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Abstract In this paper we study a tongue of ionization (TOI) on 31 October 2011 which stretched across
the polar cap from the Canadian dayside sector to Svalbard in the nightside ionosphere. The TOI front
arrived over Svalbard around 1930 UT. We have investigated GPS scintillation and irregularities in relation to
this TOI front. This is the first study presenting such detailed multi-instrument data of scintillation and
irregularities in relation to a TOI front. Combining data from an all-sky imager, the European Incoherent
Scatter Svalbard Radar, the Super Dual Auroral Radar Network Hankasalmi radar, and three GPS scintillation
and total electron content (TEC) monitors in Longyearbyen and Ny-Ålesund, we observe bursts of phase
scintillation and no amplitude scintillation in relation to the leading gradient of the TOI. Spectrograms of
50 Hz phase measurements show highly localized and variable structuring of the TOI leading gradient, with
no structuring or scintillation within the TOI or ahead of the TOI.

1. Introduction

During active geomagnetic conditions, especially southward oriented interplanetary magnetic field (IMF),
high-density plasma may be convected from a solar-ionized high-density plasma reservoir in the dayside
ionosphere, through the cusp region, and across the polar cap to the nightside auroral oval [Dungey, 1961;
Weber et al., 1984; Foster and Doupnik, 1984; Buchau et al., 1985; Foster, 1993; Foster et al., 2005; Moen et al.,
2008; Cousins and Shepherd, 2010; Oksavik et al., 2010; Zhang et al., 2013a; Nishimura et al., 2014]. This plasma
may be segmented in the cusp region into discrete 100–1000 km islands of high-density plasma called F
region polar cap patches. Several possible patch creation mechanisms have been suggested [e.g., Carlson,
2012, and references therein], among them is transient magnetopause reconnection, which has been pro-
posed as the dominant segmentation mechanism [Lockwood and Carlson, 1992; Carlson et al., 2002, 2004,
2006; Lockwood et al., 2005; Moen et al., 2006; Lorentzen et al., 2010; Zhang et al., 2013b]. In the absence of
segmentation, the plasma may instead form a continuous tongue of ionization (TOI) convecting and extend-
ing across the polar cap [Sato, 1959; Knudsen, 1974; Foster et al., 2005]. Areas of enhanced electron densities
such as patches and TOIs show up as regions of 630.0 nm airglow emissions from dissociative recombination
of O2+ with F region electrons creating O(1D) [Wickwar et al., 1974; Hosokawa et al., 2011]. These emissions
are detectable from ground-based optical instruments [e.g., Buchau et al., 1983; Weber et al., 1984; Lorentzen
et al., 2004; Hosokawa et al., 2006; Moen et al., 2007; Nishimura et al., 2014].

Large-scale ionospheric plasma structures such as polar cap patches often contain decameter- to
kilometer-scale irregularities, particularly on the edges [Weber et al., 1986; Basu et al., 1990, 1991, 1994,
1998; Moen et al., 2012; Oksavik et al., 2012; Carlson, 2012, and references therein]. It has been suggested
that the Lockwood-Carlson patch segmentation mechanism may initially structure patches through the
Kelvin-Helmholtz instability (KHI), creating seed irregularities which allows the gradient drift instability (GDI)
to effectively further structure the patch through its transit across the polar cap [Carlson et al., 2007, 2008].
The GDI works on all gradients except where the gradient is exactly antiparallel to the plasma flow, but
it is effective primarily at the trailing edges of density enhancements, and it is considered the dominant
instability mode in the polar cap [e.g., Ossakow and Chaturvedi, 1979; Keskinen and Ossakow, 1983; Buchau
et al., 1985; Tsunoda, 1988; Basu et al., 1990, 1998; Coker et al., 2004; Prikryl et al., 2011a; Basu et al., 1994;
Gondarenko and Guzdar, 2004a]. Simulations show that these irregularities may propagate from the trailing

VAN DER MEEREN ET AL. ©2014. The Authors. 8624

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2014JA020114
http://creativecommons.org/licenses/by-nc-nd/3.0/


Journal of Geophysical Research: Space Physics 10.1002/2014JA020114

edge into the interior of the patch, possibly structuring the whole patch at these scale sizes [Gondarenko
and Guzdar, 2004b]. Observations have indeed shown that patches may be structured throughout [e.g.,
Hosokawa et al., 2009].

Irregularities with scale sizes of decameters to kilometers may cause rapid phase and/or amplitude varia-
tions in transionospheric signals, such as global navigation satellite system (GNSS) signals [e.g., Hey et al.,
1946; Basu et al., 1990, 1998; Kintner et al., 2007]. If the irregularities have sufficiently small scale sizes, the
phase and amplitude variations are diffractive in nature and are termed scintillations [e.g., Mushini et al.,
2012]. Intense scintillation may cause failure of signal reception due to loss of signal lock [e.g., Kintner et al.,
2007], even during solar minimum [Prikryl et al., 2010]. Scintillation is present in both hemispheres
[Prikryl et al., 2011b].

Ionospheric scintillations are categorized into amplitude scintillations and phase scintillations. Amplitude
scintillations are caused by irregularities with scale sizes of tens of meters to hundreds of meters [e.g.,
Kintner et al., 2007], more precisely at and below the Fresnel radius, which is approximately 360 m for GPS L1
frequency (1575.42 MHz) and a phase screen altitude of 350 km [e.g., Forte and Radicella, 2002]. Amplitude
scintillations are normally quantified by the S4 index, which is the standard deviation of the received power
normalized by its mean value [Briggs and Parkin, 1963]:

S2
4 =

⟨I2⟩ − ⟨I⟩2

⟨I⟩2

Here I is the power, and the brackets indicate the expected value, in practice replaced by temporal averaging
[e.g., Beach, 2006]. Phase scintillations are caused by irregularities of scale sizes from hundreds of meters to
some kilometers [e.g., Kintner et al., 2007] and are normally quantified by the 𝜎𝜙 index, which is the standard
deviation of the detrended carrier phase 𝜙 [Fremouw et al., 1978]:

𝜎2
𝜙
= ⟨𝜙2⟩ − ⟨𝜙⟩2

The 𝜎𝜙 index is highly sensitive to refractive larger-scale (lower-frequency) phase variations not pertaining to
scintillations [e.g., Basu et al., 1991; Mushini et al., 2012], and careful detrending of the raw phase is needed.
Specifically, 𝜎𝜙 is highly sensitive to the detrending filter cutoff frequency. This will be further detailed
in section 5.

Performance of GNSS services at high latitudes is of increasing importance in, e.g., offshore and aviation;
and understanding scintillation-inducing irregularities is critical for scintillation modeling, forecasting, and
mitigation [e.g., Moen et al., 2013]. Much of the research on scintillation is using a statistical approach [e.g.,
Spogli et al., 2009; Alfonsi et al., 2011a; Li et al., 2010; Prikryl et al., 2010, 2011a; Tiwari et al., 2012]. Some case
studies in the Svalbard region have been performed [De Franceschi et al., 2008; Coker et al., 2004; Mitchell
et al., 2005]. These studies focus mainly on patches. While patches are known to be structured, it is less
known how the TOI is structured. It is readily conceivable that the irregularity processes may differ: Patches
may be initially structured by the KHI, and these irregularities are further developed by the GDI. Continuous
tongues will not experience this initial KHI structuring. Furthermore, depending on the degree of large-scale
structuring within the tongue, there may not be any clear gradients on which the GDI can work. On the
other hand, TOIs are regions of steep density gradients where we might expect strong irregularities to
be present.

In order to better understand irregularities in relation to TOIs, we present findings of GPS scintillation in
relation to the arriving front of a tongue of ionization in the nightside polar cap over Svalbard, using GPS
scintillation and total electron content (TEC) monitors, the European Incoherent Scatter (EISCAT) Svalbard
Radar (ESR), an optical all-sky airglow imager, and backscatter from Super Dual Auroral Radar Network
(SuperDARN) high-frequency (HF) radars. To our knowledge, this is the first paper presenting such a detailed
multi-instrument observation of scintillation in the Svalbard region in relation to a TOI.

2. Instrumentation
2.1. GPS Receivers
The GPS data in this study come from three NovAtel GSV4004B GPS Ionospheric Scintillation and TEC Mon-
itors. Two receivers are located in Ny-Ålesund (78.9◦ GLAT, 11.9◦ GLON, 76.6◦ Altitude Adjusted Corrected
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Figure 1. Overview of solar wind parameters, substorm activity, and vertical electron density profiles from the EISCAT
Svalbard Radar (ESR) on 31 October 2011: (a) IMF By in green and Bz in red, (b) solar wind proton density, (c) solar wind
speed, (d) the AE index, and (e) ESR vertical electron density profiles over Longyearbyen. The vertical line in Figures 1a–1c
marks the time of southward turning of the IMF. The vertical line in Figure 1d corresponds to the sharp gradient in
Figure 1e and the time shown in Figure 3c (1941 UT).

Geomagnetic Coordinates (AACGM) latitude [Baker and Wing, 1989]) and one in Longyearbyen (78.1◦ GLAT,
16.0◦ GLON, 75.5◦ AACGM latitude).

One of the Ny-Ålesund receivers (hereafter NYA) is operated by the University of Oslo (UiO), Norway. Only
60 s data were available from this receiver. The software produces calibrated TEC mapped to vertical
TEC (VTEC) and the S4 amplitude scintillation index. The software does not produce the phase scintilla-
tion index 𝜎𝜙 or the rate of TEC (ROT). The real-time software is developed by Carrano and Groves [2006],
and the data have been postprocessed using WinTEC-P [Carrano et al., 2009], an extension of WinTEC
[Anghel et al., 2008].

The other receiver in Ny-Ålesund (hereafter NYA1) and the receiver in Longyearbyen (hereafter LYB0) are
operated by the Istituto Nazionale di Geosica e Vulcanologia (INGV, Italy), as part of the Ionospheric Scintilla-
tions Arctic Campaign Coordinated Observations (ISACCO) project [Franceschi et al., 2006]. Data are available
online by means of the electronic Space Weather upper atmosphere system [Romano et al., 2008, 2013].
These receivers use NovAtel software [NovAtel, 2007]. Raw high-resolution data were available from these
two receivers. Uncalibrated slant TEC was available at a 1 Hz cadence. The TEC has been tuned to corre-
spond better to the TEC data of the UiO-operated NYA receiver. This is sufficient for our purposes since we
do not require absolute TEC measurements. Furthermore, the slant TEC has been mapped to vertical TEC as
done by Alfonsi et al. [2011b]. ROT was also available at a 0.1 Hz cadence, but due to noisy data in the LYB0
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Figure 2. (a–f ) The progression of the ionization tongue as it follows the dusk cell of the convection pattern across the
polar cap. Svalbard is marked by a black circle. Magnetic local time (MLT) is shown on the horizontal axis.

1 Hz ROT, only 60 s ROT is presented for this receiver. ROT is not influenced by satellite-receiver biases. The
S4 amplitude scintillation index has been calculated by subtracting the S4 due to ambient noise from the
total S4 in a root-sum-square sense according to the user manual [NovAtel, 2007]. The 60 s 𝜎𝜙 phase scintil-
lation index in this study is presented using both a 0.1 Hz and 0.3 Hz detrending filter cutoff frequency. The
0.1 Hz version is calculated by the receiver software in real time, while the 0.3 Hz version is calculated from
the 50 Hz raw phase data by us.
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Figure 3. All-sky imager (ASI) data showing the propagation of the
(a and b) ionization front leading up to its arrival over Longyearbyen at
(c) 1941 UT. A geomagnetic grid is shown using Altitude Adjusted Cor-
rected Geomagnetic Coordinates (AACGM) latitude and magnetic local
time (MLT). GPS and ESR ionospheric piercing points (IPPs) are shown
in Figure 3c. IPPs are shown for both receiver locations (Ny-Ålesund and
Longyearbyen) for three different satellites (PRN13, PRN23, and PRN31).
Arrows on the GPS IPPs indicate direction and orbit (IPP location) at
1941 UT ±30 min. The saturation in the lower right of the ASI data is due
to auroral emissions. At 300 km projection altitude, the diameter of the
all-sky projection is ∼1700 km.

For all receivers, some limits were
imposed on data validity according
to NovAtel [2007]. For TEC, ROT, and
S4 data, a lock time of at least 60 s has
been required. For 𝜎𝜙 data, a lock time
of at least 240 s has been required. In
addition to this, we require the eleva-
tion to be at least 20◦ for all data in
order to remove clutter associated with
multipath signals near the horizon.

2.2. Radars
The EISCAT Svalbard Radar (ESR) is
a 500 MHz incoherent scatter radar
located in Longyearbyen (78.2◦ GLAT,
16.0◦ GLON, 75.5◦ AACGM latitude). The
radar consists of two antennae: One
42 m antenna of fixed, field-aligned
orientation (81.6◦ elevation, 182.1◦

azimuth), and one fully steerable 32 m
antenna. In this study, data from the
42 m antenna are presented. We also
use data from the 32 m antenna, point-
ing toward magnetic south at 30◦

elevation, in the estimation of the
plasma drift velocity and for determin-
ing the optimal projection altitude.
The data have been analyzed using
GUISDAP (Grand Unified Incoherent
Scatter Design and Analysis Package)
[Lehtinen and Huuskonen, 1996].

The Super Dual Auroral Radar Net-
work (SuperDARN) is a network of
coherent HF scatter radars in both
hemispheres measuring backscatter
from field-aligned decameter-scale
ionospheric irregularities [Greenwald
et al., 1995; Chisham et al., 2007]. In
this study we present data from the
Hankasalmi SuperDARN radar, which
has a field of view covering Svalbard.

2.3. Optics
The all-sky imager (ASI) used in this
study is operated by the University of

Oslo and located at Ny-Ålesund. We will present data from the 630.0 nm (red) interference filter in order
to study airglow from the recombination of F region electrons with molecular oxygen. The intensity of the
airglow is proportional to the plasma density at F region altitudes [e.g., Hosokawa et al., 2011]. The camera is
not calibrated and thus the intensity readings will be given in raw counts.

2.4. Solar Wind
Solar wind data are provided by the NASA OMNIWeb service. The data come from the Wind spacecraft,
specifically the two instruments Magnetic Field Investigation [Lepping et al., 1995] and Solar Wind Experi-
ment [Ogilvie et al., 1995]. Wind was located at X = 257 RE , Y = 32 RE , and Z = 22 RE (geomagnetic solar
ecliptic coordinates). The data are time shifted to the bow shock by the OMNIWeb service.
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Figure 4. GPS data from three satellites (one per column). (a–c) The panels are identical and show the ESR electron den-
sity at 320 km altitude. The GPS parameters are (d–f ) vertical total electron content (VTEC), (g–i) rate of TEC (ROT), (j–l)
the S4 amplitude scintillation index (not available for PRN13 in the LYB0 receiver), and the 𝜎𝜙 phase scintillation index
calculated using a (m–o) 0.1 Hz cutoff frequency and (p–r) a 0.3 Hz cutoff frequency. The vertical dashed lines mark the
time shown in Figure 3c. The 0.3 Hz-detrended 𝜎𝜙 has been calculated by first subtracting a fourth-order polynomial fit
from the raw phase, and then filtering the result using a high-pass Butterworth filter with a cutoff frequency of 0.3 Hz.
The standard deviation was then computed for each minute of data.

3. Geographic Projection of Data

The optimal altitude for the geographic projection of the GPS data was determined by two separate meth-
ods. The first method was correlating the TEC values of GPS PRN20 and the electron density (ne) values from
the ESR 32 m antenna at a time when the GPS ionospheric piercing point (IPP) closely followed the ESR 32 m
beam. The second method was the determination of the altitude of the maximum F region density around
the time of interest, based on the assumption that most of the effects on the GPS signal are located in this
region. Both methods yielded a result of 320 km for the projection altitude. In order to further test the phase
screen model we also verified, using the ESR, that the vertical electron density profile was in fact dominated
by F region plasma.

The geographic projection of the ASI data were done using an altitude of 300 km, as recommended by liter-
ature [Hosokawa et al., 2011; Lorentzen et al., 2004; Millward et al., 1999]. This projection is sufficient for our
purposes because the ASI data are only used as an indicator of enhanced plasma densities in the F region.

4. Observations
4.1. Overview
A campaign was run at the ESR on 31 October 2011, 18–23 UT. Figure 1 shows an overview of solar wind
parameters, substorm activity, and the ESR vertical electron density profiles on this day. The vertical line in
Figures 1a–1c marks the time of a southward turning of the IMF, which causes high-density plasma from the
dayside to be convected into the polar cap. Figure 1d shows the AE index, whose positive bay signature is
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Figure 5. Power spectral densities (PSD) of detrended raw 50 Hz phase data for each satellite-receiver pair. The dashed
line indicates 1941 UT. The red line shows the 10 s average of 1 Hz ROT (arbitrary units) as an indicator of the TOI leading
edge. The white areas in the spectrogram are due to data gaps.

indicative of a substorm. Figure 1e shows electron density from the ESR 42 m field-aligned antenna. When
the front of the TOI passes overhead at 1941 UT, the ESR data show a sudden enhancement of F region elec-
tron density. This is further enhanced, though not as suddenly, until 2000 UT. The enhanced densities seem
to persist until a sudden drop around 2115 UT. Figure 2 shows the progression of the TOI across the polar
cap in the antisunward portion of the dusk convection cell. The TOI begins to form on the dayside around
1815 UT (Figure 2a). The front of the TOI arrives over Svalbard around 1930 UT.

4.2. GPS Parameters
Figure 3 presents ASI data showing the propagation of the TOI front and the ionospheric piercing points
(IPPs) of the ESR and the GPS satellites at 320 km altitude. The IPP drift speeds at 1941 UT are 167 m/s,
66 m/s, and 60 m/s for PRN13, PRN23, and PRN31, respectively. The drift speed of the plasma is estimated
to be 430–480 m/s, based on calculations of the delay between the appearance of the TOI front in the two
ESR antennae. Combined with a visual estimation of the plasma drift direction (135–139◦ geographic east)
this yields relative drift velocities of 500–560 m/s, 450–500 m/s, and 460–520 m/s for PRN13, PRN23, and
PRN31, respectively.

VAN DER MEEREN ET AL. ©2014. The Authors. 8630
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Figure 6. SuperDARN backscatter power overlaid on top of all-sky imager
data (for reference). GPS ionospheric piercing points are shown together
with an Altitude Adjusted Corrected Geomagnetic Coordinates (AACGM)
latitude and magnetic local time (MLT) grid.

Figure 4 shows data from the three
GPS satellites and the ESR electron
density at 320 km altitude. The ESR
data (Figures 4a–4c are all identical)
show a sudden increase of the elec-
tron density to around 4 times the
background level as the TOI front
passes overhead. In the PRN13 data,
we can see an abrupt increase in the
VTEC (Figure 4d), also clearly visi-
ble in the ROT (Figure 4g), just as the
TOI front hits. This is seen first in the
two Ny-Ålesund receivers and some
minutes later in the Longyearbyen
receiver, as one would expect with
the current geometry of receivers and
drifting plasma structures. Coincident
with this TEC gradient at both receiver
locations is a burst of weak phase
scintillation (Figure 4m), reaching
values of 𝜎𝜙 = 0.15 radians before
returning to quiet levels just after the
TOI front passes and the VTEC stabi-
lizes (and the ROT returns to zero).
The S4 amplitude scintillation index
(Figure 4j) is practically flat. There are
no clear changes in S4 as the TOI front
intersects the signal paths.

In the PRN23 data, the VTEC increase (Figure 4e) is softer than in the PRN13 data. This is also seen in the
weaker and more gentle ROT increases. There is no indication of any phase or amplitude scintillation
(Figures 4k and 4n).

In the PRN31 data, even though the TEC increase (Figure 4f ) seems softer than in the PRN13 data, the ROT
indicates a structured and steep TEC gradient. Fine structure is also visible in the 1 Hz TEC data from LYB0
and NYA1. There are clear and moderate spikes in 𝜎𝜙 (Figure 4o) coinciding with the arrival of the TOI front,
reaching values of 𝜎𝜙 = 0.25 radians. S4 is very small (S4 < 0.1), though very slight enhancements can be
seen colocated with the gradient.

For all satellite-receiver pairs, Figures 4p–4r clearly demonstrates the sensitivity of 𝜎𝜙 to the detrending cut-
off frequency. When detrended with a cutoff frequency of 0.3 Hz, the 𝜎𝜙 values are reduced significantly
compared to detrending using 0.1 Hz.

Figure 5 shows spectrograms of phase variations calculated from detrended raw 50 Hz phase data. The
phase variations have been converted to spatial scale sizes by taking into account the relative motion
between the plasma and the GPS IPPs. The spectrograms provide a more complete picture of phase varia-
tions than 𝜎𝜙 and are not distorted by the choice of detrending cutoff frequency, since the cutoff frequency
only specifies the frequency limit below which (i.e., the spatial scale above which) information is suppressed.
A 32,768 m wide Hamming window was used in the calculation of the spectrogram.

In the PRN13 data (Figures 5a and 5b), there is increased power in phase variations at frequencies corre-
sponding to spatial scales of 3–5 km colocated with the gradient (the red lines show the ROT). The PRN23
spectrograms (Figures 5c and 5d) show no such increase in phase variations. The PRN31 spectrograms
(Figures 5e and 5f) clearly shows increased power at a wide range of spatial scales, most strongly at ∼5 km
but still visible all the way down to ∼100 m, where it reaches the noise level. The SuperDARN data in Figure 6
show that there is strongly enhanced backscatter power (∼30 dB) in the enhanced-density region upstream
of PRN31. This is a clear indication of decameter-scale irregularities and supports the wide range of scale
sizes shown in the spectrogram.
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5. Discussion

We have identified the front of a TOI arriving over Svalbard around 1941 UT on 31 October 2011. Electron
density data from the ESR show an increase to about 4 times the background density. The signals of three
GPS satellites intersected the TOI front almost simultaneously. Phase scintillations were detected at the two
satellites experiencing the steepest TEC gradient (PRN13 and PRN31), and the scintillation seemed very well
colocated with the TOI leading gradient. The phase spectra showed phase variations at spatial scales of
3–5 km for PRN13 and 100 m–5 km for PRN31.

5.1. Cutoff Frequency and 𝝈𝝓

The increases in 𝜎𝜙 alone might indicate a structured TOI gradient, but the 𝜎𝜙 index as it is normally com-
puted is not necessarily a reliable indicator of diffractive structuring at high latitudes [Forte and Radicella,
2002; Forte, 2005; Beach, 2006]. While the S4 amplitude scintillation index is mainly sensitive to irregular-
ity scale sizes at and below the first Fresnel radius, the 𝜎𝜙 phase scintillation index is highly sensitive to
irregularity scale sizes above the Fresnel radius [e.g., Basu et al., 1991]. Such larger-scale sizes correspond to
lower-frequency phase fluctuations not pertaining properly to scintillations [e.g., Forte and Radicella, 2002].
Thus, the 𝜎𝜙 index is highly sensitive to the cutoff frequency of the detrending filter, whose function is to
remove low-frequency phase variations. The present study clearly exemplifies the dependency of 𝜎𝜙 on the
cutoff frequency (Figures 4m–4r). Examples of the different sensitivity of S4 and 𝜎𝜙 to the cutoff frequency
can be seen in Forte [2005].

Several past studies have shown that a detrending cutoff frequency of 0.1 Hz is too low to properly remove
refractive phase shifts at high latitudes, which can lead to TEC gradients themselves significantly influencing
𝜎𝜙 [Forte and Radicella, 2002; Béniguel et al., 2004; Forte, 2005; Beach, 2006]. A cutoff frequency of 0.1 Hz is
prevalent in the GNSS community and was originally used in the Wideband satellite experiment of Fremouw
et al. [1978]. A higher cutoff frequency can mitigate the refractive effects [Béniguel et al., 2009; Mushini et al.,
2012]. Other phase scintillation indices based on entirely different calculations or detrending methods have
been proposed and may be more suited for high-latitude scintillation studies [Forte, 2005; Mushini et
al., 2012], but these have not yet been widely used in literature and may have problems of their own
[Mushini et al., 2012].

We suggest that spectrograms of detrended phase like Figure 5 may provide a potentially better way to
study ionospheric irregularities than phase scintillation indices. First, this avoids the problematic sensitivity
of 𝜎𝜙 to the detrending filter cutoff frequency. Second, spectrograms like Figure 5 provide a more com-
plete view of the irregularity scale sizes present in the plasma, instead of presenting an aggregate number
indicating the degree of structuring across a wide range of scale sizes.

5.2. Geometrical Effects on Scintillation
Figure 4 showed significant differences in scintillation levels at three different locations (cf. Figure 3). Can
geometrical effects cause these differences? While satellites in polar orbits may experience enhanced scin-
tillation from field-aligned irregularities when the signal path aligns with the magnetic field, this has been
found not to be a concern for GPS satellites [Forte and Radicella, 2004]. GPS scintillation values may how-
ever be overestimated at low elevation angles, and while S4 and 𝜎𝜙 can be projected to the vertical, this is
not trivial and depends on, e.g., the anisotropy of the irregularities [Spogli et al., 2009; Alfonsi et al., 2011a].
When the TOI gradient intersected the signal paths, the elevation angles were 25–30◦, 46–53◦, and 41–42◦

for PRN13, PRN23, and PRN31, respectively. While PRN23 has the highest elevation angle and the lowest
scintillation levels, PRN31 shows higher scintillation levels than PRN13 even though the elevation angle is
greater for PRN31 than for PRN13. Thus, the different elevation angles cannot be solely responsible for the
observed differences in scintillation levels. Figure 5 indicates that there is in fact structuring at various scales,
and we conclude that even though the 𝜎𝜙 may be overestimated due to detrending or geometrical effects,
the variability in 𝜎𝜙 along the leading edge of the TOI must be real.

5.3. Localized Structuring and Plasma Instabilities
The generally low scintillation values (both 𝜎𝜙 and S4) indicate that the leading TOI gradient is not severely
structured. It is however clear from Figure 5 that the front of the TOI is structured at a variety of scale sizes.
It is interesting to note the spatial variation of the structuring: First, only the TOI gradient itself seem struc-
tured, with no structuring inside the TOI (at least 630–720 km from the front based on PRN31 at 2000 UT,
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Figure 5e). Second, the structuring varies significantly along the TOI gradient at distances of several hundred
kilometers (the IPP distances are 360 km for PRN13–PRN23 and 550 km for PRN23–PRN31).

It is clear from Figure 5 that the structuring is highly localized to the gradient itself (as indicated by the red
line), and that the spectra in the high-density region after the TOI gradient has passed are similar to that
of the low-density region before the arrival of the TOI front. While the GDI works on all density gradients,
except where the gradient is antiparallel to the plasma flow, it is most effective at trailing edges where
the gradient is parallel with the flow. In the case of patches, the GDI may structure the whole patch start-
ing at the trailing edge and working its way toward the leading edge [Gondarenko and Guzdar, 2004b].
The present observations indicate that the GDI has not yet developed irregularities from a trailing edge or
a structured area through the leading edge of the TOI. Instead, the GDI may be working to some degree
along the leading edge of the TOI. Since the GDI is not very effective at leading edges of drifting plasma
structures, this means that the GDI may be enhanced by mesoscale flows not visible in our data [e.g.,
Grocott et al., 2004; Lyons et al., 2011; Zou et al., 2009; Nishimura et al., 2014]. Another possibility is that the
leading TOI gradient may not always or everywhere be entirely antiparallel to the plasma flow. Figure 3
shows this: While the leading TOI edge seems straight and perpendicular to the flow in Figure 3c, it is
clear from Figures 3a and 3b that this was not the case some minutes earlier. This has implications for
the effectiveness of the GDI and could provide an explanation for the differences seen at three differ-
ent locations along the TOI front. In other words, it may be important to look at the history of the TOI
edge morphology.

It is also possible that other instability processes may cause the observed irregularities. Nishimura et al.
[2014] found flow shears along the edges of a polar cap patch, which persisted as the patch drifted across
the polar cap. Such flow shears may be a source of energy for the KHI. Oksavik et al. [2011, 2012] have sug-
gested that the KHI may be efficient at spatial scales greater than a few kilometers, so this process may
not be important for the structuring we observe at the smallest scales (hundreds of meters). However, our
data set cannot exclude the KHI mechanism. In situ measurements [e.g., Moen et al., 2012] of the TOI would
be desirable.

5.4. HF Backscatter Versus Amplitude Scintillation
Figure 6 shows HF backscatter in the region close to PRN31. HF signals backscatter from field-aligned
decameter-scale irregularities [Greenwald et al., 1995]. Figure 6 then indicates decameter-scale irregularities
in the region of the TOI intersecting the PRN31 IPP. Amplitude scintillations arise from irregularities of scale
sizes between decameters and hundreds of meters. The PRN31 data (Figure 4l) show no significant ampli-
tude scintillations inside the TOI and only very weak amplitude scintillations at the TOI gradient. This may
suggest that the decameter-scale irregularities in this case are not strong enough to cause significant ampli-
tude scintillation of the GPS signal. In situ measurements would be required to quantify the irregularities at
these scale sizes.

6. Conclusions

We have studied the occurrence and nature of GPS ionospheric scintillation at the leading edge of a tongue
of ionization (TOI) on 31 October 2011 over Svalbard. Our results indicate the following:

1. The front of the TOI is structured on scale sizes from tens of meters to several kilometers, and the
structuring varies significantly along the leading TOI edge at distances of several hundred kilometers.

2. The scintillation and structuring are highly localized to the TOI density gradient. There is no scintillation
and no structuring of impact to GPS signals seen well inside the high-density TOI (hundreds of kilometers
from the TOI leading edge) as it traverses the nightside polar cap.

3. The phase spectra are similar in the low-density and high-density regions inside and in front of the TOI. It
is only at the TOI edge that the spectra differ.

4. We also suggest that spectrograms of detrended phase may be a better way to characterize ionospheric
irregularities than is the 𝜎𝜙 index, which is sensitive to the detrending filter cutoff frequency.

In situ measurements of the TOI, such as sounding rocket measurements, would be needed to determine
which mechanism (GDI and/or KHI) dominates the production of irregularities at the leading gradient of
the TOI.
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