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A B S T R A C T

We present results of the study conducted to quantify the relative contribution of different ionospheric regions
to phase scintillation in Global Navigation Satellite Systems (GNSS) at the dayside high latitude ionosphere.
By taking advantage of the scanning capability of the 32-m EISCAT radar in Svalbard (ESR) and its recurrent
favourable location below the dayside auroral region, we developed a methodology to identify conjunctions
between the radar and GNSS satellite signals in order to compare density irregularities identified by the
radar with scintillation observed in GNSS signals. The analysis revealed that the dayside ionosphere contained
irregularities predominantly in the F region with scintillation occurring 77% of the times. The likelihood
of observing irregularities in the E region were comparatively less with a scintillation occurrence rate of
42%. The study therefore strongly suggests that the dayside F region is more structured than the E region
and is the predominant source region for irregularities that cause scintillation at GNSS frequencies. The
associated ionospheric conditions revealed enhanced F region electron and ion temperatures to be collocated
with scintillation for majority of the times. This supports the fact that cusp/auroral dynamics play a crucial role
in creating F region irregularities which can act as sources of scintillation in GNSS signals. The presented results
provide a quantitative estimate of the effectiveness of irregularities and the associated ionospheric conditions in
different regions of the dayside ionosphere during scintillation, which are relevant for high latitude modelling
and instability studies as well as for space weather applications.
1. Introduction

Electron density irregularities embedded in the ionospheric medium
and their stochastic variability have long been attributed to causing
disturbances on radio waves ranging from that of cosmic origin to that
used by the Global Navigation Satellite Systems (GNSS) (Hey et al.,
1946; Yeh and Liu, 1982; Kintner et al., 2007). These disturbances
manifest themselves in the form of phase advance and group delays
in addition to introducing diffractive and refractive variations in the
amplitude and phase of a radio signal (Won and Lee, 2005). This, at
times, can have adverse effects on the performance of applications that
rely on radio propagation through the ionosphere (e.g. Kintner et al.,
2007). The diffractive fluctuations are induced in a radio signal by
Fresnel-scale sized electron density inhomogeneities, which is of the
order of ∼ 350 m at L1 GPS frequency at an altitude of 350 km,
and are termed scintillation (Yeh and Liu, 1982; Kintner et al., 2007).
Refractive variations on the other hand are caused by both Fresnel
and large-sized irregularities that are typically of the order of tens of
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km (Kintner et al., 2007). Scintillation being stochastic tends to have
larger impact on degrading the performance of GNSS technologies as
they cannot be mitigated whereas the refractive fluctuations could be
corrected by using dual frequency measurements (Kintner et al., 2007;
McCaffrey and Jayachandran, 2019).

Scintillation can be caused by irregularities that are either present
in the E region or the F region or both. A number of studies reported
the presence of enhanced phase and amplitude scintillation in relation
to auroral substorm events, polar cap patches and energetic particle
precipitation, which can be attributed to E and F region structures (De
Franceschi et al., 2008; Alfonsi et al., 2011; Moen et al., 2013; Oksavik
et al., 2015; Spogli et al., 2009; Smith et al., 2008; Prikryl et al.,
2013, 2011; Forte et al., 2017). Jin et al. (2014, 2016) and van der
Meeren et al. (2015) observed the highest GPS phase scintillation levels
when polar cap patches entered the night-side auroral region (which
is a combination of both E and F region irregularities) whereas cusp
vailable online 2 March 2024
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auroral dynamics without the presence of patches (E region struc-
tures alone) and polar cap patches away from the active cusp (F
region structures only) gave rise to moderate and weak scintillation,
respectively (Jin et al., 2017). Using the Swarm satellites and GNSS
observations, Fæhn Follestad et al. (2020) reported the colocation of
regions with severe phase scintillation and highly filamented field-
aligned currents (FACs) at the dayside auroral region by assuming
the altitude of the irregularities. Using conjunction measurements be-
tween SWARM and ground-based scintillation data at polar, auroral
and low latitudes, Kotova et al. (2022) had statistically shown that
the Ionospheric Plasma IRregularities (IPIR) index could be taken as
an indicator of plasma variations at SWARM altitudes that can be
associated with scintillation on the ground. Using GPS data from Ny-
Ålesund, Jin et al. (2018) found the highest scintillation occurrence
rate to be around magnetic noon except for December 2014 when
the night-side occurrence rate exceeded that from the dayside. Forte
et al. (2017) conducted experimental campaigns at auroral latitudes
using the Tromsø UHF radar by following the GPS satellites, which
allowed the authors to attribute the observed L band scintillation to
irregularities in either the E or the F region in the evening sector.
Furthermore, numerous studies reported from the nightside auroral
sector predominantly associated GNSS scintillation to irregularities in
the E region (Makarevich et al., 2021; Semeter et al., 2017; Sreenivash
et al., 2020; Loucks et al., 2017; Enengl et al., 2023).

As discussed above, even though many case studies relating scin-
tillation and their strength to different ionospheric regions exist, a
statistical study providing a clear consensus on the dominant altitude
of the irregularities, their effectiveness in causing scintillation as well
as the associated ionospheric conditions in the dayside auroral/cusp
region has yet to be established. This article therefore aims to address
this knowledge gap by taking advantage of the collocated European
Incoherent SCATer (EISCAT) Svalbard radar (ESR) at a latitude of
78.153◦ and longitude of 16.029◦, and the Longyearbyen GNSS receiver
t the Kjell–Henrikson Observatory (KHO) with latitude and longitude
alues equal to 78.147◦, 16.038◦ respectively. Using data from the ESR
2-m dish operated in a fast scanning mode the dayside auroral/cusp
egion was monitored during morning hours, which provided fan plots
f the ionospheric conditions (Carlson et al., 2002). This, together
ith the GNSS measurements, allowed us to investigate the dominant

ource region for scintillation causing irregularities. Furthermore, we
xamined the relation between scintillation and different parameters
uch as ion and electron temperatures in order to investigate the asso-
iated ionospheric conditions during scintillation events. This is useful
o reveal the underlying instability mechanisms at different regions
hich structures the plasma to create the irregularities (Makarevich
t al., 2021; Spicher et al., 2020, 2016). A primary understanding of
he source region of the density structures is therefore necessary to
acilitate further investigation on the type of instability mechanism
nvolved at different altitudes.

The outline of the paper is as follows: Section 2 provides an
verview of the data used in the study, Section 3 discusses the method-
logy employed to identify precise conjunctions between radar beams
nd GNSS signals, Section 4 presents the results followed by discussions
nd conclusions in sections 5 and 6, respectively.

. Data

This study utilizes data collected by the ESR steerable 32-m dish
perated in a fast meridional scan with a minimum elevation of 30◦

bove the horizon (Wannberg et al., 1997). One full scan takes about
hree minutes to complete and yields fan plots of electron density (𝑁𝑒),
lectron temperature (𝑇𝑒), ion temperature (𝑇𝑖) and line-of-sight plasma
elocity (𝑉𝑖) as a function of altitude and latitude, produced with an
ntegration time of 6.4 s (Carlson et al., 2002). The measurements
re analysed using the GUISDAP toolbox (Lehtinen and Huuskonen,
996). In this study, we used data from meridional scans while Svalbard
2

as roughly in the dayside auroral/cusp region during November–
ecember months of 2014 and 2015, and when GNSS satellites from
ultiple constellations were visible in conjunction with the scans.

nformation on the dates as well as the start and end times of the radar
xperiments used in this study can be found in Table 2 of the appendix.

The GNSS data used in this paper correspond to 60-second ampli-
ude and phase scintillation data which were collected by the NovAtel
PStation-6 GNSS Ionospheric Scintillation and TEC Monitors installed
t KHO (Oksavik, 2020a). The receiver is capable of simultaneously
racking signals at several different frequencies from different constel-
ations such as GPS, GALILEO and GLONASS (Oksavik, 2020b). More
nformation about data processing can be found in Oksavik et al. (2015)
nd van der Meeren et al. (2015). This data set is part of The University
f Bergen Global Navigation Satellite System Data Collection (Oksavik,
020c). Scintillation indices, 𝑆4 and 𝜎𝜙, are used to quantify scintil-
ation where the former quantifies the scintillation in amplitude and
he latter in the phase of the radio wave (Yeh and Liu, 1982). These
ndices are calculated by detrending the raw amplitude and carrier
hase with a sixth-order Butterworth low-pass and high-pass filters
espectively, in order to remove the low frequency trends in the data
hich are the result of the satellite motion and long term variations

n the ionosphere (Fremouw et al., 1978; Van Dierendonck et al.,
993). By choosing a cut-off of 0.1 Hz, we are effectively removing the
ontamination of ionospheric information by low frequency trends as
uch as possible but also making sure that information about larger

cale structures, that can also affect GNSS signals, are preserved in
he process. It is worth noting that 𝑆4 values are affected by ambient
oise and hence should be taken into account during their calcula-
ion (Van Dierendonck et al., 1993). 𝑆4 index contains information on
resnel-sized irregularities and is not sensitive to large-scaled irregular-
ties whereas the phase scintillation index, 𝜎𝜙, encompasses effects due
o both large and Fresnel-scaled irregularities which cause refractive
luctuations and diffractive variations in the signal (McCaffrey and
ayachandran, 2019). This is often manifested as the dominance of
𝜙 index when compared to the 𝑆4 index especially at high latitudes
here the occurrence rate of amplitude scintillation is lower than that
f phase scintillation (Meziane et al., 2020). Numerous studies have
hown this to be an artifact induced as a result of improper detrending
f the signal carrier phase using the conventional cut-off frequency of
.1 Hz that was found to be more appropriate at low-latitudes (Spogli
t al., 2009; Forte and Radicella, 2002; Mushini et al., 2012; McCaffrey
nd Jayachandran, 2019; Madhanakumar et al., 2022; Wang et al.,
018; Song et al., 2022). Since we want to capture the effects of both
arge and small-scale irregularities, and hence from both refraction and
iffraction, we use the 0.1 Hz detrended phase scintillation index in
ur study. From here on, scintillation refers to both refractive and
iffractive variations as captured by the 𝜎𝜙 index. Data corresponding
o L1 frequency of GPS, GALILEO and GLONASS are used for the
nalysis. Worth pointing out the removal of data from GLONASS 21
s the satellite was providing data of poor quality which was found by
omparing the GLONASS 21 data recorded simultaneously at different
tations (Ny-Ålesund and Bjørnøya).

. Methodology

In order to investigate the altitude of scintillation causing irregu-
arities, coinciding GNSS and radar observations are necessary. In this
ection, we describe the procedure employed to identify conjunctions
etween the radar and GNSS radio signals at all altitudes. As the first
tep, radar data which had 30% or more errors were removed from
ach beam. We then define conjunction between a radar beam and a
atellite line-of-sight vector (LOS) as an event when their latitudinal and
ongitudinal separation do not exceed 0.2◦ and 0.4◦ respectively, which
orrespond to about 22 km in extent. These thresholds were chosen to
ake sure that the radar and the satellite links were looking almost at

he same ionospheric region while still providing significant amount of
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conjunctions for statistical analysis. Moreover, with an opening angle
of ∼ 1◦, the spatial resolution obtained at F region altitudes is ∼ 5
km. In this study, the radar antenna was sweeping through ∼ 120◦ in
about three minutes with the data at different altitudes obtained using
an integration period of 6.4s. This would therefore give a horizontal
spatial resolution of ∼ 35 km at the F region altitudes. The choice
of 22 km therefore makes sure that a GNSS conjunction is obtained
within the radar viewing region of the ionosphere enabling proper
comparison of the two datasets. This criterion is applied to all altitudes
and for each beam, starting from 90 km up to the maximum altitude
measured in that beam with a step size of 5 km. By doing so we
are not making any assumption about the altitude of the ionospheric
pierce point (IPP). Worth pointing out that there could be data missing
from the radar beams especially at higher altitudes due to different
factors such as insufficient electron density for backscatter, satellite
passes and naturally enhanced ion-acoustic lines (NEIALs). Therefore,
we considered only beams that contain at-least three data points in each
of the E and F regions as well as conjunctions up to at-least 300 km for
further analysis so as to make an unbiased comparison of irregularities
in the two regions.

The above-mentioned procedure is illustrated in Fig. 1, which shows
one full scan made by the 32-m ESR on 30 November 2015 between
10:07:47 and 10:10:52 UTC. One full scan is composed of multiple
beams (Beam 1 and Beam 7 for instance) having different look di-
rections. The data gaps above 350 km in beams 4 and 5 result from
the removal of data with errors ≥ 30%. The horizontal orange dotted
line at 150 km in Fig. 1 demarcates the E region from the F region.
The magenta trajectory line indicates the satellite LOS vector which
intersects some of the radar beams during this particular scan period.
Over-plotted as circles and squares are the 𝜎𝜙 and 𝑆4 indices, with
the sizes representing the magnitude of the indices (precise values are
indicated in the legend at the bottom of the figure). Scintillation data is
shown only at specific altitudes to avoid cluttering of datapoints which
would otherwise hinder visual clarity. As seen in Fig. 1, two GNSS
satellites are in the field of view of the radar but conjunction as defined
above occur only until about 200 km for satellite A (Sat A in the figure)
whereas it reaches 400 km for Sat B. This is because Sat B remains in
the radar scan plane with its (lat,lon) values falling within the (lat,lon)
threshold of (± 0.2◦, ± 0.4◦) of the radar beam up to an altitude of
400 km. On the other hand, the (lat,lon) values of Sat A fall outside the
radar scan plane beyond an altitude of around 200 km and hence the
satellite trajectory indicated by the magenta line terminates at 200 km.

Unambiguous identification of density structures that cause scintil-
lation is difficult as long as we do not have the full 3D spatio-temporal
information of the plasma. However, different proxies have been used
to identify density enhancements such as in-situ studies of Dao et al.
(2011), Yizengaw et al. (2013) where 𝛥𝑁𝑒∕𝑁0 was used to decouple
plasma density irregularities from the ambient density (𝑁0) and was
used as an indicator of the strength of density irregularities. Other
in-situ studies such as Coley and Heelis (1995) used ion density ob-
servations to detect density enhancements such that plasma structures
with peak density at least double the mean density were classified as
polar cap patches. Using Swarm data (Spicher et al., 2017) identified
density enhancements as patches if they exceeded twice the 35th per-
centile of the plasma density measurements in a 2000 km window. Noja
et al. (2013), using CHAMP data, required the peak total electron con-
tent (TEC) to be greater than 4 TECU above the background in order to
be classified as a density enhancement/patch (Chartier et al., 2018). As
far as scintillation in GNSS signals are concerned it is the fluctuation in
electron density from the background that becomes important (Yeh and
Liu, 1982; Aarons et al., 1981; Kivanç and Heelis, 1997). In addition,
sufficient density gradients have to be present within the enhanced
plasma for scintillation to occur (Jenner et al., 2020). We therefore
simultaneously used both density enhancement from the background as
3

well the presence of associated gradients as indicators for the presence
of irregularities that can cause scintillation in GNSS radio signals. The
procedure is described below.

Radar scans were used to identify density structures in the iono-
sphere and hence the density fluctuation (𝛥𝑁) was obtained using the
following equation:

𝛥𝑁 =  𝑖
𝑒 −𝑁0 (1)

Here,  𝑖
𝑒 represents the electron density in beam 𝑖. Since we are

interested to identify the source region of irregularities that cause
scintillation, the average  𝑖

𝑒 and hence 𝛥𝑁 were calculated for both
E and F regions separately. 𝑁0 is the background density which,
for our purpose, was taken to be the average of the envelope of
minimum densities recorded in each beams for the entire duration
of the experiment, for each of the regions separately. Aarons et al.
(1981), Jenner et al. (2020) and van der Meeren et al. (2016) had
shown that significant plasma density above the background level have
to be present for scintillation to occur at GNSS frequencies. Since our
objective is to relate scintillation in GNSS links to irregularities in
different ionospheric layers, we therefore required 𝛥𝑁 in each region to
exceed its respective background in order for the density enhancement
to affect GNSS signals. For instance, density enhancements above the
background are present in the E region if the following condition is
satisfied:

𝛥𝑁𝐸 > 𝑁𝐸
0 (2)

Eq. (2) can be re-arranged as:

𝛥𝑁𝐸

𝑁𝐸
0

= 𝛥𝐸 > 1 (3)

Similarly, the presence of density enhancement in the F region is
indicated by the following condition:

𝛥𝑁𝐹

𝑁𝐹
0

= 𝛥 𝐹 > 1 (4)

In addition to the existence of plasma density enhancements, we
also required density variations (or gradients), ∇𝑁 , to exist within
these plasma structures in order to distinguish smooth and uniform
density structures from scintillation causing irregularities. This was
calculated from consecutive beams using the following equation:

∇𝑁 =  𝑖+1
𝑒 − 𝑖

𝑒 (5)

Similar to the density enhancements, ∇𝑁 was calculated for both E
nd F regions separately. Jenner et al. (2020) had concluded that
ignificant density gradients are a pre-requisite for scintillation to occur
t GNSS frequencies along with sufficient plasma densities. Therefore
e required ∇𝑁 to exceed the background gradient in order for the
ensity enhancement to contain significant gradients (i.e. irregularities)
hat can affect GNSS signals. For the E region this is given by the
ollowing condition:

𝑁𝐸 > 𝑁 ′𝐸
 (6)

here 𝑁 ′𝐸
 is the background gradient in the E region. Eq. (6) can be

e-arranged as:

∇𝑁𝐸

𝑁 ′𝐸


= ∇𝐸 > 1 (7)

imilarly, the presence of variations (gradients) within density struc-
ures of the F region is indicated by the following condition:

∇𝑁𝐹

𝑁 ′𝐹


= ∇ 𝐹 > 1 (8)

In summary, in order for a scintillation (or non-scintillation) event
o be associated with a particular ionospheric region (eg., the E region)
he following conditions have to be simultaneously satisfied:

1. The E region density enhancement has to exceed the background
E region density (i.e. 𝛥𝐸 > 1)



Journal of Atmospheric and Solar-Terrestrial Physics 256 (2024) 106197M. Madhanakumar et al.
Fig. 1. ESR radar scan from 10:07:47 to 10:10:52 UTC on 30 November 2015 showing the electron density profile as a function of altitude and geographic latitude. Amplitude
and phase scintillation indices are overplotted as magenta squares and circles, respectively.
Table 1
Criteria used to classify scintillation events with respect to irregularities in different ionospheric regions.

E F E&F Below background

𝛥 𝐸 > 1, ∇ 𝐸 > 1 𝛥 𝐹 > 1, ∇ 𝐹 > 1 𝛥 𝐸 > 1, ∇ 𝐸 > 1 𝛥 𝐸 < 1
& & & &

𝛥 𝐸 > 𝛥 𝐹 , 𝛥 𝐹 < 1 𝛥 𝐹 > 𝛥 𝐸 , 𝛥 𝐸 < 1 𝛥 𝐹 > 1, ∇ 𝐹 > 1 𝛥 𝐹 < 1
2. The F region density enhancement has to remain below the
background (i.e. 𝛥 𝐹 < 1)

3. Density enhancement in the E region has to exceed that in the F
region (i.e. 𝛥𝐸 > 𝛥 𝐹 )

4. The enhanced density structure should contain significant elec-
tron density gradients (i.e. ∇𝐸 > 1)

Similar conditions are used to associate the observed scintillation/non-
scintillation events with the F region. When a GNSS receiver measures
𝜎𝜙 index exceeding 0.1 rad we classify it as a scintillation event whereas
events with 𝜎𝜙 below 0.1 rad are classified as non-scintillation events.
Depending on the region exhibiting irregularities identified using the
radar, events are then associated with one of the following four cate-
gories during the conjunction period: (1) E region irregularities, (2) F
region irregularities, (3) both E and F region irregularities, (4) below
the background. Table 1 summarizes the criteria selected behind this
classification.

4. Results

The results are divided into two parts: first we study the altitude of
the ionospheric source region containing irregularities associated with
GNSS scintillation and then we proceed to investigate the ionospheric
conditions during such events.

4.1. Ionospheric source regions during GNSS scintillation

The objective here is to present the results of the analysis performed
to characterize the relative contributions of irregularities in different
ionospheric regions to GNSS scintillation at the dayside auroral/cusp
regions. Using the procedure outlined in the methodology section, con-
junctions between the ESR and GNSS satellite signals were identified,
and the observed scintillation was associated with different regions of
4

the ionosphere. We first present individual case studies when differ-
ent ionospheric regions exhibited enhanced density enhancements and
gradients before presenting the statistical results.

Fig. 2 shows the density enhancement from the background (column
I) and the density variations calculated between adjacent beams (col-
umn II) with scintillation indices overplotted. These examples illustrate
all three categories, i.e. when scintillation was attributed to: ‘‘E region’’
(Fig. 2.a), ‘‘F region’’ (Fig. 2.b), and ‘‘E+F region’’ (Fig. 2c).

On 05 December 2015 (Fig. 2.a), the fan plots (column I) exhibited
enhanced densities in the E region equatorward of the radar (radar
location at about 78.1◦) and enhanced F region densities poleward of
the radar. Both the E and F region plasma enhancements contained
significant gradients as visible in column II implying the existence of
irregularities within the plasma structures. Stronger density enhance-
ments and gradients existed in the E region than the F region when
there was conjunction between the radar and satellite signals (region
overplotted with magenta circles and squares). The scintillation event
observed during this scan is thus classified as an E region event. Fig. 2.b
shows enhanced F region structures and density gradients equatorward
of the radar on 30 November 2015. During the scan, scintillation
coincided with a stronger F region density enhancement. The corre-
sponding plasma density gradients, shown on the right, were strongest
in the F region. This event is hence associated with the F region
irregularities. On 30 November 2015 (Fig. 2.c), both the E and F regions
simultaneously contained strong levels of density enhancements and
gradients equatorward of the radar when scintillation was observed.
Hence this event is classified as being associated with both E and F
region irregularities. Notably, this event was associated with 𝑆4 index
exceeding 0.1. Even though the radar could not resolve Fresnel scaled
structures, an enhanced 𝑆4 index implies the presence of Fresnel sized
irregularities embedded in larger scale-sized density structures.

The procedure of identifying events and associating them to dif-
ferent ionospheric regions were repeated for all the meridional scans
listed in Table 2 and with GNSS satellites from all the constellations
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Fig. 2. Density enhancement from the background (column I) and density gradients (column II) from different ionospheric layers with overplotted scintillation levels, as shown in
the legend. (a) E region irregularity (scan between 07:28:06–07:31:12 UT), (b) F region irregularity (scan between 10:10:59–10:14:04 UT), (c) E and F irregularities (scan between
08:18:59–08:22:04 UT).
Fig. 3. (a) Contribution of different regions during intervals of scintillation and no scintillation and (b) Occurrence of scintillation and no scintillation, separately for cases when
irregularities existed in the E region, F region and both E and F regions simultaneously. The ‘‘filled’’ graphs denote scintillation events whereas the ‘‘meshed’’ graphs denote events
when scintillation was absent.
in order to build the statistics. In Fig. 3.a we show the result of the
statistical study when scintillation was both present (filled graphs) and
absent (meshed graphs) in GNSS signals. A total of 291 conjunction
events were identified using the procedure outlined in the methodology
section, 175 of which were classified as ‘‘scintillation events’’ and 116
were categorized as ‘‘non-scintillation events’’ (Fig. 3.a). Out of 175
scintillation events, only two exhibited 𝑆4 > 0.1 with values of 0.105.
The associated noise level recorded by the receiver was 0.031. Conse-
quently, 𝑆4 remained above the threshold of 0.1 even after considering
the effect of ambient noise for these two events. Worth pointing out
that the number of conjunction events are representative of all the data
obtained irrespective of conjunction as shown in Fig. 7 in the appendix.

Fig. 3.a shows that scintillation events were associated with irreg-
ularities existing in either one of the regions for about 73% of the
time (128 events). Of the 73%, majority of the events were linked
5

with F region irregularities (∼ 41%) whereas it was associated with
the E region only for about 3% of the cases. During intervals without
scintillation, the radar did not detect any irregularities 48% of the times
(which increased from 27% during scintillation events). Moreover, the
share of the F region decreased from 41% to 19% when there was no
scintillation.

Fig. 3.b depicts the occurrence rate of scintillation (filled graphs)
and absence of scintillation (meshed graphs) for each ionospheric re-
gion separately. From Fig. 3.b it is evident that when the ionosphere
predominantly contains F region irregularities, scintillation occurs 77%
of the times whereas the likelihood of associating scintillation with E
region irregularities are comparatively less. When irregularities were
present in both E and F regions simultaneously, the occurrence rate of
scintillation is 62%.
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Fig. 4. Scan plots of 𝑇𝑒 (left), 𝑇𝑖 (middle) and 𝑉𝑖 (right) depicting the ionospheric conditions corresponding to Fig. 2, when scintillation was associated with: (a) E region
irregularities, (b) F region irregularities, (c) both E and F region irregularities.
4.2. Statistics of the ionospheric conditions during scintillation

In addition to observing ionospheric densities, the radar also gives
information about the electron and ion temperatures (𝑇𝑒 and 𝑇𝑖), as well
as the line-of-sight plasma velocity (𝑉𝑖). It is of interest to look at the
aforementioned quantities whenever there is scintillation as a relation
between enhancement in any of these quantities and the presence
of scintillation could be used to identify the underlying instability
mechanisms at play. Fig. 4 shows the ionospheric conditions observed
by the ESR for the three case studies shown in Fig. 2 with columns
(I), (II) and (III) representing 𝑇𝑒, 𝑇𝑖 and 𝑉𝑖 respectively. Fig. 4.a shows
𝑇𝑒 (left), 𝑇𝑖 (middle) and 𝑉𝑖 (right) when scintillation was associated
with E region irregularities (corresponding to Fig. 2.a). During the
conjunction interval, the average E region 𝑇𝑖 was higher than the
average 𝑇𝑒 with the former approximately equal to 600 K and the latter
equal to 300 K. There was not much flow associated with the E region
when scintillation was observed. However, enhanced regions of 𝑇𝑒, 𝑇𝑖
and 𝑉𝑖 were present poleward of the radar in the F region associated
with the enhanced F region density (see Fig. 2.a). The distribution
of 𝑇𝑒, 𝑇𝑖 and 𝑉𝑖 corresponding to Fig. 2.b, i.e. when scintillation was
associated with F region irregularities, is shown in Fig. 4.b. Average F
region 𝑇𝑒 during conjunction was about 4000 K whereas 𝑇𝑖 had values
around 1700 K. A region of strong flow shear collocated with enhanced
𝑇𝑖 was present during scintillation. The presence of enhanced 𝑇𝑖 in
regions of fast flows can be attributed to Joule heating of the ions
(eg.,Skjæveland et al., 2017). Fig. 4.c shows 𝑇𝑒, 𝑇𝑖 and 𝑉𝑖 corresponding
to Fig. 2.c when scintillation was associated with both E and F region
irregularities. The average 𝑇𝑒 values were about 2000 K and 2500 K
for the E and F regions whereas the corresponding 𝑇𝑖 values remained
around 1600 K for both the regions. Coincident fast flow towards the
radar was also present when scintillation was observed. Furthermore,
enhanced 𝑇𝑒 in both E and F regions were observed poleward of the
radar but without much 𝑇𝑖 or flows. Worth pointing out that in all three
cases, a region of enhanced 𝑇𝑖 was present close to where scintillation
was observed.

The radar velocity profile only gives information about the line-
of-sight velocity whereas 𝑇𝑖 may capture effects due to both line-of-
sight and transverse flows (see Fig. 4, columns (II) and (III)). We
therefore use 𝑇𝑖 instead of 𝑉𝑖 alongside 𝑇𝑒 as indicators to reveal the
associated ionospheric conditions during GNSS scintillation. In order to
statistically investigate the ionospheric conditions during conjunctions,
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we analysed the electron and ion temperatures when different regions
dominated (i.e. corresponding to the events shown in Fig. 3.b.) The
average of 𝑇𝑒 and 𝑇𝑖 separately for each region represented the electron
and ion temperatures in the E and F regions respectively for a given
beam. From here on, 𝑇𝑒, 𝑇𝑖 represents the average values for the
respective regions.

Fig. 5 shows the distribution of 𝜎𝜙 as a function of 𝑇𝑒 and 𝑇𝑖
when events (scintillation or no scintillation) were associated with (a):
E region irregularities, (b): F region irregularities, (c): both E and F
region irregularities. When irregularities are present in both the E and
F regions simultaneously we take the average of 𝑇𝑖 and 𝑇𝑒 from both
the regions as a representative value. The dotted blue line indicates the
𝑇𝑖 = 𝑇𝑒 line.

From panels (a,b,c) of Fig. 5 it is seen that events with 𝜎𝜙 ≥ 0.1
rad are spread about a wide range of temperature values and are
not just concentrated around enhanced 𝑇𝑖 or 𝑇𝑒 values. In general
no statistically significant linear correlation is observed between the
level of scintillation indices and any of the ionospheric parameters
shown. When the ionosphere contained only E region irregularities
(Fig. 5.a), scintillation remained in the weak regime. When scintillation
was associated with F region irregularities (Fig. 5.b), over 99% of the
events occurred above the 𝑇𝑖 = 𝑇𝑒 line (blue dotted line). Moreover,
enhanced scintillation events with 𝜎𝜙 exceeding 0.3 rad were found to
cluster above this line with 𝑇𝑒 varying between 2500–4000 K and 𝑇𝑖
between 1000–1500 K. Furthermore, when 𝑇𝑒 exceeded 2000 K and
𝑇𝑖 exceeded 1000 K, about 93% of the events were scintillation with
the majority of the non-scintillation events grouped below this value.
When irregularities from both the E and F regions were simultaneously
present (Fig. 5.c), we again observed enhanced scintillation events with
𝑇𝑒 varying between 2500–3000 K and 𝑇𝑖 between 1000–1500 K. As with
the F region scenario, most of the events occurred above the 𝑇𝑖 = 𝑇𝑒 line
with a majority of the non- scintillation events grouped together below
a 𝑇𝑒 threshold of 1500 K.

5. Discussion

By taking advantage of the scanning capability of the EISCAT 32-m
radar and its co-location with a GNSS receiver in Longyearbyen, we
assessed the source region and ionospheric conditions for ionospheric
scintillation at the dayside auroral/cusp region. The statistics presented
in this study was built by identifying conjunctions between the radar
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Fig. 5. Distribution of 𝜎𝜙 as a function of electron, ion temperatures when the observed scintillation was associated with irregularities in the: E region (Fig. 5.a), F region (Fig. 5.b)
and both E and F regions (Fig. 5.c). The dotted blue line indicates the 𝑇𝑖 = 𝑇𝑒 line.
and GNSS satellite line-of-sight vectors with a threshold of 0.2◦ in
latitude and 0.4◦ in longitude at each altitude, without assuming a
prior IPP. The chosen thresholds imply that the radar and GNSS signals
were observing a common ionospheric region within ∼ 22 km in
both latitude and longitude. Different thresholds were tested but the
conclusions of the study remained unchanged. Increasing the thresh-
olds would increase the size of the observing region making it more
difficult/uncertain to associate the structures visible in the radar to
scintillation observed in GNSS links. Moreover, it was also found that
increasing the background thresholds in order to identify irregularities
based on density enhancements and gradients did not affect the con-
clusions of this study. Increasing the background threshold to higher
values would capture only the effects of stronger irregularities which
is useful to identify the relation between GNSS scintillation levels and
the strength of irregularities.

Using the conjunction analysis described in the methodology sec-
tion, scintillation in GNSS signals were associated with different iono-
spheric regions as observed by the ESR. A total of 175 events were
identified as scintillation when 𝜎𝜙 exceeded 0.1 rad. The 𝜎𝜙 index con-
tains information on both small and large scale irregularities, with the
major contribution from larger scales due to larger phase fluctuation
power (Yeh and Liu, 1982; Kintner et al., 2007). On the other hand,
𝑆4 captures the fluctuations in amplitude of the signal that result from
the focusing/defocussing and diffraction effects caused by irregularities
with sizes near the first Fresnel zone (Yeh and Liu, 1982; Fremouw
et al., 1978). The fact that majority of our events had 𝑆4 < 0.1 therefore
suggests that 𝜎𝜙 was dominated with high frequency refractive varia-
tions. Panel (a) of Fig. 2 features morning side auroral structures when
scintillation was associated with E region irregularities. Multiple den-
sity enhancements likely associated with discrete auroral arcs separated
in latitude are seen during the scan which is typical in the morning
magnetic local time (Sandholt et al., 1998). Panel (b) shows the EISCAT
data when strong density enhancements and gradients were observed
in the F region. Scintillation was hence attributed to F region structures
and is a typical example of the cusp footprint. Enhancements in density
along with strong gradients were observed in both E and F regions by
the radar, as shown in panel (c), when simultaneous scintillation was
observed in GNSS links. The universal time range corresponds to that
near the transition region between the morning side aurora and the
cusp, hence containing irregularities from both the E and F regions as
the source of scintillation.

The statistics revealed that when the ionosphere contains F region
structures scintillation occurs 77% of the times whereas the likelihood
of occurrence of E region irregularities in the dayside polar ionosphere
is comparatively very less with the associated scintillation occurring for
42% of the cases. Fig. 6 below shows the average electron density (𝑒),
density fluctuations/enhancements (𝛥 ) as well as density gradient
7

(∇ ) values, expressed in their absolute magnitudes, when different
ionospheric regions were dominated with irregularities. Panels (a),
(c) show the distribution of 𝑒, 𝛥 , ∇ when the ionosphere was
dominated primarily with E region irregularities (blue) and F region
irregularities (orange) separately whereas panels (b), (d) depict the
distribution of 𝑒, 𝛥 , ∇ when the ionosphere simultaneously
contained E and F region irregularities.

From panels (a), (c) it is clear that even though irregularities were
found to exist in the E region, the average densities, density fluctu-
ations as well as density gradients were still smaller when compared
to F region values. This could be the reason why the likelihood of
occurrence of E region irregularities and the associated scintillation
were very less at the dayside auroral/cusp regions. On the other hand,
F region density enhancements and gradients were much higher with
the electron densities in the F region differing from the E region by
at least a factor of three most of the times. This explains why we
observed scintillation majority of the times when the ionosphere was
dominated primarily with F region irregularities. Worth pointing out
that the electron density values when E region dominated is comparable
to the average hole densities reported in Jenner et al. (2020) when
phase scintillation was absent and hence is consistent with the findings
that significant plasma density levels are required for irregularities to
cause scintillation.

Furthermore, the occurrence rate of scintillation was 62% even
though the ionosphere contained irregularities in both E and F regions
(see Fig. 3.b). Worth noting from panel (b) of Fig. 6 that average
densities and density fluctuations in the F region were stronger than
the E region when irregularities simultaneously existed in both layers
implying that the major contribution came from F region irregularities.
However the associated F density gradients (in panel (d)) were smaller
when compared to the cases when the ionosphere primarily contained
F region irregularities (see panel (c)). On comparing the statistics of
62% with the 77% occurrence rate (i.e. when the ionosphere was active
primarily with F region irregularities), the decrease in the scintillation
occurrence could then be attributed to the simultaneous presence of
E region irregularities. This is in accordance with Heppner (1972),
Aarons et al. (1981) where the authors had noted short-circuiting
of irregularities in the F region due to the conductance of the E
layer. More recently, Takahashi et al. (2022) reported evidences of
suppression of irregularities as a result of auroral particle impact in
the cusp ionosphere. A sufficient Pedersen conductance in the E region
as a result of ionization was suggested to short the F region current
thereby suppressing the irregularities (Takahashi et al., 2022). Our
study, based on the statistical results, also suggest that the presence of
E region irregularities decreases the chances of observing scintillation
in the dayside polar ionosphere. As to whether the suppression of
irregularities are always the cause for the absence of GNSS scintillation
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Fig. 6. Panels (a), (c): Distribution of 𝑒, 𝛥 and ∇ when the ionosphere was primarily active with: (i) E region irregularities (blue) and (ii) F region irregularities (orange)
respectively. Panels (b), (d): Distribution of 𝑒, 𝛥 and ∇ in the E (blue) and F (orange) regions when irregularities simultaneously existed in both regions. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
would however require more studies before arriving at a definite con-
clusion. A chi-square test of independence was performed to examine
whether the percentages in Fig. 3.b imply a significant difference in the
contributions from different regions when scintillation was observed
in GNSS signals. The analysis revealed a 𝜒2(3, 291) = 21.5, 𝑝 < .01
implying that there is a significant difference in the way E and F regions
irregularities contribute to scintillation. Evidently the results therefore
strongly suggests that F region irregularities are more effective and is
the major contributor towards the observed scintillation in GNSS radio
waves at the dayside high latitude region.

The statistical results reported here differ from that reported from
the night-side sector. Literature found in Semeter et al. (2017), Loucks
et al. (2017), Makarevich et al. (2021), Enengl et al. (2023) indicated
E region auroral structures to be the main contributor to phase scintil-
lation in GNSS signals at the night-side auroral region. The statistical
study in Sreenivash et al. (2020), which used maximum density as an
indicator of scintillation causing irregularities, revealed majority of the
scintillation events to be due to E region structures. Our methodology,
in addition, allows identifying events when both E and F regions can
simultaneously contain scintillation causing irregularities. Identifying
the source region becomes particularly important for modelling studies
where the altitude of the irregularities is an important initial input
parameter (Deshpande et al., 2014; Strangeways et al., 2014; Spicher
et al., 2020). Instead of assuming a single IPP, modelling studies would
then have to take into consideration multiple IPPs during such scintil-
lation events. Worth pointing out that a similar study at the nightside
using our methodology would be interesting in order to investigate
similarities and differences with the dayside. For the events analysed
in this study, 𝜎𝜙 remained in the weak scintillation regime majority
of the times irrespective of where the irregularities were present. This
could be due to the fact that density enhancements as well as gradients
were only moderately high when different regions dominated, as shown
in Fig. 6. This is in line with Aarons et al. (1981), Kivanç and Heelis
(1997) where the authors had suggested that scintillation intensity
depends directly on the density fluctuations/enhancements from the
background. Furthermore, our results are also consistent with Jin et al.
(2015) where the magnitude of 𝜎𝜙 index was observed to be low during
daytime whereas enhanced 𝜎𝜙 was predominant at night-time. Jin
et al. (2014, 2016), van der Meeren et al. (2015) had observed the
8

combination of polar cap patches and night-side auroral dynamics
(i.e., the combination of E and F structures) to be associated with
highest 𝜎𝜙 levels whereas we observed only weak phase scintillation
majority of the times when both E and F regions contained irregularities
simultaneously. This suggests that the night-side dynamics are more
effective than the dayside dynamics in creating enhanced scintillation
events.

The associated ionospheric conditions during scintillation as cap-
tured by the ion and electron temperatures in Fig. 5 revealed that
scintillation occurs about a wide range of temperature values. Identify-
ing the ionospheric conditions during scintillation events would prove
helpful to assess different instability mechanisms that might have led to
the creation of scintillation causing irregularities. Dominant instability
mechanisms at high latitude ionosphere include Kelvin–Helmholtz in-
stability (KHI) (Keskinen et al., 1988; Basu et al., 1988, 1994; Oksavik
et al., 2011), Gradient-Drift instability (GDI) (Burston et al., 2009;
Weber et al., 1984) and Farley–Buneman instability (FBI) (Farley, 1963;
Buneman, 1963). KHI operates when there is a shear in the plasma
drift velocity whereas GDI requires a density gradient. FBI is more
dominant in the E region and its presence could be inferred from ele-
vated electron temperature values (Bahcivan, 2007; Makarevich et al.,
2013; Schlegel and St.-Maurice, 1981). In addition, multiple instability
mechanisms can operate together to create density irregularities. Carl-
son et al. (2007, 2008) had proposed a two-step process wherein KHI
acts initially to structure the plasma followed by further structuring to
smaller scales by GDI. An alternative two-step process was proposed
by Oksavik et al. (2012) wherein an initial particle precipitation created
irregularities would be structured further to smaller scales by GDI.

From Fig. 5, it had to be concluded that a statistically significant
linear correlation does not exist between any of the ionospheric param-
eters and 𝜎𝜙 index. Fig. 5.a shows that scintillation always remained
in the weak regime when there were primarily E region irregularities.
Due to the limited number of E region events we are unable to provide
conclusions about the driving mechanism for E region irregularities.
More studies are therefore required to discern the relative importance
of the different processes in the E region. On the other hand, when the
ionosphere predominantly contained F region irregularities (Fig. 5.b),
over 99% of the events were observed to lie above the 𝑇𝑖 = 𝑇𝑒 line.
The results suggesting that the ionospheric conditions corresponding
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to enhanced 𝑇𝑒 and 𝑇𝑖 are associated with scintillation majority of the
times is in line with the fact that cusp auroral dynamics are an im-
portant factor for GNSS scintillation at the dayside auroral region (Jin
et al., 2017; Moen et al., 2013). Amongst the possible mechanisms,
the dynamics could be associated either with precipitation as discussed
in Kelley et al. (1982) where structured soft-electron precipitation was
found to be an important source of irregularities in the F region or with
fast flows channels (eg., Spicher et al., 2020; Carlson et al., 2002).

Absence of a clear statistical trend between 𝜎𝜙 index and the iono-
pheric parameters as measured by the radar could be attributed to
he fact that the radar is sensitive to only large scale structures, of
he order of tens of km and hence is unable to capture the effects
ue to small scaled irregularities that can cause intense scintillation.
n our study, most of the scintillation events were observed to be
n the weak regime. Future studies using scintillation data from the
oderate and strong regimes would be able to clarify in much more
etail as to whether there exists any trend or correlation between
cintillation levels as measured by 𝜎𝜙 index and different ionospheric
arameters. It could also be due to the fact that the radar observes only
-D cuts through the ionosphere and hence is not capturing the entire
hysical picture. EISCAT-3D would prove useful here as it can have
ultiple look directions simultaneously and is also capable of scanning
single beam through a range of directions repeatedly to build 3-
images of the ionosphere (McCrea et al., 2015). By combining the

olumetric imaging capability of EISCAT-3D with GNSS conjunction ob-
ervations, the full spatio-temporal evolution of irregularities and their
ssociated physical processes that cause scintillation in GNSS radio
requencies can be revealed. The relative effectiveness and contribution
f individual instability mechanisms and two-step processes in creating
rregularities at different altitudes that can cause scintillation would
herefore require more detailed multi-instrument studies.

. Conclusions and future works

The objective of the study presented here was placed in the context
f identifying the ionospheric source region and the associated condi-
ions that produce scintillation in GNSS radio signals in the dayside
uroral/cusp region. The purpose was achieved by making use of
he scanning capability of the radar and its co-location with a GNSS
eceiver, allowing to obtain conjunction measurements of radar and
atellite links. The results from the analysis revealed that the dayside
olar ionosphere was active with F region irregularities majority of the
imes. Scintillation occurred 77% of the times when F region irregular-
ties were present whereas the likelihood of observing irregularities as
ell as scintillation associated with the E region were comparatively
ery small. Lack of significant density, density enhancement from the
ackground as well as electron density gradients are suggested as the
easons for the decreased likelihood of observing irregularities and
ssociated scintillation activity in the E region. The chi-square test of
ndependence showed significant difference in the contributions from
he two regions during periods of scintillation and no scintillation. The
tudy therefore strongly suggests that F region irregularities are the
ominant source and the major contributor towards the observed GNSS
hase scintillation in the dayside polar ionosphere. Moreover, it is also
hown that scintillation in the dayside ionosphere can be associated
ith irregularities simultaneously existing in both E and F regions
ppreciable number of times with the major contribution from the F
egion. This becomes important for modelling works and for studies
hat require separating diffractive and refractive variations from 𝜎𝜙
ndex, which otherwise assumes a single altitude for the irregularities.

The associated electron and ion temperatures revealed that the
ccurrence of scintillation is spread about a wide range of temperature
alues. Enhanced 𝑇𝑒 and 𝑇𝑖 values in the F region are indicative
f the ionospheric state which contain irregularities that can cause
cintillation in GNSS signals. The result therefore confirms that cusp
uroral dynamics play an important role at the dayside ionosphere in
9

Table 2
Radar ‘‘fast-scan mode’’ dates and times with the scan start and end times reported
separately.

Date Scan start time (UTC) Scan end time (UTC)

20-Nov-2014 06:30:00 08:49:37
24-Nov-2014 09:19:01 10:06:04
29-Nov-2014 06:30:19 07:17:47
02-Dec-2014 06:33:32 09:58:39
03-Dec-2014 06:30:23 08:23:14
04-Dec-2014 06:30:38 09:59:36
05-Dec-2014 06:30:04 10:29:00
07-Dec-2014 06:30:04 07:59:52
27-Nov-2015 06:30:44 10:58:48
28-Nov-2015 06:30:25 10:59:45
29-Nov-2015 09:00:32 10:59:47
30-Nov-2015 06:01:16 10:29:39
02-Dec-2015 06:00:32 10:29:26
05-Dec-2015 06:00:32 10:29:32

the context of scintillation. Identifying the most likely mechanism and
their relative importance in creating scintillation causing irregularities
would require more observations and analysis using multi-instruments
as presented here aided with in-situ measurements in order to pin
down the exact structuring mechanism. Conducting a similar statisti-
cal study at the night-side auroral region and with EISCAT-3D is of
interest for a future work, which would help reveal the full spatio-
temporal characteristics of the irregularities in different regions during
scintillation.
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Fig. 7. Relative contributions from different regions using the criteria outlined in Table 1 when: (a) all data irrespective of conjunctions were considered (22977 events) and (b)
data during conjunctions between GNSS and radar signals were considered (291 events).
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