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Abstract 
It has been shown that ionospheric irregularities can disturb our GNSS (Global Navigation 

Satellite System) communication. This disturbance is caused by scintillation of the radio 

signals when they pass through the ionosphere, leading to lock-on difficulties or in worst case, 

a loss of position for the GNSS-receiver. In this study, a large number of ground based GNSS 

reference stations spread across Sweden (known as the Swepos-network) was used to measure 

the variability of the GNSS-signal. These measurements were then combined with 

observations of ionospheric irregularities made by the Langmuir probes on ESA’s SWARM 

satellites. The study is a collaboration between Uppsala University and the Swedish Institute 

of Space Physics and covers five events between December 2013 to Mars 2021, when both 

datasets were available. The purpose is to determine the shape and extension of these 

ionospheric irregularities and how localized in time and space they are. The study also tries to 

answer whether it is possible to draw any conclusions regarding physical models such as 

diffraction or refraction from this comparison. It was found that during the event days, there 

was in general a clear increase (of often several hundred percent) of the spatial variability on 

different scales according to the standard deviation. This increase was seen for both the lower 

orbiting SWARM A and C satellites and the higher orbiting SWARM B. It was also possible 

to see that the increase of spatial variability was spread across all the studied latitudes, 

(magnetic latitude 49° to 70°). This corresponds well with the fact that all the analysed event 

days had an GNSS-signal variability above average for the same latitudes. There seems to be 

a clear connection between increased GNSS-signal variability and ionospheric irregularities, 

although more studies need to be done to be able to draw more accurate conclusions. 

  



 
 

Sammanfattning 
Det har visat sig att jonosfäriska irregulariteter kan störa vår GNSS (Global Navigation 

Satellite System) kommunikation. Denna störning orsakas av scintillationer av 

radiosignalerna när de passerar genom jonosfären vilket leder till låsnings-svårigheter eller i 

värsta fall fullkomligt positionsbortfall hos GNSS-mottagaren. I denna studie har ett stort 

nätverk av markbaserade referensstationer (känt som Swepos) använts för att mäta 

variabiliteten hos GNSS-signalen. Dessa mätningar har sedan kombinerats med observationer 

av jonosfäriska irregulariteter gjorda av Langmuir sonderna på ESA:s SWARM satelliter. 

Studien är ett samarbete mellan Uppsala universitet och Institutionen för rymdfysik och täcker 

fem event mellan perioden december 2013 till mars 2021, vilket var den period då bägge 

dataset var tillgängliga. Syftet är att bestämma formen och omfattningen av dessa jonosfäriska 

irregulariteter och hur lokaliserade de är sett till tid och rum. Studien försöker också svara på 

om det är möjligt att dra några slutsatser när det gäller fysiska modeller såsom diffraktion och 

refraktion baserat på denna jämförelse. Det visade sig att under event-dagarna var det 

generellt en tydlig ökning (ofta på flera hundra procent) av den spatiala variabiliteten på olika 

skalor sett till standardavvikelsen. Denna ökning sågs både för SWARM A och C satelliterna 

med lägre omloppsbanor och SWARM B med den högre omloppsbanan. Det var också 

möjligt att se att ökningen av den spatiala variabiliteten var spridd över alla de studerade 

latituderna, (magnetisk latitud 49° till 70°). Detta överensstämmer väl med det faktum att alla 

de analyserade eventdagarna hade en GNSS-signal variabilitet som var över genomsnittet för 

samma latituder. Det verkar finnas en klar koppling mellan ökad GNSS-signal variabilitet och 

jonosfäriska irregulariteter även om mer studier behöver göras för att kunna dra mer exakta 

slutsatser.   
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1. Introduction 
In the modern and technology dependent society we live in, GPS (Global Position System) 

and other GNSS (Global Navigation Satellite System) play an important role. The technology 

dates back to the mid 1960’s and The United States Navy and their navigational experiments 

with submarines (Mai T, 2012). Today, GNSS-receivers are found in all kinds of electronic 

devices ranging all the way from toys to surveying equipment with sub-decimetre accuracy. 

According to Statista, there were about 6.4 billion GNSS receivers in the world in 2019 and is 

expected to increase to about 9.5 billion devices in 2029 (Alsop T, 2020). For many 

applications it is not necessary to achieve sub-decimetre accuracy but when it comes to 

surveying or some military operations, accuracy is of the utmost importance to succeed in the 

task (Lachapelle, 2013). To be able to reach this high accuracy, a method called RTK (Real 

Time Kinematic) or relative real-time carrier measurement can be used. There are several 

ways to perform RTK-measurement of which the simplest setup is called single base RTK, 

which requires two RTK-receivers and a communication link between them for corrections 

(Lantmäteriet, 2021a). Since the beginning of the twenty-first century, many countries 

including Sweden have developed the technology even further by introducing network-RTK. 

In comparison with single base RTK, network-RTK uses several permanent reference GNSS-

stations spread out across the country and the RTK-corrections are sent to the measuring 

receiver over the internet. These reference stations continuously send GNSS-observations to 

an operations control center which makes it possible to in real time gather information about 

atmospheric signal interference, clock and orbital errors of the GNSS-satellites. The incoming 

data is then processed by a software which generates RTK-corrections to the end user and its 

GNSS-receiver (Lantmäteriet, 2021b). The usage of network-RTK has clearly increased in 

recent years and now there can be thousands of unique users during a single day just in 

Sweden alone. This increase is partly due to more and more work machines, agricultural 

machinery and drones that are being connected to network-RTK services (Lantmäteriet, 

2020). 

There are several providers of network-RTK in Sweden. Among the most well-known ones is 

powered by The Swedish Mapping, Cadastral and Land Registration Authority (Lantmäteriet) 

and is called Swepos.  With more than 450 reference stations, it is possible for Swepos to 

receive RTK-corrections throughout the country (Lantmäteriet, 2021c). To simplify for the 

end user even more, Lantmäteriet has also developed a service called Jonosfärsmonitorn, (the 

Ionospheric Monitor). The purpose of the Ionospheric Monitor is to provide surveyors with 

near real time information about the atmospheric conditions by providing an estimate of the 

magnitude of this disturbance during GNSS measurements (Lantmäteriet, 2021d).  

It has been shown by several studies that there is a connection between GNSS scintillations 

and in-situ satellite measurements, such as the study made by Aol S et al. (Sharon Aol et al., 

2020). Therefore, the aim of this study is to combine measurements collected by the 

Ionospheric Monitor and see if it is possible to connect them with observations of the electron 

density structures in the ionosphere made by ESA’s SWARM-satellites. Is the disturbance 

caused by steep gradients or truly irregular variations known from the low latitude? Are these 

structures filling a larger area or are the rather localized in space and time, if yes, on what 

scales (tens, hundreds or thousands of km)? Can we also say something about physical models 

such as diffraction and refraction for the radio signal propagation from this comparison? 
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1. Background 
It has been shown that the accuracy of the GNSS services are highly dependent on the activity 

in the ionosphere. This is because when the GNSS’s L-band signal (L1 = 1575,42 MHz and 

L2 = 1227,60 MHz) passes through regions of ionospheric irregularities it causes ionospheric 

scintillation because of the interference of the radio waves. These transversal signals are also 

affected by rapid fluctuations in amplitude and phase, which is called amplitude and phase 

scintillation (Jin and Oksavik, 2018). These ionospheric scintillations can affect the GNSS 

signals in two ways which is in general classified as refraction and diffraction, which is the 

result of the interaction with the free electrons in its transmission path (Kinter P et al., 2009). 

In some cases, the intensity of the amplitude scintillation can be so strong that it makes the 

GNSS-receiver lose lock on its acquired signal or in worst case, a total loss of position if 

several signals are affected (Wernik et al., 2007).  

At the tropical latitudes, the largest scintillation threat comes from ionospheric plasma 

instabilities which typically form after sunset. These periods of instability can last for several 

hours and are the result of a series of events which start with the ionosphere rising near the 

equator due to solar heating during the daytime period. Later, the ionosphere starts to fall 

down due to its own weight forming two bands of greater density on each side of the 

geomagnetic equator. The next step is that an electromagnetic form of the Rayleigh-Taylor 

instability starts to form after sunset. Finally, the dense ionosphere, which is held up by 

magnetic field lines, can lead to an eruption with bubbles the size of hundreds of kilometres. 

These bubbles then can rush upwards at many hundreds of meters per second, which leads to 

the formation of irregularities throughout the ionosphere (Kinter et al., 2009).     

At high latitudes, the disturbances of GNSS systems instead coincides with magnetic storms. 

During these magnetic storms, blobs of the ionosphere (from the dayside of earth) can instead 

be swept over the polar cap onto the nightside. For instance, during the 23:rd solar cycle 

(ending 2008) it was observed that the magnetic storms fatten the ionosphere over the United 

States dayside before the blobs migrated to Europe after passing by the north pole (Kinter et 

al., 2009). According to a study by for example Wood A and Pryse S, there are also seasonal 

variations for these polar cap patches. In the winter, the plasma densities drawn into the polar 

cap region are larger and more long-lived compared to during the summer (Wood and Pryse, 

2010). Except for these polar cap patches, it is also possible to encounter scintillation during 

storm enhanced density changes and auroral precipitation according to, for example the 

compilation made by Jin and Oksavik (Jin and Oksavik, 2018). The magnetic storms which 

disturb the GNSS services the most originate from the interplanetary coronal mass ejections 

or corotating interaction regions (Prikryl et al., 2014).  

Thanks to a similar study conducted by Aol S, Buchert S and Jurua E (but for lower latitudes) 

it has been shown that the ground-based amplitude scintillations actually became enhanced 

when ionospheric irregularities were observed by the SWARM-satellites, (see next chapter for 

details about the SWARM-satellites) (Sharon Aol et al., 2020). According to researcher 

Stephan Buchert, none or very few similar studies had been performed on higher latitudes. 

This knowledge therefore gave the spark to investigate it further, which in the end led to this 

project.   
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2. Data and Methods 

Swepos Ionospheric Monitor 
The data provided by Swepos’s ionospheric monitor is further divided into four geographical 

zones stretching from Götaland in the south to Northern Norrland in the north (Lantmäteriet, 

2021d). The spatial variability of the ionosphere was calculated by taking the difference 

between interpolated ionospheric delay and the actual ionospheric delay measured by the 

received GNSS-signals. By using triangles of reference stations’, (with one reference station 

in the middle of the triangle) carrier measurements are captured by each station. The 

interpolation is based on the outermost reference stations measurements and is then being 

compared with the measurements of the middle reference station  (Håkansson M, 2021). The 

calculation is explained more in detail in the article by Emardson et al. (Emardson et al., 

2013). For the sake of redundancy, three triangles of reference stations were used for each of 

the four geographical regions. The variability data from the ionospheric monitor dates back to 

2013-04-18 (Håkansson M, 2021).  

The SWARM-satellites 
The SWARM-satellites are a part of ESA’s Earth Explorer fleet and consists of three identical 

satellites with the purpose of studying Earth’s magnetic field, ocean currents and interactions 

in the atmosphere. The system is made up of three satellites, (SWARM A, SWARM B and 

SWARM C) where A and C form a pair at a lower altitude (462km initial altitude) and B at a 

higher altitude (511km initial altitude). The final constellation was achieved in April 2014 

when A and C were flying side by side (with a 1.4° separation in longitude) and had an 

inclination angle of 87.35° meanwhile B had an inclination angle of 87.75° (ESA, n.d.). In 

this study, the satellites’ Langmuir probes were used to analyse the electron density (Ne) in the 

top sheet of the ionosphere at a frequency of 2 Hz. All the data was downloaded from ESA’s 

service VirES for SWARM, which is open for public access. 

Identifying density variability using the SWARM-satellites 
A similar method as used by (S Aol et al., 2020) was used but with the difference that this 

study uses 2-Hz data sampling instead of 16 Hz. First, the Ne measurements were passed 

through a 8-s running mean filter to obtain 𝑁𝑒
̅̅ ̅ (with a total of 16 data points). The next step 

was then to calculate the residuals (d𝑁𝑒).  This was done by subtracting the original 

measurements (Ne) from 𝑁𝑒
̅̅ ̅ according to the formula: d𝑁𝑒  =  𝑁𝑒  −  𝑁𝑒

̅̅ ̅. Finally, the standard 

deviation of the residuals 𝑠𝑡𝑑(d𝑁𝑒) was calculated. This method was chosen because it is 

sensitive to both small scale irregularities and gradients across the whole window. 

For determining the East-West gradient for SWARM A and C, a different approach was used. 

First the same running mean filter was applied and then interpolated to be able to determine 

the difference in 𝑁𝑒
̅̅ ̅ for all latitudes. To avoid negative values, the absolute value was 

calculated for each value. The formula can therefore be written as abs(𝑁𝑒𝐴
̅̅ ̅̅ ̅ − 𝑁𝑒𝐶

̅̅ ̅̅ ̅). This 

method is not sensitive to small scale gradients.       
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Selection of events 
To be able to find events to analyse more in detail, certain criteria had to be fulfilled. The first 

criterion was that data must be available from both Swepos and the SWARM-satellites, 

therefore only dates between December 2013 and March 2021 were studied. The second 

criterion was that the variance measured by the ionospheric monitor, (in all regions) must 

have been at least larger than 20 mm at some point during the event. The third criterion was 

that there must have been a SWARM-satellite passage in conjunction with the elevated 

measurement of the ionospheric monitor. Also, only orbits that passed within ±5° longitude of 

Sweden were used similar to the studies made by (Sarkar and Gwal, 2014) and (Roddy et al., 

2010).  

Reference days and Kp index 
In order to be able to determine if the event days were extraordinary or not, the study also 

used 5 reference days for each event day. These reference days were chosen to be the five 

closest 24-h periods, (most often counted from noon to noon) before the event when the Kp 

index was 2+ or lower. The Kp index is an index which measures the disturbance of Earth’s 

magnetic field using different ground stations across the globe equipped with magnetometers. 

The Kp index scale stretches from 0 to 9 with levels of 5 or more is being considered to be a 

geomagnetic storm (Ridpath, 2018).    

 

 

 

 

 

 

 

3. Results 
The results of this study are divided into 5 subsections since 5 event days in total were 

analysed. In the graphs from the Ionospheric Monitor, the colours represent the same colours 

as for the actual Ionospheric Monitor. For the green area (0-10 mm) the measurement 

uncertainty increases insignificantly while for the yellow area (10-20 mm) the measurement 

uncertainty and the ability to obtain a fix solution gradually decreases. For the red area (20-30 

mm) the measurements now have low reliability and it is difficult to obtain a fix solution. 

Note that the web interface of the Ionospheric Monitor is only capable of showing a 

maximum variability of 30 mm. Here though, the variability will be presented up to 60 mm to 

be able to show more of the Ionospheric Monitor’s stored data. This is done simply by 

extending the top part of the red area from 20 mm to 60 mm.     

Also note that event day 2 differs from the rest of the event days because some parts of the 

SWARM instrument data seem to be affected by disturbances at relatively high frequencies, 

(more details will be presented in that subsection).  

 

https://swepos.lantmateriet.se/services/iono.aspx
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Event 1: 2014-09-12 

 

Figure 1 (left) and figure 2 (right) 

Figure 1 and 2 show the tracks for SWARM A, B and C in geographical longitude and latitude. 

Note that for the rest of the figures (which are not geographical plots), the latitude will be 

represented by the magnetic latitude instead. In both figures, SWARM A has the westernmost 

track with SWARM C following close by in parallel a little bit to the east, (middle track in 

figure 1 and 2). SWARM B is represented by the easternmost track. 

 

Figure 3 

Figure 3 represents the Ionospheric Monitor’s measured data during the event day and the 

reference days. In most cases the event day stretch from 12:00 to 12:00 the following day in 

UTC time standard. The dashed vertical lines represent the SWARM-passes. For both Norrland 

regions it can be seen that the variability was noticeably higher for several hours before and 

after the SWARM-passes while for Svealand and specifically Götaland the passes occurred near 

a more temporary increase of the variability. It is also clear that the variability during the passes 

was clearly higher than the reference variability.   
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Figure 4 (left) and figure 5 (right) 

Figure 4 shows the unprocessed data from all SWARM satellites while figure 5 shows the Kp 

index for all the five reference days and for the event day. Notice that there is a relatively 

dramatic change in electron density at around magnetic latitude 69° for SWARM B and a 

clearly visible V-shape for all SWARM-satellites close to magnetic latitude 52°. The Kp index 

was also noticeably higher during the event day, in comparison with the set limit of maximum 

2+ for the reference days. 

        

Figure 6 (left) and figure 7 (right) 

Figure 6 represents the running mean values of the SWARM-measurements while figure 7 

instead shows an estimate of the east-west density gradient between SWARM A and SWARM 

C. In comparison with the same graph in the other events, the gradient shown in figure 7 is 

relatively small.  

SWARM A & C passed around 23:13 (UTC) 

SWARM B passed around 23:46 (UTC) 
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Figure 8

Figure 9

Figure 10 
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The figures 8 to 10 represents the standard deviation of d𝑁𝑒 for the event day compared with 

the reference days. There are some distinguishable spikes in all graphs at around magnetic 

latitude 54° and 67°, (with some offset for SWARM B to around 69°). For most of the time the 

event 𝑠𝑡𝑑(d𝑁𝑒) is higher even though the difference might not be that large. Note that the y-

axis interval is different in event 1 compared with the rest of the events.     

Event 2: 2015-02-09 

Figure 11 

 

Figure 12 (left) and figure 13 (right) 

Due to disturbances of the Langmuir probe of the SWARM-satellites (see the oscillations in 

figure 12) it is highly likely that it would have affected the result when calculating the standard 

deviation etc. Therefore, no SWARM-data was analysed further for this specific event. It is 

still interesting to note that even if there was high variability (according to the Ionospheric 

Monitor) during the SWARM-passes, the Kp index for that 3-h period was 0 and the 24-h 

period was similar to the reference days.   

SWARM A & C passed around 09:43 (UTC) 

SWARM B passed around 11:05 (UTC) 
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Event 3: 2015-03-17 

 

Figure 14 (left) and figure 15 (right) 

For event 3, there were unfortunately no SWARM B pass available close to or above Sweden 

at the time of the event. The westernmost track represents SWARM A and the easternmost 

represents SWARM C.  

 

Figure 16 

It can be seen in the Ionospheric Monitor plots for event 4 and 5 as well that sometimes when 

the variability becomes abnormally high it also produces more irregular measurements or even 

stops making measurements. It can though clearly be seen that the variability was very high for 

Norrland and Svealand, while for Götaland it was a little bit higher than usual. It is also worth 

noticing that the reference variability was much lower during the SWARM passes but also 

higher during the next coming day from about 06:00 UTC. 
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Figure 17 (left) and figure 18 (right) 

By analysing figure 17 it can be argued that there are some visible fluctuations and especially 

from magnetic latitude 62 and further north. Regarding the Kp index in figure 18, it is clear 

that the Kp index was considerably higher during the event day in comparison with the 

reference days. 

 

Figure 19 (left) and figure 20 (right) 

When comparing the electron density measured by SWARM A and C in figure 19, they 

coincide quite well for lower latitudes but from magnetic latitude 62° and above they tend to 

differ at some points. This can also easily be seen in figure 20 with the four major maxima 

north of latitude 62°. 

SWARM A & C passed around 19:01 (UTC) 
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Figure 21 

 

Figure 22 

From figure 21 and 22 it can be seen that there were some clear deviations from the reference 

value especially from magnetic latitude 63 and above. The values from the event day are also 

obviously higher for all latitudes except maybe the southernmost. The look of the curve in 

figure 21 and 22 are relatively similar but there are also some differences at for instance 

latitude 64° and 67°. 
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Event 4: 2015-06-22 

 

Figure 23 (left) and figure 24 (right) 

As for previous event days, the westernmost track in figure 23 and 24 represents SWARM A, 

the middle SWARM C and the easternmost represents SWARM B. Especially in figure 24 at 

around geographical latitude 62° there are some clearly visible deviations. 

 

Figure 25 

By studying the graph in figure 25, especially for Svealand it seems to have been some 

measuring problems at some specific time periods throughout the day. For all regions there 

have been periods when the variability has been +25 mm but when the passage occurred the 

variability was considerably lower in particular for Götaland. It is also worth noting that the 

highest variability of the event day was measured in Svealand and not Norrland. For all 

regions, the variability of the event day was significantly higher than the reference value. 
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Figure 26 (left) and figure 27 (right) 

In figure 26 there are some fluctuations specifically around the magnetic latitude 59° for 

SWARM A and C and around latitude 57 for SWARM B. It is also clear that the Kp index (in 

figure 27) at the event day was much higher in comparison with the reference days.   

 

Figure 28 (left) and figure 29 (right) 

As seen in figure 28, there is a good correspondence between SWARM A and C for most 

latitudes except for around latitude 56° (Svealand). This becomes even more evident in figure 

29 with the distinctive spike at around latitude 56°.  

SWARM A & C passed around 21:28 (UTC) 

SWARM B passed around 23:18 (UTC) 
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Figure 30

Figure 31

 

Figure 32 
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In the figures 30 to 32 there are some deviations from the normal at around latitude 59° for 

both SWARM A and C. For SWARM B, there is also one clearly visible spike at 

approximately latitude 57°. For most regions, the event values are higher than the reference 

day values but especially for the northern half there are times where the event values are lower 

than the reference values.  

Event 5: 2016-03-06 

 

Figure 33 (left) and figure 34 (right) 

Even in figure 33 and 34 does the westernmost track represent SWARM A, the middlemost 

SWARM C and the easternmost SWARM C. It is also possible in figure 34 to see some 

elevated values in the northern half of Sweden. 

 

Figure 35 

Unfortunately there are several times in all regions except in Götaland where the Ionospheric 

Monitor was unable to collect data, (see figure 35). However, it can hardly be questioned that 

the variability was highly elevated for all passages in all regions. When comparing with the 

reference day values, the event day values are several times higher at and around the time of 

the passages but they more or less coincide during the daytime periods. 
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Figure 36 (left) and figure 37 (right) 

In figure 36, there seems to be some extra noticeable fluctuations around magnetic latitude 63° 

for especially SWARM C. When it comes to figure 37, it is clear that the Kp index was 

considerably higher in comparison with the reference days.   

Figure 38 (left) and figure 39 (right) 

It can be seen in figure 38 that for latitudes between 58° to 61° that there are some differences 

in the electron density between SWARM A and SWARM C. There are also some small-scale 

oscillations in the SWARM measurements which can be seen in figure 39.  

SWARM A & C passed around 22:20 (UTC) 

SWARM B passed around 01:06 (UTC) 
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Figure 40 

Figure 41 

Figure 42 
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In the figures 40 to 42 there are some noticeable differences between the three SWARM-

satellites. SWARM A has many smaller peaks spread out over all four regions while SWARM 

C mainly has some higher spikes in Norrland and the southern tip of Götaland. When it comes 

to SWARM B, it mainly has two distinct peaks at the northern and southern part of Svealand. 

When comparing with the reference day values, basically the event day values were higher for 

all latitudes except for maybe the southernmost and northernmost parts of the studied interval.
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4. Discussion 
In the following subheadings a deeper analysis of the results from the previous chapter will be 

presented together with some conclusions. This will be done by studying one topic at a time 

and continuously in the text refer to one or multiple events and the corresponding figures.  

Correspondence between occurrences of ionospheric irregularities and scintillations 
By summarising the results from the previous chapter, it can be seen that for all event days 

that the 𝑠𝑡𝑑(d𝑁𝑒)  was higher for nearly all latitudes in comparison with the reference 

𝑠𝑡𝑑(d𝑁𝑒) values. This increase of the 𝑠𝑡𝑑(d𝑁𝑒) varied much but seeing values of hundreds or 

even a few thousand percent increase at the peaks does not seem uncommon. Since this study 

only focused on event days with a variability of at least 20 mm for all regions it was therefore 

expected to see a  𝑠𝑡𝑑(d𝑁𝑒)  above the reference day average. By analysing the results on a 

region-size scale it can also be seen that some of the highest measured variability levels on the 

Ionospheric Monitor also results in the largest deviations from the reference 𝑠𝑡𝑑(d𝑁𝑒). 

Especially in event 4, the region Svealand has the highest variability at and around the time of 

the passage (figure 25). It can then be seen that the SWARM-passes for the same event (figure 

25 to 27) also had the largest deviations from the reference 𝑠𝑡𝑑(d𝑁𝑒) in and around Svealand.   

In the standard deviation plots for event 5 (figure 40 to 42) it can also be argued that the 

ionospheric density structures are relatively localized in space and time. Comparing SWARM 

A (figure 40) with SWARM B (figure 41) shows that there is a huge difference in where the 

standard deviation spikes are localised. This could probably be explained by the relatively 

large time between the passages and the geographical difference between their tracks. It is 

even more interesting to compare SWARM A with SWARM C (figure 42) since their 

passages are nearly synchronized and with only 1.4° longitude apart. For SWARM A there 

are numerous visible peaks spread out across all regions from latitude 52° and above, while 

SWARM C instead has even higher deviations from the average which are localized around 

latitude 52° and the interval between latitude 61° to 64°. 

It is also possible to see some difference between SWARM A and C for the other events, such 

as in event 1 (figure 8 and 10) where A has some smaller deviations in Norrland that C does 

not have. This suggests that the ionospheric irregularities seem to be relative local in time and 

might vary in scale but for more precise conclusions it is likely that more studies need to be 

done. 

Evaluation of the usage of Kp index 
The reason that the Kp index was used in this study was to provide an objective method to be 

able to find the reference days for the events. By choosing a maximum limit of 2+ it was 

possible to find at least 5 days within a month of the event day and therefore minimise the 

effects of seasonal differences in the ionosphere. However, even if the reference day Kp index 

was less than or equal 2+ it was still possible to have relatively high standard deviations for 

the SWARM-satellites, especially for the northern region. This could therefore have affected 

the reference values, which for instance can be seen in event 4 and 5 for SWARM B (figure 

31 and 41). In these examples, the reference values were actually higher than the event values 

in the northernmost part of the studied interval.  

What is even more interesting is the Kp index reading from event 2. Even though the 

SWARM-data from this day was analysed due to an instrument error it is still possible to have 



20 
 

a look at the data from the ionospheric monitor (figure 11) which indicates at a variability 

level clearly above the reference values. However, at the time of the SWARM-passes the Kp 

index was 0. This could indicate that the Kp index is unsuitable for determining reference 

days since it still was possible to have regional ionospheric irregularities without having the 

Kp index to increase in value. This could be explained by that the ground based 

magnetometers which are used for determination of the Kp index are spread out over large 

areas and that each individual station is only capable of measuring disturbances in the 

magnetic field close to the station, (a list of the observatories can be found at IGSI’s 

webpage). With this said, it could therefore be reasonable to investigate if there are any other 

objective alternatives to use than the Kp index for future studies.  

 

 

5. Outlook 
Since this is probably the first study which compares GNSS scintillations with in-situ satellite 

measurements for high latitude, it is not hardly surprising that there might be room for 

improvements. For instance, it would have been possible to analyse the SWARM data even 

further by studying the gradients more in detail and see if any useful conclusions can be made. 

It is possible to both study the gradients in east-west direction (between SWARM A and C) 

and in south-north direction (aligning with the track of the SWARM-satellites). Since the 

Ionospheric Monitor only roughly gives us an estimate of where the variability measurement 

was done (in terms of the four regions) it could also be possible to find which triangle of 

reference stations were used during the event day and it’s position. It would also be possible 

to use single station data records (so called Rinex-data) from Lantmäteriet to be able to more 

precisely determine where the signal passed through the ionosphere. By adapting these 

suggested improvements, it would be simpler to compare the study with other studies from 

different latitudes such as the study by Aol S et. al. (Sharon Aol et al., 2020).   

Other improvements could be to use a different index than the Kp index to find reference days 

since it was very contradictory for one of the studied events days. Also, it is of course possible 

to analyse more days than the five event days chosen in this study. For instance, it is possible 

to select days with regional differences according to the Ionospheric Monitor and see if the 

SWARM-satellite data behaves as expected. 

 

  

http://isgi.unistra.fr/listobs_index.php?index=Kp
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6. Conclusions 
By using the Ionospheric Monitor it was possible to find days with variability above the 

normal values. In this study, only event days with more than 20 mm variability for all four 

regions were chosen. The data from the Ionospheric monitor was then combined with 

measurements from the SWARM-satellites Langmuir probes for the same event days. By 

using the Kp index, (only 24-h periods with 2+ or less was used) it was also possible to find 

reference data for the SWARM-passes within one month before the event day. By analysing 

the results, it is possible to make the following conclusions: 

1. In general, there is an increase in the spatial variabilities (according to the 

standard deviation values) for the event days in comparison with the 

reference days. The increase varies a lot but seeing values of a few hundred 

percent or up to some thousands of percent, (at the peaks) are not 

uncommon. This increase is seen for both the lower orbiting SWARM A and 

C satellites and the higher orbiting SWARM B. There are only a few 

exceptions when the reference values were higher than the event values and 

these events are most common for the higher latitudes. This might indicate 

that there could be noticeable auroral activities for the northern latitudes 

even for Kp index of +2 or less. 

 

2. It is also possible to see that the increase of spatial variability and gradients 

were spread across all four regions. This matches well with the fact that all 

the analysed event days had an GNSS-signal variability above average for 

the same regions. (The variability varied greatly for the different regions and 

events but was usually within 20 to 60 mm). Therefore, it is possible to 

conclude that the ionospheric effect is not local but affects the GNSS-signals 

for a larger area.  
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