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SUMMARY

During the 7 October 2018, a visible aurora borealis was witnessed over the Faroe Islands
(62°N) at 20:00 for a period of around 30 minutes. GNSS data from a CORS GNSS receiver
in Torshavn, gathering data at a rate of 1Hz was investigated on the 6, 7 and 8 October in order
to study the effect during this event on GNSS carrier phase and code measurements. Two
approaches were used, these being the Time Differenced Code Minus Carrier and the Time
Differenced Phase lonospheric Residual techniques. The first technique predominately
identifies noise in the code measurements, whilst the second identifies relative noise in carrier
phase observables. The results illustrate that the carrier phase measurements are affected by
the event, but not so much the code measurements. Not all the satellites were affected, and
individual satellites were affected at disparate time instances as the plasma cloud passed across
the ionosphere. The results illustrate that the location of the cloud can be calculated at any time
using all 31 GNSS satellites observed during the 30-minute period, which give a relatively
dense product. These approaches can be used to eliminate satellites that are affected at specific
instances in a positioning solution. Comparisons are made between the GNSS results and 1Hz
geomagnetic readings taken at Suduroy in the Faroe Islands, illustrating correlations.

The GPS data were positioned using both AUSPOS and CSRS-PPP. The results illustrate that
the positional error during the aurora borealis event reached over 1m when using AUSPOS and
0.8m using CSRS-PPP.

This occurrence was during a solar-min. In 5 years time, we will reach a solar-max, where
ionospheric activities and scintillation will increase in number and magnitude. Such
phenomena will greatly affect high latitudes and equatorial regions, and techniques are required
to detect how the data of individual GNSS satellites are affected in real time. In addition, other
electromagnetic signals will be affected, and knowing the real time location of a plasma cloud
causing scintillation will be useful.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS) signals travel through the ionosphere to reach the
earth. As they pass through the ionosphere, the signals are interfered with, causing the carrier
phase to advance and the code measurements to be delayed in their arrival. These perturbations
are frequency dependent, therefore, linear combinations of either the code or carrier phase
observables can be calculated using two or three frequencies which will be virtually free of the
effect of the ionosphere (Liu et al. 2018; Fritsche et al. 2005). However, a second effect of the
ionosphere exists, known as ionospheric scintillation. Small scale irregularities in the density
and movement of free electrons in the ionosphere cause rapid and random fluctuations in the
GNSS signals after propagating through these plasma inconsistencies. These perturbations can
result in the signal strength reducing, leading to the GNSS receiver not being able to acquire
and track the signal, and also causing cycle slips (Zhao et al. 2019) in the data due to the phase
lock loop of the receiver being impinged (Luo et al. 2017).

| investigate the use of ordinary multi-frequency geodetic GNSS receivers in order to identify
the effect of scintillation on GNSS data from GPS, BeiDou, Galileo and GLONASS satellites.
The dataset covers a three-day period, including a 30-minute duration where an aurora borealis
event was visually observed over the Faroe Islands. Two approaches are used to highlight the
satellites being affected by the scintillation, and, | investigate the temporal nature of the
phenomena. Local noise sources such as multipath are differenced through comparing the noise
between adjacent 1 s epochs of data, where the local multipath will negligibly change. Further
to this, the GNSS receiver is in a low multipath environment as well as using a geodetic GNSS
antenna.

2. METHODOLOGY

| present two methods in order to detect ionospheric irregularities. The first method, known as
the Time Differenced Code-Minus-Carrier (TCMC), calculates the difference in range
calculated using the code measurements (measured in metres) and the carrier phase (measured
in cycles) values for an individual satellite on the same frequencies (Roberts et al. 2019; de
Bakker et al. 2009; Huang et al. 2016; Jiang et al. 2017; Roberts 1997). The change in the
difference is compared over successive epochs of data. The carrier phase is scaled into units of
metres through multiplying by the wavelength of the respective carrier (A).

) = (PRY — 2gD) — (PRY) — 29D
TCMCgy = (PR —290) = (PRD —20P) . - (1)
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where PR; U)'is the code measured by the GNSS receiver from satellite s to receiver r on

frequency f (metres), and @; &) s the carrier phase observable measured by the receiver from

satellite s to receiver r on frequency f (cycles). i represents the epoch under examination.

The second technique, known as the Time Difference Phase lonospheric Residual (TPIR)
method, scales one carrier phase value ¢, for a specific satellite into the units of a second
carrier phase observable ¢, for the same satellite and compares the change in the difference
between the two values over successive epochs of data(i and i-1) (Roberts et al. 2019; Cai et
al. 2013; Tang et al. 2017). The difference is due to ionosphere activity when there are no cycle
slips present. The slow varying biases in both techniques are removed by differencing adjacent
1 s epochs of data.

TPIR(({)“) = <¢fa - 95, (%)) - <¢fa — ¢, (;—))( ) (2)
i—-1

An aurora borealis event was observed on the night of the October 7, 2018 at around 20:00 to
20:30 over the Faroe Islands (62.0°N, 6.8°W). At the time, there was one GNSS Continuously
Operating Reference Station (CORS) station on the Faroe Islands, gathering data at a rate of 1
Hz. The GNSS receiver isa Trimble NETR9, with a Zephyr 2 (TRM57971.00 TZGD) antenna,
housed in aradome. The GNSS receiver provides local RTK reference station data to registered
users, and the raw data is processed, analyzed and archived by the Danish Agency for Data
Supply and Efficiency. The GNSS receiver has been part of the European Reference Frame
network since February 27, 2011 (Bruyninx et al. 2012). The NETR9 GNSS receiver can gather
triple frequency data from all four GNSS (GPS, GLONASS, Galileo, BeiDou) as well as the
Japanese Quasi-Zenith Satellite System (QZSS).

@

The ionosphere is mainly affected by the activities of the sun and the geomagnetic field of the
earth. This is dominated by the 11-year sunspot cycle. Fig. 1 illustrates the sunspot cycle since
2008, illustrating that this was at a minimum during October 7, 2018. Therefore, the GNSS
data should have minimal effect from the ionosphere. However, there are still sporadic events
that do cause ionospheric disturbances, but not as many or as powerful as during the peak of
the sunspot cycle.

Three consecutive days of data are analysed in order to investigate the effect of the ionospheric
disturbances during the aurora borealis phenomena on the GNSS data. These are October 6- 8,
2018, with October 7 including the visible aurora borealis event between approximately 20:00
and 20:30. The data from the NETR9 GNSS receiver were gathered at a 1 Hz sampling rate,
and the periods from 19:00 to 22:00 for each of the three days are focused upon. The TCMC
and TPIR approaches are used on these periods in order to illustrate the expected noise during
a typical situation as well as during the event. MATLAB™ was used to implement the
algorithms on the GNSS data, in RINEX 3.02 (Receiver Independent Exchange) format. The
raw Trimble T02 data was converted into RINEX 3.02 using the Trimble “Convert to RINEX”
software.
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Fig. 1 Sunspot numbers since 2006, illustrating a low period around October 7, 2018. (Source:
WDC-SILSO, Royal Observatory of Belgium, Brussels).

3. RESULTS AND DISCUSSION
3.1 TCMC Results

Fig. 2 and 4 illustrate the TCMC values for GPS and Galileo respectively. The satellites
considered are only those that are visible during the aurora borealis event (October 7, 2018,
20:00 to 20:30). Other satellites are present in the data files for the period from 19:00 to 22:00
on October 6-8, but not examined. The plots for the TCMC calculated during the time that the
aurora borealis was observed, October 7, 2018, are seen in the centre, and the plots for the same
period on October 6 and 8 are plotted on the left and right of these, respectively. The satellite
numbers are shown on the right of the figures, also including the satellite block type for GPS,
Fig. 2. The figures are all plotted at the same scale, thus illustrating the relative noise of all the
satellite systems and constellation types. The individual time series have been offset from zero
by adding constant values to each of the satellite time series so that the results are distinguished
from each other in the figures. The noise comparison, when using both the TCMC and TPIR
techniques, of the various GNSS, frequencies, satellite generations, orbit types has already been
reported in detail (Roberts 2019). The nominal noise of the TCMC approach can be seen in
Fig. 2 and 3 on October 6 and October 8, as well as the results on October 7 away from the
period between 20:00 to 20:30, when the aurora borealis phenomena was observed. The data
have been closely analysed, including observing whether there are any gaps in the data around
the occurrence of the aurora borealis phenomena. On the whole, there were no gaps detected,
indicating that the GNSS receiver was able to continuously track the satellites during the
presence of scintillation noise. By looking at Fig. 2 and 3 at around 20:00 to 20:30 on October
7, it can be seen that there are anomalies for some of the TCMC results, which are not evident
on October 6 and 8.

Fig. 2 illustrates the GPS TCMC time series. It can be seen that the TCMC for GPS L1 (C/A-
code) are noisier than the other GPS TCMC values, with the L5 TCMC being the least noisy.
PRN30, shows some slight flicker at 20:15 and PRNO8 at 20:30 on October 7 on the L5 TCMC
plot. However, this is all that is clearly noticeable on the GPS TCMC results. Some of the
results include those during the time that specific satellites were seen just above the horizon as
they were ascending or descending. Here, the TCMC is expected to become noisier due to the
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low elevation angle (Seeber 2003; Circiu et al. 2017), and hence the rapid change in the
atmosphere that the signals travel through from epoch to epoch. PRN30, in particular,
illustrates this effect, on all three days, as the satellite drops down towards the horizon; the L1C,
L2C and L5X TCMC have an increase in noise just after 21:30, but not the L2W signal.
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Fig. 2 GPS TCMC, 19:00 to 22:00 on October 6-8, 2018.

Fig. 3 illustrates the TCMC time series for Galileo. It can be seen that the noise of the time
series is generally less than GPS (and GLONASS), resulting in more instances where anomalies
are seen during the occurrence of the aurora borealis. It can also be seen that the noise of the
E5 TCMC is less than the other frequencies. Scintillation noise is more discernible on the E5a,
ESb, E5 frequencies, than the E1 frequency. This is due to the E1 code measurement being
noisier than the E5a, ESb and E5 code measurements. Anomalies are seen on PRN11, PRN12,
PRN19, PRN30, with a slight scintillation on PRNO2 on the E5 frequency. Due to the orbital
characteristics and orbital revolution period of the Galileo satellites, there is not a good
repetition of the same satellites in view on successive days. This is why not all the satellites
observed on October 7 are visible on October 6 and 8, during the same time period.
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Fig. 3 Galileo TCMC, 19:00 to 22:00 on October 6-8, 2018.

The TCMC results show very little or no scintillation noise. Only for the least noisy TCMC
results are some scintillation evident. This all implies that the scintillation mainly affects the
carrier phase data and not so much the code measurements, and the noise is only detectable
when the TCMC noise, mainly derived from the code measurement noise, is small. Similar
results are seen for GLONASS and BeiDou.

3.2 TPIR Results

Fig. 4 and 5 illustrate the TPIR time domain plots for the various frequency combinations for
GPS and Galileo respectively, for the October 6 (left) October 7 (centre) and October 8 (right).
The satellites considered are only those that are visible during the aurora borealis event (October
7, 2018, 20:00 to 20:30). Other satellites are present in the data files for the period 19:00 to
22:00 during October 6-8, but not presented here, as they don’t show any scintillation anomalies
on the 7th. Again, the plots have been offset from zero by adding constant values to the results
in order to distinguish them from each other in the plots.
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Fig. 4 GPS TPIR, 19:00 to 22:00 on October 6-8, 2018.

Fig. 4 illustrates the GPS TPIR for all 5 of the possible pair combinations. It can be seen that
not all the satellites have all the pairs.  The block IIR satellites only consist of L1 C/A-code
and L2 P(Y)-code related data. Therefore, only one TPIR solution exists (L1C-L2W). The
block 1IR-M satellites transmit L2 C-code data as well as the L1 C/A-code and L2 P(Y)-code.
Therefore, there are two TPIR pair solutions (L1C-L2W and L1C-L2X). The block IIF
satellites transmit L5-code related data, as well as L1 C/A-code, L2 P(Y)-code and L2 C-code
related data. These correspond to 5 TPIR solutions (L1C-L2W, L1C-L2X, L1C-L5X, L2W-
L5X, L2C-L5X). Fig. 4 (left) and Fig. 4 (right) illustrate typical plots when there are no aurora
borealis phenomena experienced. Similar to the TCMC results, the plots become noisier if the
satellite is rising or setting, such as GPS PRN30 at around 21:40. This time noise is seen on
PRNO7, PRNO8, PRN13, PRN15, PRN20, PRN21, PRN27, PRN28, and PRN30. The
magnitude of the scintillation noise varies in from satellite to satellite, as does the time of the
occurrences. PRN05 and PRN24 are the only two satellites that display little or no scintillation.
At 19:38 there is a slight increase in noise for PRN21.
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Fig. 5 Galileo TPIR, 19:00 to 22:00 on October 6-8, 2018.

Fig. 5 illustrates the Galileo TPIR time series, illustrating similar results and trends to the other
GNSS results. Here, there are 6 possible TPIR combinations (E1-E5a, E1-E5b, E1-E5, E5a-
E5b, Eba-E5, E5b-E5). The E1 related TPIR time series are generally noisier and also the
scintillation noise is generally larger in magnitude. The occurrences of the scintillation again
vary in both terms of magnitude and time between satellites on PRN02, PRN11, PRN12,
PRN19 and PRN30. PRNO7 and PRN27 do not exhibit scintillation characteristics in the
results. At 19:45, a small increase in noise is seen for PRN12 on the E1 related combinations.

The data from the TPIR results are used to calculate the times that the individual satellites are
affected by the ionospheric disturbance during October 7, 20:00 to 20:30. The times of the
scintillation occurrences are plotted in Fig. 6, every 3 minutes. A ‘cloud’ is drawn around the
satellites that are affected at the specific times in order to show the extent of the fallout. It can
be seen that the scintillation occurs mainly to the north and also the vicinity of the effect varies
rapidly.

Detection of Ionospheric Scintillation in GNSS Data over the Faroe Islands During a Solar-Min (10300)
Gethin Wyn Roberts (Faroe Islands)

FIG Working Week 2020
Smart surveyors for land and water management
Amsterdam, the Netherlands, 10-14 May 2020



g7 427 g e N
LR - JQ@ 14 K EID - R1 RS - J0 4 R14 5 \_ Jq
- ; P El iaﬂ“
7 805 % Fsc1 ,/55{(]' R3 - ‘Egm Gfo R—z‘a o0 ?ﬁ &J«EQ?;‘\H 70 B
I e 2 o7 &% /I s 0@7
BENG N _ : Réz. > S L. ?‘ \/ﬁx? |
w (‘321 %9 / Egp(eao . _ A [ S ey j I - b s Eaﬂ Ggu |
L Teod@Y Aoy [T 4 1 TP g flal ,_xe15 4;113 " LN SN W 13‘0,6, ] ‘m:
] cos 5 ; 4 ;Y ) g e {
¢ /Gza R 1527\507 /eza ‘“flm\m P /qzh R 1527\ 7/ i Me fe3 \ R16-e37) \EG7, €08
S R09 M5 ‘fko&.so v'Ros- Noos % N hos- Yoos " N RUS \Gos ,9;5
-~ S — R s
20:03 20:06 20:09 20:12 20:15
2 N N
G2 Gaz
o ""vmu G'n ‘«g.@
B 2/{/ B 4 GUEz e S R23 75 R
7 Qua LR );/\&m' i Bz§ 1(5 - )2 ‘507 = \/fu?
‘ (321‘ N S NERGTG0 || G2t E18 R0 N 621 519 7 G0, £19 %0 i
‘». : ‘ﬂaos 43 N {1 4 "ﬂ\uos 133 \st LAY gt g& : ‘.@ %13”\ ;,‘ ‘W ]Iﬁ ! F”ig e
% P S0 LA b 4 VA ey / i
cos N PR ' ; s
’Q?‘ R 'EZT\W ,/624 2 'EZ?\EW Ay /Qh R 1527\:)7 c°5 /eu f‘ 4527\507 o 3 /Gzh. _M 4527,,50,7’?05
Ros 405 "\ Ros. Yos: Rog o5 N hos. _sos R e
W8 il s s B
20:18 20:21 20:24 20:27 20:30

Fig. 6 Extent of the ionospheric disturbance on the GNSS data over a 30 minute period at 3-
minute intervals.

The effect of the event is further investigated in two ways. First, geomagnetic values are
obtained in order to see if there are anomalies experienced during the same time period, and
second, the coordinates of the GNSS station are calculated in order to calculate the coordinate
errors.
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Fig. 7 Kp index values for October 6-8, 2018. (Source: Space Weather Prediction Center,
National Oceanic and Atmospheric Administration).

The Kp index has been obtained from the Space Weather Prediction Center of the National
Oceanic and Atmospheric Administration, Fig. 7, and the 1Hz geomagnetism data from the
Suduroy station on the Faroe Islands, operated by the Danish Technical University, Fig. 8. The
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Kp index (planetary k index) has a 3-hour range and is the mean of 13 geomagnetic observations
between 44° and 60° northern and southern geomagnetic latitude. It is an indicator of the
disturbance in the magnetic field of the earth. Here it can be seen that the global Kp value does
increase to >4 on the evening of October 7. A Kp >4 is required in order to see the northern
lights at latitudes such as the Faroe Islands. Further to this, the 1Hz geomagnetism data, located
some 20km away, Fig. 8, also show fluctuations around the time of interest. The anomalies in
Fig. 8 appear to occur from 15:00 onwards, with the largest jump at 20:00.
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Fig. 8 Geomagnetism data from Suduroy (Source DTU Space).

Further to this, the GNSS data was used to calculate the coordinates of the station over the three
days. At the time, there was currently only one CORS on the whole of the Faroe Islands, and
the nearest GNSS CORS receiver is located 366km away in Lerwick, Scotland, which is part
of the Ordnance Survey of Great Britain CORS network. Two approaches are used to calculate
the coordinates of the GNSS station on the Faroe Islands. First, the 3 days of 1 Hz data were
broken down into 1-hour blocks, and a coordinate for every 1 hour was calculated using the
Geoscience Australia online GPS processing service (AUSPOS). AUSPOS uses precise
ephemerides and International GNSS Service (IGS) stations in order to calculate the
coordinates. It is advised that at least 1 hour of data is used when using the facility. AUSPOS
uses only GPS data to calculate the coordinates. However, as the GPS constellation repeats
itself every sidereal day, this allows a daily comparison, as very little will have changed in terms
of geometry and multipath related errors. Fig. 9 (top) illustrates the results, highlighting that
there is noise around the time of the scintillation event.

Second, the Natural Resources Canada (NRCan) Canadian Spatial Reference System Precise
Point Positioning (CSRS-PPP) online processing service, was used in a kinematic mode to
calculate a PPP coordinate every 1 second. CSRS-PPP calculates a PPP solution using 1GS
precise ephemerides and atmospheric models. It allows a maximum of 24-hours of data to be
processed, and only uses GNSS data that has precise ephemerides available at the IGS or
NRCan. Again, at the time of the event, Fig. 9 (bottom), there is an increase in the positional

Detection of Ionospheric Scintillation in GNSS Data over the Faroe Islands During a Solar-Min (10300)
Gethin Wyn Roberts (Faroe Islands)

FIG Working Week 2020
Smart surveyors for land and water management
Amsterdam, the Netherlands, 10—14 May 2020



error, highlighted in red. In this solution, however, there are other times when the positional
error increases. These include regular spikes at midnight on October 6-8, due to the PPP
processing at three individual 24-hour segments. However, the results do show an increase in
the positional error at the time of the event. The solution output file for the CSRS-PPP
processing indicates that only GPS was used for the solution.
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Fig. 9 Effect on 1-hour GNSS Positions calculated using AUSPOS (top), PPP kinematic
solution using CSRS-PPP (bottom).

The hourly mean geomagnetism data at Suduroy, the international Kp values and the resulting
coordinates of the GNSS data from the Faroe Islands corroborate that there are anomalies in the
geomagnetic, ionospheric and GNSS data. This all helps to illustrate that the TCMC and in
particular the TPIR techniques are able to also detect such anomalies. The TPIR can also
illustrate where in the sky these temporal scintillation events occur.

Conclusions

Two approaches have been developed and applied in order to investigate the effect that the
ionosphere has on GNSS data during a short-lived aurora borealis event. Location-specific
multipath noise is cancelled through comparing data between adjacent 1 s epochs. Scintillation
is evident in the data, mainly using the TPIR approach, but also when using the TCMC approach
when the TCMC noise is low. This implies that only the carrier phase is being affected and not
the code measurements.
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The scintillation effect can be seen to be both location and time dependent. The extent of the
scintillation effect moves across the sky in a matter of minutes. The total time of the event is
around 30 minutes and affects the satellites mainly to the north and northeast of the azimuth.

The resulting GNSS data was used to calculate a position solution, which can be seen to consist
of coordinate errors around the time of the event. The fiducial positioning solution (AUSPOS)
has more error in the results than the PPP solution (CSRS-PPP). GNSS signals are affected by
the ionosphere, which is caused by the activities of the sun. The sun permeates through low
and high sunspot cycles every 11 years. During October 6-8, 2018 there existed a low period.
Such analysis of the noise is paramount, as it can affect the position solution. In 4 or 5 years’
time, when the sunspot cycle is at a high, it is expected that there will be more activity such as
this.  Such ionospheric activity can also affect other electromagnetic frequencies and
applications.

Simple analysis, such as those presented, can be used to identify instances when individual
satellites are affected by ionospheric scintillation, and hence not use those data in a position
solution. This approach can be used in real time, as it only requires the data from the current
and previous epoch using normal geodetic GNSS receivers. However, rapid data is required,
typically 1 Hz or quicker, as the terms in the observables will become de-correlated over longer
intervals, itself causing an increase in noise.
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