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Abstract The adverse effect of the ionospheric scintillation on Global Navigation Satellite System (GNSS)
requires scintillation monitoring on a global scale. Ionospheric Scintillation Monitoring Receivers (ISMR)

are usually adopted to monitor scintillation, while they are not suitable for global monitoring due to the 50 Hz
data collecting rate, which restricts the distribution. This paper proposes a new method to extract the phase
scintillation index from each GNSS carrier with 1s-sampling-interval, mainly based on the cycle slip detection,
the geodetic detrending and the wavelet transform, in which the optimal symmetry parameter and the time-
bandwidth product are determined with trial calculation. Taken the o, index provided by ISMR as the reference,
1-year observations are utilized to evaluate the scintillation monitoring performance of the extracted index
regarding the correlation of the magnitude in each observation arc, the detected daily scintillation occurrence
rate, the diurnal variation pattern of the ionospheric scintillation, the correlation between the scintillation
occurrence rate and the space weather parameter, and the complementary cumulative distribution of the
magnitudes. Compared to the performance of Rate of Total electron content Index, a higher consistency can

be achieved between the extracted index and the 64 index, indicating the rationality of applying the proposed
method in monitoring scintillations. The extracted scintillation index can be expected to introduce geodetic
receivers operating at 1s-sampling-interval into the field of ionospheric scintillation monitoring on a global
scale.

Plain Language Summary Small scale structures in the ionosphere will interfere with the
amplitude and phase of the Global Navigation Satellite System (GNSS) signals passing through them. This
phenomenon is called ionospheric scintillation, which can affect the positioning navigation and timing services
of GNSS, calling for the need of monitoring ionospheric scintillations on a global scale. A special type of
receiver, called Ionospheric Scintillation Monitoring Receiver (ISMR), is usually needed in ionosphere
monitoring. However, due to the high sampling rate and price, the distribution of ISMR is limited, making

it impossible to realize large-scale ionospheric scintillation monitoring using only ISMR. In order to solve
this problem, this paper proposes a new method to extract the scintillation index from the widely distributed
geodetic receivers. Although the existing Rate of Total electron content Index (ROTI) can also use geodetic
receivers for ionospheric scintillation monitoring, experiments based on long-period observations collected
in the Arctic region of the North America show that the extracted scintillation index can be more accurate
than ROTTI and the scintillation information on each carrier can be provided. The extracted scintillation index
provides a basis for realizing global ionospheric scintillation monitoring and modeling in the future.

1. Introduction

The electromagnetic wave signal passing through ionospheric irregularities produces rapid fluctuations in ampli-
tude or phase, which is called ionospheric scintillation. This phenomenon can reduce the carrier-to-noise ratio and
even cause loss-of-lock of the Global Navigation Satellite System (GNSS) signals, thereby interfering with GNSS
positioning navigation and timing services. It calls for an urgent need in studying and effectively monitoring the
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ionospheric scintillation to overcome its adverse impact. Due to the continuous and extensive characteristics of
GNSS observations, GNSS has become an important source of information for ionospheric scintillation monitor-
ing. Ionospheric scintillation index, measured from GNSS observations, is a quantitative characterization of the
strength of ionospheric scintillation, and is the foundation for realizing ionospheric scintillation monitoring and
forecasting. Therefore, the investigation on extracting the ionospheric scintillation index more accurately is of
great significance for scientific understanding about the occurrence of ionospheric scintillation, thereby reducing
the adverse effect of ionospheric scintillation (Guo et al., 2021; Xu et al., 2020).

One of the main equipment on monitoring scintillations is the ionospheric scintillation monitoring receiver
(ISMR), which can provide two types of indices: the amplitude scintillation index (S,) and the phase scintillation
index (o4). Due to the differences in the generation mechanism of ionospheric scintillation in the low latitude and
the polar regions (Luan et al., 2015; Mitchell et al., 2005), amplitude scintillations often occur in the low lati-
tude region, while phase scintillations dominate in the polar region (Zhao, Li, Wang, et al., 2022). To reflect the
variation information of the scintillation in the Arctic region, which is the interest area of this research, the phase
scintillation index will be extensively studied in this paper. The phase scintillation index provided by ISMR,

op =\ (¢*) — (¢) (1)

where ¢ represents the carrier phase measurement detrended by a sixth-order Butterworth filter with 0.1 Hz cutoff

namely oy, can be calculated as follows,

frequency (Van Dierendonck et al., 1993); (-) denotes the expectation within a certain time interval, which is usually
set to 60s. The magnitude of ¢, indicating the occurrence of the scintillation is a controversial value. This paper
selects 0.2 rad as the threshold to determine the occurrence of scintillations on the GPS L1 signal according to our
experiences and the existing studies (e.g., Jiao et al., 2013; Linty et al., 2018), while the magnitudes below the 0.2 rad
might also be caused by weak scintillations, although they are usually hard to distinguish from the measurement noise.

A high-price receiver clock is equipped in an ISMR to capture the phase fluctuations caused by scintillations.
Besides, substantial memories are needed to support the 50 Hz data collection. The high price and substantial
memories limit the density of ISMR networks. Currently, the ionospheric scintillation monitoring networks mainly
include Monitor (European Union) (Béniguel et al., 2017), CIGALA/CALIBRA (Brazil) (Vani et al., 2017) and
Canadian High Arctic Ionospheric Network (CHAIN) (Canada) (Jayachandran et al., 2009), deployed with a total
of about 150 ISMRs, of which only 31 stations are located in the Arctic region. Therefore, it is difficult to monitor
ionospheric scintillations in a large area, for example, the Arctic region, using only the ISMR scintillation index.

Compared with ISMR, geodetic receivers are less expensive and more widely distributed. The extraction of the
ionospheric scintillation index based on geodetic receivers benefits the monitoring study on the ionospheric
scintillation in the Arctic region. Geodetic receivers usually collect observations at low sampling interval (no
larger than 1s), which makes it difficult to measure the ionospheric scintillation from carrier phase measurements
accurately using only high-pass filtering methods, calling for the need of eliminating the influence of other error
sources. Taking advantage of the dual- or triple-frequency signals, multi error sources can be eliminated by the
combined signals. For instance, Juan et al. (2018) averaged the rate of Total Electron Content (TEC) value from
all the visible satellites in each epoch to generate the along arc TEC rate index, which has been selected as one of
the parameters characterizing ionospheric activities by European Geostationary Navigation Overlapping Service
system. In order to eliminate the influence of frequency-independent error sources, for example, multipath,
Nguyen et al. (2019) and Juan et al. (2017) adopted Butterworth filters with 0.1 Hz cutoff frequency to extract
ionospheric scintillation signals in the residual of the combined signals. Ahmed et al. (2015) studied the wavelet
transform method to extract ionospheric scintillation signals from vertical TEC data in high latitude regions.

Of all the existing scintillation indices based on 1ls-sampling-interval observations, the Rate of TEC index
(ROTI) is believed to be the most widely used scintillation index (Cherniak et al., 2018; Dugassa et al., 2019; Li
et al., 2018; Yang & Liu, 2016; Yizengaw & Groves, 2018). ROTI is defined as the standard deviation (STD) of
the rate of TEC (Pi et al., 1997), which can be calculated as follows,

Dy (i) — Pra(i)
40.309 - 10 - <L - L) )

7T

STEC(i) =
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ROT — STEC(z:) - STEC(:’ -1
TG -TG 1)

ROTI = 1/ (ROT?) — (ROT)? €))

where STEC denotes the slant path TEC; ® represents the carrier phase measurement in the unit of length; f;

3

and f, denote the frequency of L1 and L2 signals respectively; i means the ith epoch; T stands for time in the
unit of minute. ROTI has two main limitations. The first is that ROTI measures the scintillation effect in the
geometry-free (GF) combination. The scintillation effects on the signals with different frequencies are not always
proportional (Bhattacharyya et al., 2000; Juan et al., 2017), resulting that the scintillation on each individual
frequency cannot be extracted from ROTI. The second is that ROTT is obliquity with the elevation angle (Fabbro
et al., 2019), which means large ROTI values are usually obtained at low elevations. In order to fix this obliquity,
a mapping function considering the satellite elevation angle is usually applied to ROTI (Nguyen et al., 2019),

shown as follows,
R 2
M) =1/1- (RE i - cos(e)) (5)

ROTI = \/ ((M -ROT)?) — (M - ROT)? (6)

where ROTIin Equation (6) flattens the obliquity at low elevation angles; M denotes the mapping function; e
is the satellite elevation angle; Rp is the radius of the Earth and A represents the height of the assumed iono-
spheric layer, which is set to 110 km (Prikryl et al., 2016), regarding the generation difference of the ionospheric
irregularities. At the high-latitude region, irregularities can be produced by a variety of auroral and polar cap
phenomena, including cusp dynamics, auroral particle precipitation, auroral blobs, and polar cap patches, which
decrease the altitude of the irregularities, compared to that at the low-latitude region (Oksavik et al., 2015). ROTI
is estimated from 1s-sampling-interval data over 1-min period.

This paper proposes a new method to extract the phase scintillation index from each carrier of the GNSS observa-
tions, instead of the combined signal as most of the existing methods did. The detailed procedure to conduct this
method will be provided after a brief introduction to the data. Most of the existing researches validated their indi-
ces regarding the magnitude details of several observation arcs, which cannot reveal the monitoring performance
of the scintillation index over a long period. Considering this drawback, this paper will evaluate the scintillation

monitoring performance of the extracted scintillation index extensively with a

statistical method using the observations collected in the whole year of 2020.
* ISMR

O Geodetic receiver

2. Introduction to the Adopted Data

In order to validate the accuracy of the scintillation index extracted with the
proposed method in the high-latitude region, this paper selects 11 stations
from CHAIN (Jayachandran et al., 2009), as shown in Figure 1. All the
stations are located at either the polar cap region or the Auroral zone. Each
station is equipped with one Septentrio PolaRxS Pro ionospheric scintillation
monitoring receiver and a Septentrio PolaN GG antenna. All the receivers are
set to collect dual-frequency GPS observations at 1/50s-sampling-interval to
calculate the phase scintillation index o, which is taken as the reference for
the validation. The observations filtered into 1s-sampling-interval are also
collected to extract the scintillation index using the proposed method. This
paper adopts the observations collected in the whole year of 2020, however
N the data during the days 1-66 of the year 2020 at the station kugc is excluded
due to the reference oscillator failure.

Besides the 1s-sampling-interval data from ISMR, the GPS observations

Figure 1. Distribution of the selected stations. collected from the station chur, equipped with a Topcon NET-G3A geodetic
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Figure 2. Procedure of extracting the phase scintillation index from
1s-sampling-interval Global Navigation Satellite System observations.

3.2. Geodetic Detrending

receiver, are also adopted in this paper. The station chur is part of the
Canadian Active Control System and co-located with the station chuc. We
collected the observations of the station chur for the whole year of 2020 at
Is-sampling-interval.

3. Method for Extracting the Phase Scintillation Index
From 1s-Sampling-Interval Observations

This paper proposes a method for extracting the ionospheric phase scintilla-
tion index from each carrier of the GNSS observations with 1s-sampling-in-
terval. After preprocessing GNSS observations, the phase scintillation index
is obtained by the following two processes, including the geodetic detrending
(GD) and the wavelet transform, as shown in Figure 2.

3.1. Preprocessing Strategy of GNSS Observations

The data quality is believed to be improved by preprocessing GNSS obser-
vations, which is essential for extracting scintillation indices accurately. The
preprocessing strategies include the excessive short arc rejection, the satellite
elevation angle control, and the cycle slip detection (Zhao, Li, Li, et al., 2022).
Considering that the length of the moving window is 60s, it is reasonable to
remove any observation arcs that are less than 60 epochs. The satellite elevation
angle is set to 30° to avoid the adverse effect of multipath. For the observations
collected at three carriers, cycle slips are detected and fixed utilizing the Hatch—
Melbourne-Wiibbena (HMW) combinations (Zhao, Hancock et al., 2019,
Zhao, Roberts et al., 2019). For the observations collected at dual-frequency,
the epoch-differenced ionosphere-free (IF) combination is adopted to detect
cycle slips. Instead of correcting cycle slips of the dual-frequency observa-
tions, the epoch with a cycle slip is taken as the start of a new arc, as IF cannot
provide the magnitude of the cycle slip directly.

Most of the error sources, which affect the accuracy of the scintillation index extracted from 1 Hz GNSS carrier
phase observations, can be eliminated using the existing formulas, models, and public parameters. This process

is named as the GD (Juan et al., 20

17). Table 1 summarizes strategies utilized in this paper to conduct the GD.

However, the methods listed in this table cannot eliminate the tropospheric wet delay and the receiver clock error,

where the extended research is conducted as follows.

The static PPP method is utilized to

estimate the tropospheric wet delay. The basic observation in the PPP adopts

the IF combination constructed with residuals of the GD. The parameters to be estimated in the PPP are the

Table 1
Strategies to Conduct Geodetic Detrending

Items Processing strategies
Geometric distance Static precision point positioning (PPP) solution, International GNSS Service (IGS) precise ephemeris product
Solid Earth tide The second-order simplified tide model
Satellite and receiver antenna correction IGS satellite and ground antenna calibrations (igs14.atx)
Satellite clock IGS precise clock product
Phase wind-up Wau et al. (1992)
Relativistic effect Beard and Senior (2017)
Tropospheric zenith hydrostatic delay GPT2 (Lagler et al., 2013)
ZHAO ET AL. 40f 18
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coordinates of the station, the zenith tropospheric wet delay and the receiver clock error, which can be estimated
by a Kalman filter. In order to improve the estimation accuracy, a forward and backward calculation is adopted
and the outputs provided by the backward calculation are taken as the final solution. The estimated zenith trop-
ospheric wet delay is converted to the slant path of each satellite by the Global Mapping Function (Boehm
et al., 2006), so as to correct the tropospheric delay error in the observations regarding the original observation
equation of the carrier phase measurement.

The receiver clock error is estimated and corrected utilizing the epoch-differenced IF combination, denoted as
follows,

Afp = c - Adtg + AIL @)

where A is the time-differenced operator between two adjacent epochs; 7;r denotes the residuals of IF combina-
tion; c is the speed of light in vacuum; 6t is the receiver clock offset; AT ;’ r denotes the variation rate of iono-
spheric scintillation error, which can be ignored as its magnitude is usually small. Equation (7) can eliminate
nearly all the error sources and provide the residual, which only contains the receiver clock error. However, for
most geodetic receivers, when the receiver clock drifts to a certain threshold, a clock jump will be inserted to the
clock, in order to synchronize the internal receiver clock and the GNSS time within a certain range. Before imple-
menting Equation (7) to estimate the receiver clock error, the clock jump needs to be identified and corrected
based on the output of the previous PPP process, as the clock jump is typically in the magnitude of 1 ms, much
larger than other error sources, for example, the tropospheric delay and the ionospheric delay. After the correc-
tion of the clock jump, the residual of the time-differenced IF combination given by Equation (7) can be used to
represent the variation of the receiver clock over time.

In order to improve the accuracy of the estimated receiver clock, all the satellite observations in each epoch above
the cutoff angle are averaged with the following weight,

P =sin’e 3
where P represents the weight. The weighted epoch-differenced receiver clock error can be expressed as follows,

" Afrr, - Py
n—

— ©)
an=l Psn

Asta(i)= L.
C

where m represents the number of adopted satellites at epoch i; s, is the satellite number. The receiver clock error
at the initial epoch is set to 0 s. On the basis of Equation (9), the receiver clock error at jith epoch is the integration
of the weighted epoch-differenced receiver clock error between the initial epoch to ith epoch. This estimated
value can be used to fix the receiver clock error in each individual frequency regarding the original observation
equation of the carrier phase measurement.

3.3. Ionospheric Phase Scintillation Index Estimation With Continuous Wavelet Transform

The residual of the GNSS carrier phase observations after GD and cycle slip detection can be denoted as follows,
Fr=1I,+1I{+B;+A;Ns+es (10)

where 7, denotes the residual of the frequency f; I 7 and I }’ denote the ionospheric refraction and scintillation
signal respectively; B represents the hardware delay; A is the wavelength; N denotes the ambiguity and e is the
measurement noise. The hardware delay and the ambiguity are constant values in one observation arc. Consider-
ing the frequency differences of different parameters in Equation (10), the continuous wavelet transform (CWT)
can be utilized to extract the scintillation signal.

The CWT is a joint function of a time series signal and a wavelet, denoted as follows,

Wi(t,s) = % / Y(sw) X (w)e'” dw (11)

0
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where W represents the wavelet transform coefficients; ¢ and s denote the time and the scale respectively; ¥(w)
represents the Fourier transform of the wavelet and X (w) is the Fourier transform of the residual provided by
Equation (10). The CWT can isolate the signal variability both in time and scale, by rescaling and shifting the
analyzing wavelet, making it be good at localizing transients in nonstationary signals (Lilly & Olhede, 2009;
Torrence & Compo, 1998), for example, ionospheric scintillations, as the ionospheric scintillation signal fluctu-
ates at a higher frequency than the ionospheric refraction signal (Juan et al., 2017). The Morse wavelet is adopted
in this paper. The Fourier transform of the Morse Wavelet is as follows,

Yy, (sw) = U(w)aﬂvya)ﬂe"‘”y (12)

where y and f are named as the symmetry parameter and the time-bandwidth product of the Morse wavelet; U (@)
represents the Heaviside step function; ag, is a normalizing constant. The detailed explanation on the parameter-
ization of Morse wavelet refers to (Lilly & Olhede, 2009; Olhede & Walden, 2002). The shape of the wavelet is
controlled by y and f together. The central portion of the wavelet is broadened and the rate of the time decay is
increased with a long time-bandwidth, while the wavelet envelope can be broadened without changing the time
decay by increasing the symmetry parameter. Overall, the symmetry parameter and the time-bandwidth product
affect the estimation of the scintillation index. The method to selecting the optimal symmetry parameter and the
time-bandwidth product for extracting the scintillation signal will be provided in Section 3.5.

After the CWT computation, the residual of Equation (10) is transformed to the time-frequency matrix, where
the coefficients corresponding to ionospheric scintillations are usually located in the middle frequency range,
named as the characteristic frequency range of ionospheric scintillations. The upper and lower boundaries of
the characteristic frequency range are called the upper boundary frequency and the lower boundary frequency,
which are selected as 0.1 and 0.4 Hz respectively in this paper, as shown in Panel ¢ of Figure 3. The coefficients

x10” a b
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Figure 3. Illustration on the variation from the original GPS L1 carrier observations to the scintillation index.
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located within the characteristic frequency range of ionospheric scintillation are used to extract the ionospheric
scintillation signal, by utilizing the inverse continuous wavelet transform (ICWT). The detailed method to imple-
menting ICWT refers to Liu et al. (2015). Based on the ionospheric scintillation signal, the phase scintillation
index extracted from 1 Hz geodetic GNSS measurements can be obtained as follows,

O f wavelet = V (I‘;Z) - <I}1>2 (13)

where 647 waveler 1S the extracted phase scintillation index. 60s is selected as the time interval for calculating Equa-
tion (13) using 1s-sampling-interval observations. The threshold for the extracted scintillation index is the same
as that adopted by o, namely the phase scintillation index of ISMR.

3.4. An Example Illustrating the Outputs of the Above Steps

In order to help readers easier understand the proposed scintillation extraction method, Figure 3 illustrates the
variation from the original 1s-sampling-interval GPS L1 carrier observations to the final scintillation index. As
shown in Panel a, the observations from 15 to 19hr of PRNO7 on the day 111 of the year 2020 at the station arcc
are adopted to conduct this illustration. The residual after GD, namely the output of Equation (10), is displayed
in Panel b. The signal is transformed with the Morse wavelet, in which the obtained coefficients are visualized in
Panel c of Figure 3. This panel is called the time-frequency spectrum, which displays the variation of the absolute
value of the wavelet coefficients (W) obtained from Equation (11), with regards to both the frequency and the
time. It can be seen from the time-frequency spectrum that large modulus values are mainly concentrated below
0.1 Hz, corresponding to the ionospheric refraction effect of this observation arc, while several large modulus
values in the middle frequency range, namely the area between the two white lines in Panel ¢, mainly correspond
to the characteristic frequency range of the ionospheric scintillation, which shows that the Morse wavelet has the
ability to extract ionospheric scintillation signals in the time-frequency domain. Finally, the scintillation index,
shown in Panel d, is obtained by calculating Equation (13) based on the signal given by applying ICWT to the
coefficients within the characteristic frequency range.

3.5. Determination of the Symmetry Parameter and the Time-Bandwidth Product for the Morse Wavelet

In order to determine the search space of the symmetry parameter and the time-bandwidth product for the Morse
wavelet, a special case study is conducted using one observation arc affected by scintillations to test the perfor-
mance of two parameter groups with a farther distance, for example, (3,60) and (6,20), where the two parameters
in the bracket represent the symmetry parameter and the time-bandwidth product respectively. The method to
conduct this case study is as follows. First, the scintillation index is extracted with the two parameter groups.
Then, the correlation, the slope of the linear fitted line and the root mean square (RMS) of the residual between
the extracted scintillation index and the reference, namely the ¢4 index provided by ISMR, are calculated for the
following analysis. A higher correlation means a higher similarity between the estimated scintillation index and
the reference. The slope of the linear fitted line measures the number of units the 64/ waveler index goes up for
every unit the ¢, index is moved to the right, which means the value of the slope being equal to 1 can indicate
that the magnitude of the 64/ waveler index is basically the same as that given by the 6, index. The RMS of the
residual measures the differences between the 64 waveler index and the o index. A smaller RMS value can reveal
the 64 waveler index being more accurate.

Figure 4 presents the results of the special case study. As shown in Panels a and b, the accuracy of the estimated
scintillation index varies with the symmetry parameter and the time-bandwidth product. Panels ¢ and d show
that the correlation is higher and the slope of the linear fitting is closer to one when using (3,60). The RMS of
the residual (see Panels e and f) is greater with (6,20), especially during the period with scintillations. The slope
obtained by (3,60) is greater than 1, while that given by (6,20) is less than 1. Therefore, it is reasonable to suppose
that the proper parameter group might be between these two parameter groups.

On the basis of the potential search space of the proper parameter group, the observations collected at all the 11
ISMR stations in the year of 2020 are adopted to decide the proper parameter group with the following method.
First, the symmetric parameter is selected from 3 to 6 with 1 as the step, while the time-bandwidth product is

ZHAO ET AL.

7 of 18

851807 SUOWILLIOD BAIIERID 8|eoljdde ay) Aq peusenob a1e sajole YO ‘@SN JO SaINnJ 10} ARid1T8UIIUO A8]IA UO (SUOTHPUOD-PUR-SWLBIALI0O" A3 1M ARe.d 1 |Bul UO//StY) SUORIPUOD pue sWie | 34} 88S *[2202/2T/90] uo Akeiqiauliuo Ae|im AiseAiun ybnoioqyBno Aq STOE00MSTZ02/620T OT/I0p/w0d" As 1M Arelqjeuluo'sgndnBey/sdny Wwoiy pepeojumod ‘v ‘2202 ‘06EL2rST



A7N |
Fa\C 1% Space Weather 10.1029/2021SW003015
ADVANCING EARTH
AND SPACE SCIENCE
1 a PRNO7 (3,60) 75 b PRNO7 (6,20)
(of' 3 . 0y
08} O ¢¢,wavelet i O ¢¢, wavelet
=) =)
o g 1
206 1o
o °
2 =2
§ 0.4 1 % 05
= =
0.2
0 0
16 16.5 17 17.5 18 16 16.5 17 17.5 18
GPS Time GPS Time
1 ¢ PRNO7 (3,60) 1 d PRNO7 (6,20)
y=0.9521*x-0.00677 y=1.8860*x-0.004474
0.8} Corr=0.9803 : 0.8 Corr=0.9303/.
£) £)
& ]
206t 1206
g g
s g Y
£04t £04 R
& g h
[\ [ L.
02f .. 1 02
Al + Distribution | a8 - Distribution
’{f ' Linear Fit . Linear Fit
oL 0
0 02 04 06 038 1 0 02 04 06 08 1
og (rad) og (rad)
01 e PRNO7 (3,60) 1 f PRNO7 (6,20)
I . 0% — 0 ¢, wavelet | .| o 0% — 0 ¢ wavelet |
. 0.8
005 | RMS=0.0269 | . RMS=0.1826
3 ’ 3
= 0.6
g 0 -.- : ’ . .s g
@ L : Lol » 0.4
[0] U (0]
nd i K ¥
-0.05¢
0.2 -
s . ..- < o ... : i3 % “:"-.'. :\-'.', o J
-0.1 - 0—2— - _
16 16.5 17 17.5 18 16 16.5 17 17.5 18
GPS Time (h) GPS Time (h)
Figure 4. Special case analysis of two parameter groups (3,60) and (6,20) for Morse wavelet using the observation arc from
PRNO7 collected on the day 111 of 2020 at the station arcc. The two parameters represent the symmetry parameter and the
time-bandwidth product respectively. Panels a and b: comparison between the reference and the scintillation index extracted
by the corresponding parameters; Panels ¢ and d: the linear fitted lines and the correlation analysis; panels e and f: residual
analysis.
chosen from 20 to 60 in the step of 5, forming a variety of parameter groups. Then the scintillation index is esti-
mated using these parameter groups. Lastly, a statistical analysis is conducted regarding the mean and the STD
values of the following three indictors, for example, the slope of the linear fit, the correlation and the RMS of the
residual between the estimated scintillation index and the reference. The statistical analysis pays special attention
to the periods with scintillations, as the difference of the magnitudes estimated from different parameters can be
ZHAO ET AL. 8 of 18
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Figure 5. Statistical analysis of the mean value of the linear fitting slope, correlation and residual between the reference
and the scintillation index constructed by different symmetry parameters and time-bandwidth products during periods with
scintillations (o4 > 0.2rad). The error bar represents the standard deviation. The optimal symmetry parameter and the time-
bandwidth product are marked with the golden color.

negligible during the periods without scintillations (see the scintillation index during 17.5-18 in Panels a and b
of Figure 4).

Figure 5 presents the variation of the above three indicators during periods with scintillations. The fluctuation of
each indicator under the corresponding parameter combination is represented by the STD, as shown by the error
bar. In the period with scintillation, the symmetry parameter 3, together with the time-bandwidth product 45, 50,
55 or 60, can provide the best performance, which are approximately 1 for the slope, 0.92 for the correlation and
0.03 rad for the RMS of the residual. As a large time-bandwidth product increases the complex waveform of the
wavelet, affecting the calculation efficiency of the ionospheric scintillation index greatly, this paper selects (3,45)
as the optimal symmetry parameter and time-bandwidth product for Morse wavelet.

4. Scintillation Monitoring Performance of the o, index

af,wavelet

The scintillation monitoring performance of the o4 waveler index is analyzed using the observations collected in
the year of 2020. The scintillation monitoring performance is evaluated considering the magnitude accuracy in
each observation arc, the detected daily scintillation occurrence rate, the diurnal variation pattern of the iono-
spheric scintillation, the correlation with the space weather parameter, and the distribution of the magnitude. If
the scintillation monitoring performance of the o4 waveler index is consistent with that provided by the reference,
it is reasonable to believe the extracted scintillation index is accurate and stable. This section displays the results
from the 1s-sampling-interval observations collected at the five stations as examples, including two high-latitude
ISMR stations (arcc and kugc), two middle-latitude ISMR stations (fsmc and chuc) and one middle-latitude
station with a geodetic receiver (chur).
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It should be noted that the adopted Septentrio receivers only provide the o, index at the L2C signal, which was
only available at around half of the GPS constellation in 2020. In order to avoid the scintillation pattern difference
due to the unequal number of GPS L2 satellites adopted by different scintillation indices, only the results obtained
by GPS L1 signal are displayed in this section. Considering the ionospheric scintillation in the high-latitude
region has similar effect on different GNSS signals, observations from GPS L1 signal are sufficient to validate
the 64 waveler index.

4.1. Magnitude Details of the 6, . ..., index Extracted From the Observation Arcs Affected by
Scintillations

As many other wavelets can also be adopted to conduct the time-frequency analysis of the CWT, the magni-
tude details of the o4/ waveler index extracted with the Morse wavelet are first compared with those provided by
another two widely used wavelets, namely the analytic Morlet wavelet and the Bump wavelet. Panel a of Figure 6
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Figure 6. The time-frequency spectrum (Panels a, b) and the corresponding scintillation index (Panels c, d) extracted with the Bump and Morlet wavelets respectively
based on the observation arc collected from 15 to 19hr of PRNO7 on the day 111 of the year 2020 at the station arcc.
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1 chuc (ISMR) chur (Geodetic) shows that the ionospheric scintillation signals cannot be clearly visible in
é —— 1s ISMR N —1s qé’g'&gtm | the time-frequency spectrum of the Bump wavelet, which might be for the
§ o5 reason that the frequency response range of the Bump wavelet cannot cover
s the whole frequency range of the ionospheric scintillation, resulting in the
5 scintillation index extracted with the Bump wavelet being significantly lower
% g than that given by ISMR, as shown in Panel c. Although the time-frequency
é G spectra of both the Morlet wavelet and the Morse wavelet can generally
'g ) reflect the information of the ionospheric scintillation signal (see Panel b of
& Figure 6 and Panel e of Figure 3), the magnitude of the ionospheric phase
-1 EDIF scintillation index obtained by the Morlet wavelet is significantly larger than
O cydeslip| | 'IE'r?rI;:shold the reference, while that given by the Morse wavelet is basically equivalent
~ 02— - Threshold to the reference value (see Panel d of Figure 6 and Panel f of Figure 3). Over-
£ d all, the Morse wavelet can be expected to extract more accurate scintilla-
g 0 tion index from 1s-sampling-interval GNSS observations than the Bump or
‘;’ Morlet wavelet.
c
;(..C—; 0 As the optimal symmetry parameter and the time-bandwidth product are
% 04 determined with the 1s-sampling-interval observations filtered from the
T 7 prresmdpyeenstacnnadenscas  pessecdsesencbosssedesenn 1/50s-sampling-interval data of the ISMR, this section verifies the usability
8 of the proposed method and the corresponding parameters in extracting the
0.2 scintillation index from the geodetic receiver. Figure 7 displays the receiver
= 1 - oo clock error, the cycle slip detection value and scintillation indices extracted
ROTTNY WO o o Tprwavelet | | [T Tr, wavelet by applying the proposed method to the observations from an ISMR (the
b e f station chuc) and a co-located geodetic receiver (the station chur) respec-
_E 0.6 tively. The data is collected from PRN 21 during 3—7h on the day 111 of the
S year 2020.
= 0.4
= Panels a and b of Figure 7 reveal that the receiver clock error of the geodetic
% 0.2 i 1 ) receiver is less stable compared to that of the ISMR. Results of the cycle slip
2 0 . o WA, * V- detection (see Panels ¢ and d) show that the adopted detection value, namely
3 4 5 6 7 3 4 5 6 7 the time-differenced IF combination, is precise enough in detecting cycle
GPS Time (h) GPS Time (h) slips for the purpose of extracting scintillation index, although the receiver
clock error was not fixed before cycle slip detection. It can also be seen from
Figure 7. Comparison between the scintillation index extracted from the Panels c and d that the outliers in the detection value mainly occur during

1s-sampling-interval observations collected at the station chuc with an
Ionospheric Scintillation Monitoring Receivers and that at the station chur
with a geodetic receiver. CS and EDIF denote the cycle slip and the epoch-
differenced ionosphere-free combination respectively.

the periods with scintillations, which cause the variation of the carrier phase.
The threshold of the cycle slip detection value can determine the magnitude
of the outlier which is to be fixed as a cycle slip or remained as the scintilla-
tion information propagated to the 64 waveler index. Considering 1 rad in L1
carrier corresponds to 0.12 m in the IF combination, 0.12 m is selected as
the threshold for cycle slip detection, to avoid the over-large magnitude in
the 64/ waveler index. Although this threshold might not be the optimal, the results in Panels e and f confirm the
applicability of this threshold in extracting the scintillation index. Comparing the cycle slip detection results in
Panels c and d, no cycle slip is detected in the observation arc from the station chur, however small outliers occur
more frequently in the detection value of the geodetic receiver than that of the ISMR, indicating the carrier phase
of a geodetic receiver is more susceptible to ionospheric scintillations. These unexpected small outliers lead to
several inaccurate magnitudes of the extracted scintillation index, such as the scintillation index at around 3:55
and 4:30 in Panel f. Despite these several inaccurate magnitudes, they will not affect the judgment of the scintilla-
tion occurrence in this observation arc on account of the 0.2 rad as the scintillation threshold. Generally, both the
scintillation index from the 1s-sampling-interval ISMR and geodetic receiver observations can be considered as
accurate at the epoch level, compared to the o, index. The analysis of this figure reveals that the proposed method
can extract the scintillation index accurately from the 1s-sampling-inteval observations of the geodetic receiver,
with the parameters determined based on the down-sampled ISMR observations.

In order to further quantitatively measure the accuracy of the estimated scintillation index, we calculate the
correlation between the 64/ waveler index and the o index at each observation arc. As the difference between the
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B . oot 6o/ waveler iNdex and the oy index can be negligible during the period with-
I ROTI out scintillations (see the results during 6-7h in Panel e of Figure 7), we
only present the correlation results obtained from the arcs with scintillations.
1r Figure 8 displays the mean and the STD values of the correlations obtained
at the stations arcc, kugc, fsmc and chuc. It can be seen that the correlations
c o8l between the 64/ waveler index and the o index can provide a much higher mean
:.% with a smaller STD than those between the ROTI and the o4 index. This
g reveals that the magnitude of the 64 wavele index is generally more consistent
§ 067 with the ¢, index than the ROTL
“—
o
§ 0.4
= 4.2. Detected Daily Scintillation Occurrence Rate of the 6, .. index
0.2¢ This section is to test whether the 64 waveler index can provide the accurate
daily scintillation occurrence rate, which is defined as follows,
0 smc chuc N;
) R =— x100% 14
Stations N;
Figure 8. Mean and standard deviation of the correlations between the where R denotes the daily scintillation occurrence rate; N is the total number
00 waveler index (or the Rate of Total electron content Index) and the o index of epochs where the ionospheric scintillation index is greater than the thresh-

obtained from the observation arcs affected by scintillations.

old; N, is the total number of epochs in a day.

The daily scintillation occurrence rate is related to the threshold for the iono-

spheric scintillation, while the threshold is determined with the magnitude of
the scintillation index. The magnitude of the 64 waveler index is at the same level as that of the 6,4, index (see Panels
e and f of Figure 7), making the 0.2 rad can be applied as the threshold for the 64/ wavele index as well, while the
magnitude of ROTI can be significantly different from that of the o, index (Zhao, Li, Li, et al., 2022). Generally,
0.1 TECU/min is suggested as the threshold for the ROTI calculated from 30s-sampling-interval observations
with a 5-min moving window (Ma & Maruyama, 2006), while existing research failed to provide the experienced
threshold for the ROTI calculated from 1s-sampling-interval observations with a 1-min moving window. This
paper determines the threshold for ROTI as follows. First, the proportion of the epochs with the ¢4 index above
the threshold is obtained for the whole year observations at each station. It is assumed that ROTI can provide the
same proportion of scintillation as the o, index at the annual level. Then the threshold of ROTI at each station
can be determined as the magnitude corresponding to the same proportion of scintillation in the complementary
cumulative distribution function of the ROTI calculated with the whole-year observations. With this method,
0.0482, 0.0562, 0.0517, and 0.0570 TECU/min are determined as the thresholds for the stations arcc, kugc, fsmc
and chuc respectively.

The left four panels of Figure 9 present the daily scintillation occurrence rates detected by the 64, 64 waveler and
ROTTindices, while the right panels display the distributions of the rate differences, namely R (6 wavelet) — R (64)
and R(ROTI) — R (o). The right four panels show that about 95% of the rate differences are distributed within
+0.5% for both 64/ waveler and ROTI. Compared to ROTI, the rate differences given by the 64 waveler index are
allocated higher within the range of +0.05%, indicating that the 64 waveler index can be believed to perform scin-
tillation monitoring more accurately.

The left four panels of Figure 9 reveal that the daily ionospheric scintillation occurrence rates provided by the
0o s waveler iINdex meet well with the o4 index during the whole year for both the 1s-sampling-interval ISMR and
geodetic receiver observations, while the daily scintillation occurrence rates of about the last 80 days at the station
arcc given by the ROTI are much lower than those given by both the 64 waveler and the o, indices, as shown in
Panel a of Figure 9. One possible reason leading to this phenomenon might be due to the high-frequency fluctu-
ations of satellite clocks (Nguyen et al., 2019). The proposed scintillation extraction method eliminates the effect
of the satellite clock error by applying the IGS precise clock product, which is a smooth value of the satellite clock
variation over a period time, thus losing the ability to capture the high-frequency fluctuations of satellite clocks.
This satellite clock error will propagate and contaminate the estimation of the receiver clock, hence making the
rapid fluctuation in the 64/ waveler index. Similarly, this mismodeled fluctuation cannot be canceled out by the
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Figure 9. Daily ionospheric scintillation occurrence rate detected in the whole year of 2020 (left four panels), and the rate differences (right four panels). The bin width

in the right panels is 0.05%.

high-pass filter of the ISMR and thus distorts the 6, index. However, the satellite clock error can be canceled out
in the GF combination, making the ROTI be not affected by the high-frequency fluctuation of satellite clocks.
Another reason is that the code-encrypted L2 (L2W) signal is obtained from the L1C signal in the Septentrio
receivers (McCaffrey et al., 2018), making part of the high-variation ionospheric effect in the L1C signal be
presented in L2. This propagated ionospheric fluctuating information can be eliminated in the GF combination
calculated with the L1-aided L2 signal, resulting in the low values of ROTI and also the low daily scintillation
occurrence rates in the last 80 days at the station arcc.

4.3. Diurnal Variation Pattern of the Ionospheric Scintillation Detected by 6, ...t

Due to the effect of the local solar angle, the occurrence of the ionospheric scintillation presents a diurnal vari-
ation pattern (Jiao & Morton, 2015; Karatay, 2020). The performance of 64 wavelert Will be evaluated in detecting
this diurnal variation pattern as follows (Zhao, Li, Li, et al., 2022). The astronomical algorithm is first applied
to obtain the local time of each station (Meeus, 1998). Then, the number of epochs with scintillations is statis-
tically counted in each hour after local sunset at each station. The scintillation occurrence probability is defined
as the ratio between the total number of epochs with scintillations in each hour and that in the whole year. The
diurnal variation pattern of the ionospheric scintillation is represented by the changes of the scintillation occur-
rence probability for each hour of a day in this paper. Due to the phenomena of polar days and polar nights, the
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15 a: arcc b: kugc observations collected during the local summer and the local winter of the
------ om0 wavelet ol O wavelet stations arcc and kugc will be studied separately regarding the local time,
R *Fo=Oe 0 | 8T T 08 instead of the hours after local sunset.
S ROTI ROTI
= 10 Afg& . Figure 10 presents the diurnal occurrence pattern of ionospheric scintillation
% ’ #': regarding the hours after local sunset. From the results given by the ¢, index,
2 5 *“ o i/. " :n* the occurrence of the ionospheric scintillation follows the characteristic with
S “\ ,/ ¢ R % ” A one peak occurring at different time for the stations arcc, kugc and chuc. For
%ok ~*§ . . . . . . . .
\\‘ " ¥ Wﬁ“ﬂ"“ Pag the station arcc, the ionospheric scintillation occurrence peak occurs within
Ny A 6 hr before sunset, while the peak occurs approximate 6 hr after sunset at the
15 c: fsmc d: chuc stations kugc and chuc. The station fsmc observes two occurrence peaks, in
""" = O wavelet ol Oy wavelet which one lower peak occurs within 6 hr and the other higher peak occurs in
= | M — — UR%TI ______ e %%TI 6-12 hr after sunset. The o4 waveler index can detect this occurrence pattern.
(=]
°\§ 10 ‘R; ROTI provides inaccurate peak occurrence time and occurrence probability
= . i"\' i }'I‘X* at the stations arcc and chuc respectively, and fails to detect the second peak
a Hop A / .
®© N i"ﬁ \ ! "“»._ 3 at the station kugc.
S s Ll » 4!
o ﬁ“ * - Figure 11 shows the scintillation occurrence probability during the local
.\ A \"“ o ' summer and the local winter at the stations arcc and kugc. When the polar
0 > --1-%’1Aﬁ R T sl night phenomenon occurs (see Panels b and d), two scintillation occurrence
0 6 12 18 24 0 6 12 18 24

Hours after local sunset

Hours after local sunset

Figure 10. Scintillation occurrence probability with respect to hours after
local sunset.
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Figure 11. Scintillation occurrence probability during the local summer
(Panels a and c) and the local winter (Panels b and d) at the stations arcc and

kugc. The specific days for these periods are shown in the title of each panel.

peaks can be observed, and the occurrence times of the peaks are similar
for the two stations, both at the local midnight and noon. During the local
summer (see Panels a and c), the result of the ¢, index shows that one scintil-
lation occurrence peak can be observed at the local noon for the station arcc
and the local midnight for the station kugc. The reason leading to the differ-
ent patterns at the two stations might be due to the latitude of the stations.
The station arcc is located in the polar cusp region, where the magnetic field
intensity is almost zero, allowing the solar wind to enter the upper atmosphere
unimpeded, hence scintillations occur more frequently at the local noon. The
ionospheric scintillation at the station kugc might be affected by the local
geomagnetic field. More specific reasons for these different patterns are
beyond the scope of this paper and will be left for future research. Regarding
the validity of the 64 waveler index, it can detect the scintillation occurrence
pattern during both the local summer and the local winter at both stations,
while ROTI fails to detect the occurrence peak at the local noon of the station
kugc and provides a lower occurrence probability at the local noon of the
station arcc compared to the o, index during the local winter.

4.4. Correlation Between the Scintillation Occurrence Rate and the
Space Weather Parameters

Space weather refers to conditions on the sun and in the solar wind, magneto-
sphere, ionosphere, and thermosphere that can influence the performance and
reliability of space-borne and ground-based technological systems and can
endanger human life or health (Khazanov, 2016). As a result of space weather
disturbances, the electron density of the ionosphere along receivers' line-of-
sight varies rapidly, making the ionospheric scintillation be closely related
to interplanetary magnetic fields and geomagnetic field disturbances, espe-
cially in high-latitude regions (Amaechi et al., 2021; Fathy & Ghamry, 2021;
Goldovsky & Luria, 2004; Maltseva & Nikitenko, 2021). Therefore, the
correlation between the detected scintillation rate and the parameters of space
weather condition, for example, Ap, can be further adopted to evaluate the
performance of the 64 waveler index, as the correlation given by the o4/ wavelet
index should be similar to that of the o index if the 64 waveler index can moni-
tor scintillations accurately.

ZHAO

ET AL.

14 of 18

851807 SUOWILLIOD BAIIERID 8|eoljdde ay) Aq peusenob a1e sajole YO ‘@SN JO SaINnJ 10} ARid1T8UIIUO A8]IA UO (SUOTHPUOD-PUR-SWLBIALI0O" A3 1M ARe.d 1 |Bul UO//StY) SUORIPUOD pue sWie | 34} 88S *[2202/2T/90] uo Akeiqiauliuo Ae|im AiseAiun ybnoioqyBno Aq STOE00MSTZ02/620T OT/I0p/w0d" As 1M Arelqjeuluo'sgndnBey/sdny Wwoiy pepeojumod ‘v ‘2202 ‘06EL2rST



A7t |
M\\JI Space Weather 10.1029/2021SW003015
8 | | | 80
I Kp 269 -
6L A - 60

Day of Year 2020

Figure 12. Space weather condition in the year of 2020.

a: arcc

The space weather condition in the year of 2020 is represented by the Kp and Ap indices in this paper, as shown in
Figure 12. The Kp and Ap indices are provided with a resolution of three-hour, measuring solar particle radiation
by its magnetic effects (Matzka et al., 2021). The year of 2020 is at the beginning of the 25th solar cycle, when
the solar activities start to increase slowly. The most disturbed geomagnetic activity was occurred at the day 269,
in which the magnitude of Kp reached 6.

The scatter diagram in Figure 13 presents the distribution of the daily scintillation occurrence rate with regards
to the daily averaged Ap index, while the straight lines in this figure are the least squares fit to the distribution
of the corresponding scintillation index. The values of the correlations are also listed in each panel. Results of
the o index shows that the correlations obtained at the stations kugc, fsmc
and chuc, are higher than that given by the station arcc. The differences of
the correlations between the o4 waveler index and the o index are smaller than

Z¢"WBVGIEt those between ROTI and the o, index at all the four stations, indicating the
ROTI Og s wavelet iINEX 1s more accurate in detecting the scicntillations caused by the
eomagnetic activities.
b: kugc & £

]

oy cor.=(0.17
. Od)f,waveletcor.:().lg
ROTTI cor.=0.33

N

N

og cor.=0.76 Figure 13 also displays that the slope differences between the fitted lines of

o—q)f,waveletcor-zo.’?.?
ROTI cor.=0.67 ,

the o4 index and those of the ROTI are more significant at the low-latitude

stations, compared to those at the high-latitude stations. A similar pattern

can also be obtained in Figure 8, which shows that the correlations between
the ROTI and the ¢ index at the low-latitude stations are lower than those at
the high-latitude stations. The reason leading to this pattern might be that the
ionospheric scintillation is extracted in each carrier for the o4 waveler index,
while ROTI extracts the scintillation in the GF combination. The phase fluc-

c: fsmc

d- chuc tuations associated to scintillations in L1 and L2 carriers are quite correlated

o O

og cor.=0.74
0 ¢¢,wavelet COT- =0.72
ROTI (;Or;:O.69

N

N

.
it

in the high-latitude region (Béniguel et al., 2009), making the scintillation in

og cor.=0.74 the GF combination have a close correlation with the scintillation on each
O ¢¢, waveletCOT.=0.75

carrier, while in the middle and low latitude region, scintillations on both
ROTT cor.=0.70 .

carriers appear to be more uncorrelated due to the relevance of the signal

diffraction, decreasing the consistency of ROTI (Juan et al., 2017). A smaller
difference in the slope and a higher value of the correlation reveal a much
higher consistency between the 64/ waveler index and the o, index.

o

Occurrence probability(%) Occurrence probability(%)
o

10 20 30 40
Daily averaged Ap

Figure 13. Distribution of scintillation daily occurrence rates and their least
squares fitted lines with regards to the daily averaged Ap index. The “cor.”

denotes the correlation.

0 10 20 30 40 4.5. Distribution of the Magnitudes Above the Threshold

Daily averaged Ap The accuracy of the estimated scintillation index can be measured by the distri-

bution of the magnitudes above the threshold, as the distribution should be
consistent with that provided by the ¢, index. Figure 14 presents the comple-
mentary cumulative distributions function (CCDF) of the 6, and 64 wavelet
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0 a: arcc b: kugc indices above the threshold using the 1s-sampling-interval data collected
2 19 with both ISMR and the geodetic receivier. The CCDF is computed accord-
% A ing to the method presented by Moraes et al. (2017). The CCDFs provided by
-8 10 the 64/ waveler index are basically the same as those given by the o, index at the
a o high-latitude stations (arcc and kugc), while a bias can be observed between
_g 10 the CCDFs of the 64 waveler and the o4 indices at the middle-latitude stations
Z:“ 3 (fsmc, chuc and chur), indicating the 64 waveler index can provide more accu-
g 10 rate scintillation monitoring performance in the high-latitude region. As the
=
O 3 bias does not exceed 3%, it is still reasonable to consider the extracted scintil-
10 c: fsme d: chuc lation index be accurate at the middle-latitude stations equipped with either
10° the geodetic receiver or ISMR set at 1s-sampling-interval.

N
S,

Cumulative probability
5 3
w N

5. Conclusions

This paper proposes a new method to extract the phase scintillation index
from each carrier of 1s-sampling-interval GNSS observations through the

O e, wavelet, CHUT . L. . .
A wavele excessive short arc rejection, the satellite elevation angle control, the cycle
o¢,wavelet

o slip detection, the GD and the wavelet transform. The optimal symmetry

-
<
A

02 04 06 038

Magnitude of scintillation index (rad)

Figure 14. Distribution of the scintillation index above the threshold.
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102 04 06 08 1 parameter and the time-bandwidth product of the Morse wavelet transform
are also determined considering the slope of the linear fitted line, the corre-
lation and the residual between the extracted scintillation index and the o4

index in each observation arc.

Taken the o, index provided by ISMR as the reference, the scintillation moni-

toring performance of the o4/ waveler index is evaluated regarding the mean
and STD values of the correlation in each observation arc, the detected daily scintillation occurrence rate, the
diurnal variation pattern of the ionospheric scintillation, the correlation between the scintillation occurrence rate
and the space weather parameter, and the complementary cumulative distribution of the magnitudes. The ROTI
is adopted as a comparison. Results showed that a higher consistency can be achieved between the 64/ waveler index
and the o index, indicating the rationality of applying the 64 waveler index in monitoring scintillations.

Compared to the 1s-sampling-interval observations, GNSS data with 30s-sampling-interval is available more
widely, for example, the globally distributed IGS stations. It is possible to realize the scintillation monitoring on
a global scale if the 30s-sampling-interval observations can be introduced into the field of the ionospheric scin-
tillation research. However, new challenges will be brought by the lower sampling rate. Therefore, extending the
proposed method to extract the scintillation index from 30s-sampling-interval observations will be the potential
research for the future.

Data Availability Statement

The 1 Hz GNSS observations and the scintillation index are available at the Canadian High Arctic Ionospheric
Network (http://chain.physics.unb.ca/chain/pages/data_download). The data collected at the chur station is from
Canadian Active Control System (https://webapp.geod.nrcan.gc.ca/geod/data-donnees/cacs-scca.php#). The Kp
and Ap index can be downloaded from German Research Centre for Geosciences (https://www.gfz-potsdam.
de/en/kp-index/), while the local geomagnetic field data and the f10.7 index are available at Natural Resources
Canada (https://geomag.nrcan.gc.ca/index-en.php).
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