined together with the
associated variations in S4 and σφ (Figure 1). It showed that scintillation occurred at the strong gradient region
of the depletion and it appearedmore intense at the western wall of the plasma bubble in its (expected to be)
eastward drift motion. This picture supported the results from previous studies [Tsunoda, 1983; Tulasi Ram
et al., 2012] that also addressed the question of colocation of smaller-scale irregularity growth associated with
a developing plasma bubble.

The local time distributions of amplitude and phase scintillations (Figure 3) were examined and found to be
very similar at corresponding intensity levels. In the case of phase scintillation for different intensity ranges, it
was found that more than 75% of the cases corresponded to σφ< 30°. Additionally, during the absolute peak
intervals for moderate phase scintillation, 76.4%, 86.8%, and 86.5% of the cases corresponded to σφ< 30° at
the L1, L2C, and L5 frequencies, respectively. These cases of scintillation (σφ< 30°) started around 1930 LT to
reach its peak occurrence from 2200 LT to 2330 LT at the L1 frequency. However, the peak occurrence shifted
to later hours (from 2300 LT to 2330LT) at the lower frequencies L2C and L5. The cases of stronger phase
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scintillation (σφ> 30°) started around 2000 LT, the occurrence maximizing between 2100 LT and 2130 LT, 1 h
earlier than the peak in weak scintillation. During the peak occurrence, the percentage of the strong cases
was 34.8% at L1 and this percentage increased with the decrease in frequency, being 38.2% at L2C and
55.8% at L5.

A noteworthy observation is that the cases of σφ> 60° that can lead to receiver loop failure during carrier
tracking procedures occurred frequently between 2100 LT and 2130 LT. The total number of such occur-
rences during the analysis period was 462, 214, and 210 times at the respective frequencies, which is a sig-
nificant problem for the safety of GNSS applications.

The local time variation of the amplitude scintillation is very similar to that of the phase scintillation, as can be
easily verified by noting (in Figure 3) the similarities of the variations in different intensity ranges, such as
S4< 0.6 with σφ< 30° and S4> 0.6 with σφ> 30°.

The spatial distribution of phase scintillation, as seen from the receiver location, was examined for different
ranges of σφ values at the three frequencies by associating each case with the azimuth and elevation angles
of the respective IPP. It was noted that there is a dominance of σφ in the northern quadrants of the field of
view. These quadrants cover the equatorial anomaly crest region of large ambient plasma density, causing
enhanced scintillation. Enhanced scintillation was also present around the azimuth angle of 345° at all levels
of phase scintillation. In view of the large westward magnetic declination (21.4°W) of this region, this result
strongly suggested the possibility that the GPS satellite signal reception was close to being end-on through
magnetic field-aligned plasma bubbles. Under this alignment, the larger propagation path length through
the bubbles can result in larger scintillation intensity, as indeed observed in these cases. Further analysis
based on calculation of the propagation angles with respect to the magnetic field line (in elevation and azi-
muth) clearly showed that cases of loss of phase lock occurred more frequently for small values of these
angles, and they were distributed around values of S4 = 1. Cases of scintillation enhancement over a low-
latitude site in the northern hemisphere (Calcutta, India, 22.5°N, 88.3°E) as observed on GPS signals received
from southern region over that station, not directly related to the enhanced EIA electron density, were attrib-
uted to nearly field-aligned satellite-to-receiver propagation paths by DasGupta et al. [2004]. Based on an
extensive set of data samples (311,369 scintillation values), the present work has provided for the first time
a quantitative verification and confirmation of the effect of scintillation enhancement due to closer magnetic
field-aligned satellite-to-receiver propagation paths.

The more frequent cases of σφ observed in Figure 4 at elevation angles greater than 36° may be indicative of
the vertical growth rate for the bubble to reach appropriate apex heights over the equator that can contri-
bute toward EPB-aligned line of sights from the receiver. It was also noted that intense phase scintillation
was observable at higher-elevation angle (around 60°) at the lower frequency (L5), though with a limited
number of data samples. A most noteworthy aspect is that no significant scintillation cases could be observed
from the southern quadrants (180°–270°) of the receiver field of view, which is an indication that during the
observational period (November 2014 to March 2015), which is close to the recent solar maximum, the EPBs
did not rise up to more than about 900 km over the equator, the apex height of the magnetic field lines that
map to the F region over São José dos Campos.

A comparison between S4 and σφ (Figure 6) for each of the three frequencies showed a well-defined relation-
ship between them. However, there are nonnegligible numbers of simultaneous cases of high values of S4
and low values of σφ, and vice versa. A somewhat linear relationship between S4 and σφ values averaged over
discrete intervals was observed for σφ< 70°. The corresponding average S4 values are found to be slightly lar-
ger at the lower frequencies. Also, S4 values tended to saturate for larger σφ values, exceeding around 80°.
This suggests that for severe events, phase measurement can provide a better evaluation of scintillation
variability than it is possible from amplitude measurement. This observation seems to also indicate that
the combination of intense amplitude scintillation and weak phase scintillation is more common than the
opposite case.

A detailed study showed that although most cases of σφ and S4 are highly correlated, there is a substantial
number of examples of poor to moderate correlations. The total percentages of weak, moderate, and strong
correlation cases for the L1 frequency are 14%, 28%, and 58%, respectively. It was also found that in the lower
ranges of values of σφ (<30°) and S4 (<0.7), the percentages of cases with weak, moderate, and strong cor-
relations are nearly the same (35.16%, 30.07% and 34.07%, respectively). On the other hand, for higher
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values of σφ (>30°) and S4 (>0.7), the corresponding percentages of the cases are 0.00%, 15.85%, and 84.15%
respectively, indicating the dominance of cases of strong correlation for more intense scintillation. However,
the circumstances that control the degree of correlation are not clearly identified.

A study (Figure 2) of complementary cumulative distribution functions of σφ and S4 for the three frequencies
provided an empirical quantification of the frequency dependence of phase and amplitude scintillation,
showing that lower frequencies (L2C and L5) suffer more intense scintillation than L1. A more direct analysis
on the frequency dependence of σφ and S4 was carried out (Figure 9) with the objective of verifying the valid-
ity of the theoretical representations of the ratios of the scintillation indices at the different frequencies. This
investigation was also carried out to support evaluations of the severity of scintillation at the new lower fre-
quency L5 (intended for aeronautical applications) based on the values at themore widely used L1 frequency.
The result showed that the ratios of phase scintillation indices were in excellent agreement with their
expected values (that is, the corresponding frequency ratios) until a transition value σφ≈ 70° at the L1 fre-
quency is reached. In the case of amplitude scintillation (for which the expected ratio was the frequency ratio
raised to the power 3/2) the transition occurred at S4L1≈ 0.6. Above these transition values, the ratios
decrease, tending to saturate with further increase in the scintillation intensity at L1. However, the scintilla-
tion ratio between the two closer frequencies L2C and L5 maintained its expected value at all levels of
scintillation intensity.

As summarized above, this study has examined some of the most outstanding characteristics of amplitude
and phase scintillation on GNSS signals in the region of the equatorial ionization anomaly over Brazil, where
the plasma bubble activity is known to be often more intense and frequent than at other longitude sectors.
This may well be one of the first such studies undertaken for a low-latitude location. A few of the main con-
clusions may be briefly summarized as follows: (1) a case study shows that the scintillation irregularities may
form at the western wall of a developing bubble, confirming previous results; (2) local time variations show
that amplitude and phase scintillation in all ranges of intensities initiate at the same local time (approximately
20:00 LT), but the stronger events attain peak intensity by 21:30 LT, earlier (by 1 to 2 h) than the weaker
events, with all events decaying by about 02:00 LT; (3) scintillation intensity becomes enhanced and loss of
phase lock becomes more frequent when signal propagation path segments are closer to being aligned with
magnetic field lines, in addition to its enhancement due to higher background density of the EIA; (4) during
the present observational period of the recent solar maximum the plasma bubble vertical extension over the
equator did not exceed approximately 900 km, as indicated by the absence of scintillation southward of the
present observing site; (5) phase and amplitude scintillation are well correlated in general, but at smaller scin-
tillation intensities the cases of weak, moderate, and strong correlation between them are about the same,
whereas at larger intensities the cases of strong correlation dominate; and (6) the frequency dependence
of the scintillation is observed to obey its theoretical representation based on inverse frequency ratio in
the case of σφ and that raised to 1.5 in the case of S4 but fails to obey it beyond a transition value of scintilla-
tion at the higher frequency.

Finally, it should be pointed out that this study has clarified a number of relevant issues. However, it has also
raised some important questions that need to be addressed in future investigations: detailed understanding
of the relationship between σφ and S4 at different phases of a bubble development, including their charac-
teristics at the western and eastern walls of a zonally drifting EPB; departure from simple theoretical represen-
tation of the frequency dependence of scintillation at more intense events (above the transition values of σφ
and S4 revealed from this study); detailed understanding of the scintillation enhancement effect due to end-
on view of satellites through magnetic field-aligned plasma bubbles; the circumstances that control the
degree of the correlation between amplitude and phase scintillation; the role of refractive effect in phase
scintillation; etc.

Several limitations of the S4 and σφ indices have been discussed in the literature [Forte and Radicella, 2002;
Beach, 2006; Moraes et al., 2014]. Carrano et al. [2012] proposed the iterative parameter estimate (IPE) techni-
que to infer the parameters of an equivalent ionospheric screen from scintillation data. It assumes that all
levels of low- and high-latitude scintillation (for all time sectors, seasons, levels of Sun activity, etc.) can be char-
acterized from a two-component inverse power law irregularity spectrum which depends on six parameters:
drift, Fresnel radius, turbulence strength, twopower law indices, and abreak scale size. This technique,which is
not based on the S4 and σφ, could be applied to understand the differences between high-latitude and
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low-latitude scintillation. However, it is complex and time-consuming. A faster technique which could be in
implemented by future-generation ISMs to provide improved real-time characterization of ionospheric irregu-
larities under both weak and strong scintillation conditions has been recently proposed [Carrano et al., 2015]
and could be further explored. In the meantime, S4 and σφ still are the most widely used parameters in the
description of ionospheric scintillation, also routinely provided by the current generation of high-quality
ISMs. It should be particularly observed that the ISM used for the present study and the applied preprocessing
of the raw data meet the recommendations by respected developers [Van Dierendonck et al., 1993;
Van Dierendonck, 2008] and follow the conventional practice [Doherty et al., 2003; Jiao and Morton, 2015].

Another important subject for future studies is how well GPS processors perform as a function of C/No and
fully and carefully defined scintillation inputs, considering the combined operation of PRN correlators and
PLLs. These and related topics will be the focus of future investigations.
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