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Abstract First experimental proof of a clear and strong dependence of the standard phase scintillation
index (σφ) derived using Global Positioning System measurements on the ionospheric plasma flow around
the noon sector of polar ionosphere is presented. σφ shows a strong linear dependence on the plasma
drift speed measured by the Super Dual Auroral Radar Network radars, whereas the amplitude scintillation
index (S4) does not. This observed dependence can be explained as a consequence of Fresnel frequency
dependence of the relative drift and the used constant cutoff frequency (0.1 Hz) to detrend the data for
obtaining standard σφ. The lack of dependence of S4 on the drift speed possibly eliminates the plasma
instability mechanism(s) involved as a cause of the dependence. These observations further confirm that the
standard phase scintillation index is much more sensitive to plasma flow; therefore, utmost care must be
taken when identifying phase scintillation (diffractive phase variations) from refractive (deterministic) phase
variations, especially in the polar region where the ionospheric plasma drift is much larger than in equatorial
and midlatitude regions.

1. Introduction
Any transionospheric radio signal encounters various effects such as group delay, phase advance, and ran-
dom rapid fluctuations of the amplitude and phase of the signal, because of the presence of plasma and
structures within the ionosphere. Most of these effects can be corrected or mitigated using multifrequency
measurements. However, rapid and random fluctuations of amplitude and phase (scintillation) cannot be
easily corrected or mitigated (Kintner et al., 2007). Under these conditions, Global Satellite Navigation
System (GNSS) including Global Positioning System (GPS) signals are degraded or become completely
useless. Phase variation in a transionospheric radio signal (e.g., GPS signal) can be broadly classified into
two categories: (a) refractive (deterministic) which can be corrected using multifrequency measurements
and (b) diffractive (stochastic), such as scintillations, which cannot be corrected. Historically, diffractive
fluctuations (scintillation) in amplitude and phase are quantified by using the amplitude scintillation index
(S4, normalized standard deviation of the amplitude for a 1 min interval) and the phase scintillation index
(σφ, standard deviation during a 1 min period). In order to derive these scintillation indices using GNSS
(such as GPS) measurements, a long-term trend needs to be removed, consisting of the Doppler shift
due to the satellite receiver relative motion and slowly varying background ionosphere, and some hard-
ware effects such as clock drift. A sixth-order Butterworth filter with a 0.1 Hz cutoff frequency in standard
processing is often used to detrending the signal (e.g., Prikryl et al., 2014). This 0.1 Hz cutoff frequency was
obtained statistically using wideband satellite measurements (Fremouw et al., 1978) and now widely used
by many GPS receiver manufacturers and users for automated calculation of scintillation indices, which
can be simply considered as the Fresnel frequency (e.g., Van Dierendonck & Arbesser-Rastburg, 2004;
Van Dierendonck et al., 1993). If one does not choose this frequency carefully, the refractive variations will
also be included (Forte & Radicella, 2002; Mushini et al., 2012), making phase scintillation index useless for
the intended purpose in study of scintillation especially under the disturbed conditions. Many researchers
have used these indices (as provided by the receiver), for scientific purposes including the identification of
the scintillation formation mechanisms and space weather effects on GNSS signals (e.g., De Franceschi
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et al., 2008; Moen et al., 2013; Oksavik et al., 2015; Prikryl et al., 2010, 2012, 2014). However, the Fresnel
frequency linearly depends on the relative velocity between the receiver, the ionosphere, and the GPS
satellite (e.g., Forte & Radicella, 2002). For equatorial and midlatitude regions, the ionospheric drift is typi-
cally around 100 m/s (e.g., Kintner et al., 2004) and the use of 0.1 Hz should be adequate. For high-latitude
regions, however, it is an entirely different scenery because of the very high and variable ionospheric drift
velocity (~100 m/s–1,500 m/s) (e.g., MacDougall & Jayachandran, 2001). The value of the cutoff frequency
does not affect the determination of the amplitude scintillation index, but it does affect the phase scintil-
lation index very much (Beach, 2006; Forte & Radicella, 2002; Mushini et al., 2012). The use of an inaccurate
cutoff frequency also led to several cases of “phase without amplitude scintillation” event studies (e.g.,
Doherty et al., 2003; Li et al., 2010; Pi et al., 2001), showing phase scintillation occurrence much higher
than the amplitude scintillation in the polar region (Jin et al., 2015; Prikryl et al., 2013; Spogli et al.,
2009). Wavelet-based detrending methods have been adapted to address some of these issues
(Materassi et al., 2009; Materassi & Mitchell, 2007; Mushini et al., 2012). To better represent phase scintilla-
tion, two new phase scintillation indices have been proposed, providing a more robust performance
against detrending effects (e.g., Forte, 2005; Mushini et al., 2012). However, these indices are still calculated
from the detrended phase with a fixed cutoff frequency, which can be affected by changes the Fresnel
frequency due to changes in the ionospheric drift velocity. These studies indicate that the fundamental
question still remains regarding the effect of ionospheric drift on the variation of the phase of GPS signal
and the determination of the phase scintillation index. A recent study by Jayachandran et al. (2017) has
shown that in the polar region both amplitude and phase scintillation raw time series and the spectra
exhibit similar behaviors as expected.

In this paper, we present the first observational evidence on the relationship between the phase scintillation
index and the plasma drift speed in the high-latitude noon sector based on the observations from the
Canadian High Arctic Ionospheric Network (CHAIN) GPS receivers (Jayachandran et al., 2009) and the Super
Dual Auroral Radar Network (SuperDARN) Kapuskasing (KAP) and Saskatoon (SAS) radar pair (Chisham
et al., 2007; Greenwald et al., 1995).

2. Data and Method of Analysis

The scintillation data in this study are provided by GPS receivers of the CHAIN, which currently consist of 24
high data rate (50 Hz and 100 Hz sampling) GPS receivers distributed in the Canadian Arctic. For this particular
study, we have used the 50 Hz data from the Novatel GSV4004B GPS receivers (at locations shown in Figure 1
by yellow stars). These receivers are capable of sampling only of 50 Hz. CHAIN GPS receivers offer a large spa-
tial coverage in the high-latitude region. In this study, we focused on the 11:00–13:00 magnetic local time
(MLT) sector over the 69°–75° magnetic latitude (MLat) interval in the Northern Hemisphere, which is around
the statistical cusp region in the Canadian sector and corresponds to 18:00–20:00 UT. Around this region,
large variations in the plasma drift are often observed due to the dayside pulsed reconnection, particle
precipitation, and associated ionospheric electrodynamics (e.g., Basu et al., 1994, 1998; Carlson et al., 2004,
2007; Moen et al., 2012, 2013; Oksavik et al., 2011, 2012; Zhang et al., 2008, 2010, 2011), making this an ideal
region to study the effect of plasma drift on the GPS signal phase variations.

In order to quantify amplitude and phase variations, we have used the standard amplitude scintillation index
(S4) and phase scintillation index (σφ) with 1 min resolution. We have avoided GPS measurements lower than
20° elevation to mitigate multipath effects. For this study, both the carrier phase and amplitude are
detrended using a sixth-order Butterworth filter with a fixed cutoff frequency of 0.1 Hz to remove long-term
variations, which is often used by the receivers as well as many studies mentioned in section 1. This standard
method has been adopted to show the issue experimentally, which was theoretically shown by Rino (1979)
and quantitatively shown by Forte and Radicella (2002).

We also use plasma flow data from SuperDARN radars, which consist of more than 30 high-frequency radars
with a wide coverage both in the Northern and Southern Hemispheres (Chisham et al., 2007). SuperDARN
monitors the motion of field-aligned plasma irregularities in decameter-scale along line-of-sight directions
of radar beams. The region of interest for this study is covered by the SuperDARN KAP and SAS radar pair.
Based on line-of-sight Doppler measurements from these two radars, a plasma velocity can be obtained
through the fitting process within the map potential technique (Ruohoniemi & Baker, 1998), which has a
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time resolution of 2 min and a spatial resolution of 1° MLat × 2° magnetic longitude under Altitude
Adjustment Corrected Geomagnetic coordinates (herein and after).

Figure 1 shows an overview of the distributions of the CHAIN GPS receivers (marked with yellow stars) and
the field-of-view of the SuperDARN KAP and SAS radars on MLat/MLT grid with noon top at 19:17 UT
on 17 March 2015. The highlighted magenta region represents the region of 69°–75°MLat and 11:00–
13:00 MLT, which is referred as “the selected region” herein. This region is considered in this study for the fol-
lowing reasons: (1) This region is usually identified as the region of high plasma drift variability (Basu et al.,
1994, 1998; Carlson et al., 2004, 2007; Moen et al., 2013; Oksavik et al., 2011, 2012; Zhang et al., 2008, 2010,
2011); (2) availability of the SuperDARN radar backscatter from both radars to obtain merged drift vectors;
and (3) availability of a number of GPS receivers and multiple intersection raypaths in and around the region
of interest.

3. Results

A selected example of a 2-D map of plasma flow together with maps of the amplitude and phase scintillation
indices is shown in Figure 2. Each map is in MLat and MLT coordinates at 19:17 UT on 17 March 2015. During
this period, a severe geomagnetic storm occurred that has been much studied. This stormed condition pro-
vided us with a data of highly variable convection to illustrate the dependence of σφ on plasma flow. Figure 2
shows the plasma drift velocity, σφ and S4, respectively. In each panel, the sector with the magenta frame is
the selected region we are considering for this study. In Figures 2b and 2c, the colored squares (including the
gray) represent averaged scintillation indices in the spatial region of 1° MLat and 8 min in MLT. The adopted
altitude of ionospheric pierce points of these indices is 350 km, roughly indicating the F2 region of iono-
sphere. This particular method for projecting GPS scintillations has been adapted by Wang et al. (2016).
For comparison with the 2 min resolution plasma drift data from radars, related scintillation data are taken

Figure 1. Map showing the locations of Canadian High Arctic Ionospheric Network (CHAIN) Global Positioning System
receivers (yellow stars) and the field-of-view of Super Dual Auroral Radar Network (SuperDARN) Kapuskasing (KAP) and
Saskatoon (SAS) radars inmagnetic latitude/magnetic local time coordinate systemwith noon on the top dawn on the right
at 19:17 UT. The specific observation zone is defined by two adjacent dotted curves, each corresponding to roughly the
ionospheric F layer altitude. The region of interest in this study is highlighted by the magenta box covered by the two
specific observation zones, which is in spatial range of 69°–75° magnetic latitude and 11:00–13:00 magnetic local time
during 18:00–20:00 UT interval.
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Figure 2. An example map of plasma drift vector (a) determined by Super Dual Auroral Radar Network Saskatoon-
Kapuskasing radar pair, Global Positioning System phase (b) and amplitude (c) scintillation in magnetic local time-
magnetic local time (MLT) coordinates. Noon is on the top at 19:17 UT on 17 March 2015.
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at the middle time of each velocity interval. For example, when the radar measurements during the interval
19:16–19:18 UT used, the scintillation data at 19:17 UT will be taken. These figures show strong flows
measured by SuperDARN radars in and around the selected region (marked by the box), while the
corresponding σφ shows higher values in that region indicating strong phase variations (σφ > 0.4 radians),
whereas the corresponding S4 shows very low values representing weak amplitude variations (S4 < 0.2).
Most of the published results (e.g., Doherty et al., 2003; Fremouw et al., 1978; Kintner et al., 2007; Oksavik
et al., 2015; Pi et al., 2001) treated this as “phase without amplitude” scintillation. A closer look at the figure
also reveals that there is a case outside the region of interest as well, which we did not consider for the
study because of the criteria mentioned earlier.

Figure 3 shows an example of time series of averaged plasma drift speed, σφ, and S4 for the period 18:00–
20:00 UT on 1 October 2015 over the selected region. These data were extracted and averaged from the grids
inside this region, which incorporates measurements of both scintillations and the velocity at a certain time.
The top panel (Figure 3a) shows plasma drift speed and σφ variations, while the bottom panel (Figure 3b)
shows plasma drift speed and S4 variations. Error bars are standard deviations of thesemean values over each
averaging interval. The discontinuities of the lines in the time series represent data gaps. There is a high
degree of correlation between plasma drift speed and scintillation indices with a higher degree of depen-
dence of σφ (0.67) than S4 (0.34) from Figure 3.

In order to further quantify the dependence of scintillation indices on plasma drift, a statistical study has been
performed, using data from the region of interest (69°–75° MLat and 11:00–13:00 MLT) for a 3 year period
from 2013 to 2015. We have binned the data in velocity bins of 5 m/s and averaged σφ and S4 in each bin.
Figure 4 shows the relationship between the plasma drift speed and scintillation indices. Figure 4a is for flow
speed and σφ, and Figure 4b is for flow speed and S4. Each figure also shows the linear least squares fit with
the correlation coefficient and the equation for the best fit based upon the average values in each bin. There
is a high degree of correlation between plasma drift speed and both scintillation indices (correlation coeffi-
cient of 0.97 between σφ and plasma drift speed and correlation coefficient of 0.83 between S4 and plasma
drift speed). Note that the standard errors of correlation coefficient are 1.4 × 10�6 (σφ) and 9.4 × 10�6 (S4).
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Figure 3. An example of time series of (a) average flow speed (blue line) and phase scintillation index (red line) and
(b) average flow speed (blue line) and amplitude scintillation index (red line) in the region of interest (magenta box in
Figure 1). Error bars are the standard deviations of each measurement. The time series is for the interval 18:00–20:00 UT on
1 October 2015.
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However, themagnitude of the dependence on flow speed, as measured by the slope of the best fit, is 1 order
of magnitude greater for σφ (0.16) when compared with S4 (0.01). This is an important result and the first
observational evidence that support the theoretical prediction of Rino (1979) and further quantification of
Forte and Radicella (2002) that the phase variations/fluctuations exhibit a dependence on the relative drift
velocity and the propagation geometry. Note that in this study only the magnitude of the plasma drift had
been considered.

4. Discussion

Refractive effects (deterministic) on the phase of a transionospheric radio wave are well known and have a
well-established relationship with electron density along the raypath and the frequency of a wave. These
are caused by large-scale (larger than the Fresnel scale) electron density variations in the ionosphere. On
the other hand, diffractive effects (stochastic) are stirred up by scales smaller than the Fresnel scale (e.g.,
Kintner et al., 2007). Fresnel scales are approximately 290 m for phase and 350 m for amplitude in L-band
at a height of 350 km. Fresnel frequency is a crucial parameter when dealing with the GPS data. As mentioned
above, refractive variations are expected to be causedmostly by large-scale structures (lower than the Fresnel
frequency). These variations are typically assumed to be too low in frequency to be of importance in scintilla-
tion analysis and are ignored in many cases. However, if conditions are suitable (especially when the relative
drift velocity is high), these refractive variations will be visible well past 0.1 Hz (often used as the cutoff fre-
quency for detrending), frequencies typically associated with diffraction. Therefore, it is crucial to determine
the Fresnel frequency accurately in order to eliminate refractive variations from the scintillation analysis. If it is
not determined properly, one will be including refractive phase variations in the scintillation analysis and
those will have higher phase scintillation index compared to amplitude scintillation index.

The results presented here clearly demonstrate a strong dependence of σφ, calculated using the standard
approach, on the plasma drift speed. This dependence is possibly due to the increase in the difference
between Fresnel frequency (due to the increase in relative drift speed which is proportional to the plasma
drift) and the fixed cutoff frequency. As the relative drift speed increases, the Fresnel frequency increases
and more refractive phase variation will be included in the scintillation analysis, which causes σφ to be
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Figure 4. Scatterplot of the phase and amplitude scintillation with the flow speed. Flow speed is binned at 5 m/s bins. Box
symbols are average scintillation indices in each bin, and error bars are standard deviation in each bin. Correlation
coefficient of the averages and line of best fit to the averages are also shown in the figure.

Journal of Geophysical Research: Space Physics 10.1002/2017JA024805

WANG ET AL. 2375



higher. If one were just looking at the scintillation indices, this would obviously explain the scenario of “phase
without the amplitude” scintillation observed by many researchers (e.g., Doherty et al., 2003; Fremouw et al.,
1978; Kintner et al., 2007; Oksavik et al., 2015; Pi et al., 2001). This also explains the observations of a larger
occurrence percentage of phase scintillation when compared to amplitude scintillation in the high-latitude
regions (Doherty et al., 2003; Prikryl et al., 2013; Spogli et al., 2009).

Another possible explanation to the dependence of phase scintillation index on the convection speed is
plasma instability mechanisms that in operation. There are two known plasma instability mechanisms that
cause scintillations in the polar region. They are the gradient drift and Kelvin-Helmholtz instabilities (e.g.,
Basu et al., 1994, 1998; Carlson et al., 2007; De Franceschi et al., 2008; Moen et al., 2012, 2013; Oksavik
et al., 2012). Gradient drift instability works on all density gradients along direction of the plasma flow, most
effective at edges where the gradient is parallel to the flow, which is a convective instability with its nonlinear
evolution (e.g., Keskinen & Ossakow, 1983; van der Meeren et al., 2014, and references therein). Kelvin-
Helmholtz growth has a complicated dependence on the drift speed through the velocity shearing scale
length. The lack of amplitude scintillation dependence on the drift speed strongly suggests that plasma
instability mechanisms are not the cause of this dependence of phase scintillation index on the plasma
drift speed.

One may also make the following argument since σφ is the standard deviation of the phase. Consider a dif-
fraction pattern caused by irregularities and the raypath traverses this pattern at a constant velocity.
Amplitude and phase scintillation will result, but phase scintillation will increase relative to zero velocity,
and faster velocities will create phase scintillation from larger-scale functions in the diffraction pattern. In this
case the absence of the amplitude scintillation will be the result of spatial filtering effect. In essence, this also
boils down to the selection of the optimum detrending frequency (Fresnel frequency). If one detrends the
signal with the correct frequency or under low drift speed (when 0.1 Hz is appropriate) phase and amplitude
scintillation must appear together, dependent fundamentally on the diffraction/interference pattern caused
by the irregularities as recently shown by Jayachandran et al. (2017).

As discussed above, the observed dependence can be explained more likely by a problem that the selection
of the fixed cutoff frequency of 0.1 Hz for the high-latitude regions. This constant cutoff frequency of 0.1 Hz
was first used by Fremouw et al. (1978) in their experiments and subsequently adapted for GPS for all latitude
regions. In the nightside auroral region, the two fixed cutoff frequencies of 0.1 Hz and 0.3 Hz have been tested
to estimate the effect of cutoff frequency on identifying the scintillations (Forte, 2005; van der Meeren et al.,
2014). When the cutoff frequency was increased from 0.1 Hz to 0.3 Hz, phase fluctuations were found to be
weaker still without amplitude scintillations. Recently, Mushini et al. (2012) have shown that proper treatment
of the data leads to complete elimination of the “phase without amplitude” scintillation. Precise determina-
tion of the Fresnel frequency ergo the detrending cutoff frequency, one needs to use the geometry of the
satellite track with respect to the plasma flow and the precise height of the ionospheric structure.

5. Conclusion

This paper presents the first evidence for the strong dependence of phase scintillation index (σφ) on the
plasma drift in the noon sector of polar region. This observed dependence can and should be rectified by
dynamical selection of the cutoff frequency in detrending the GPS data, using simultaneous and collocated
plasma drift measurements. This dependence may also explain a higher occurrence of phase scintillation in
the high-latitude region when compared to amplitude scintillation and the so-called phenomenon “phase
without amplitude” scintillation. This paper also amplifies the importance of taking the utmost care in using
the phase scintillation index in the high-latitude regions.
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