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Introduction

The ionosphere plays an important role in GNSS applications because it influences radio 
wave propagation through. The ionosphere delay is the biggest error source for satellite 
navigation systems, but it can be directly measured and mitigated with using dual 
frequency GNSS receivers. However GNSS signal fading due to electron density 
gradients and irregularities in the ionosphere raise a concern about the operational 
availability of navigation system. It is known that GNSS radio signals passing through the 
ionosphere suffer varying degrees of rapid variations of their amplitude and phase - signal 
fluctuations, referred as scintillations, are created by random fluctuations of the medium’s 
refractive index, which are caused by inhomogeneities inside the ionosphere. These 
effects are caused by the presence of a wide range of scale size irregularities in the 
ionosphere. 

The spatial and temporary dynamics of ionosphere fluctuations depends on geophysical 
conditions, and detailed study of these effects is very important, especially during space 
weather events. For this reason several types of analysis of the ionospheric total electron 
content (TEC) fluctuations effects on GNSS signals have been carried out and still actual 
currently. If electron density irregularities cover a big area above receiver, there is a high 
probability that a receiver can lose more than one satellite signal simultaneously. 
Simultaneous loss of a significant number of satellites signal discontinues GNSS 
navigation or degrades the navigation accuracy.



Recommendations 
after 2012 IGS Workshop

Ionosphere Working Group

Starting a new official/operational product – TEC fluctuation 
changes over North Pole to study the dynamic of oval irregularities 
(carried out by UWM to be started as official/routine product after 
performance evaluation period)

According with the recommendation of the Ionosphere Working Group of IGS at the 
IGS 2012 Workshop “Starting a new official/operational product – TEC fluctuation 
changes over the North Pole to study the dynamic of oval irregularities”, we propose 
version of the product that can represent the ionospheric fluctuations in a map format. 
Such maps can be useful for space weather monitoring and navigation by combining 
them with currently produced IGS global ionospheric maps (GIMs) or regional 
ionospheric TEC maps. 

Therefore, strong ionosphere TEC gradients and resulted fluctuations and signal 
scintillations could be hazardous in terms of continuity and availability for GNSS 
navigation.



GNSS networks as data for ionospheric irregularities observations

International GNSS Service - IGS

IGS/EPN 
(EUREF Permanent Tracking Network)IGS polar stations

PBO Network –
Plate Boundary Observatory
POLENET - The Polar Earth 
Observing Network 

The IGS collects, archives, and distributes 
GPS observation data sets of sufficient 
accuracy to satisfy the objectives of a wide 
range of applications and experimentation. 
The GNSS observations provided by IGS 
and other permanent station networks, with 
a 30 s sampling, allow to detect the 
ionospheric irregularities with a scale size of 
about tents km. 



Monitoring of the TEC fluctuations using GNSS data
In order to analyze TEC fluctuation activity there were considered the Northern 
hemisphere polar, subauroral and midlatitude regions geographically located from 45°N 
geomagnetic latitude to the North Pole. 
Monitoring the time-derivative of TEC (ROT, rate of TEC change) is useful for tracing the 
presence of the ionospheric irregularities. ROT, as a measure of phase fluctuation activity, 
is calculated using the algorithm, that was proposed by Pi et al. [1997]:

ROTI is defined as the standard deviation (taken over 5 minutes) of the detrended rate of 
change of TEC (ROT) [Pi et al., 1997]. Based on the retrieved values of ROT, the ROTI 
values are calculated over 5-minute periods with running window for each station:
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where i is the visible satellite and k is the time of epoch. In standard RINEX files raw data 
sampled every 30 seconds. ROT is calculated in units of TECU/min for each visible 
satellite over GNSS station. The ROT values are calculated and then detrended for all 
individual satellite tracks for elevation angles over 20 degrees.

To observe the spatial behavior of the ionospheric fluctuations over the North Pole, we 
process ROTI data from considered multi-site database and visualize result in the form of 
ROTI map.



The ROTI maps  

The locations of the stations in the North 
Hemisphere  used for ROTI map 
construction

Due to strong connections between the Earth’s 
magnetic field and the ionosphere, the behavior of 
the fluctuation occurrence is represented as a 
function of the magnetic local time (MLT) and of the 
corrected magnetic latitude. The grid of ROTI maps 
in polar coordinates with cell size 2 degree 
(magnetic local time) and 2 degree (geomagnetic 
latitude).

There are more than 700 permanent stations (from 
IGS, UNAVCO and EUREF databases) have been 
involved into processing for the ionosphere 
fluctuation service. Such number of stations 
provides enough data for representation a detailed 
structure of the ionospheric irregularities pattern.

A quadrant of ROTI 
map grid.



The ROTI maps

Each map, as a daily map, demonstrates ROTI variation with geomagnetic local time (00-
24 MLT). The value in every cell is calculated by averaging of all ROTI values cover by this 
cell area and it is proportional to the fluctuation event probability in the current sector. If in 
the cell there are only few ROTI values (less than 30), this grid cell is marked as a blank. 
This approach will allow to avoid frequent errors of interpolation techniques, related with 
unrealistic interpolation values over areas with data gaps. 



The proposed format to store of the ROTI values

The sample of ROTI‐ex format body

For ROTI data storing it is proposed simple ASCII format based on grid 2 x 2 
degree - geomagnetic latitude from 89o to 51o with step 2 and corresponded to 
magnetic local time (00-24 MLT) polar coordinates from 0 to 360.



The service for creating ROTI maps

The TEC fluctuation service operation diagram and status

Under 
construction, 
testing

In operation

In the Space Radio-Diagnostics Research Centre (SRRC/UWM) is developing and testing 
service for automatically download RINEX observational and navigational files, unzip and 
process data and generate ionospheric products. 



Ionospheric irregularities observed using GNSS 
networks: case study

It is known that structure and dynamics of the ionosphere are highly sensitive to the 
geomagnetic disturbance activity that occurs regularly within the Earth’s 
magnetosphere. Occurrence of ionospheric irregularities is difficult to predict and to 
model, because of the temporal and spatial variability of the ionosphere and solar 
activities that are driving forces of space weather phenomena. The constructed ROTI 
maps allow to estimate the overall fluctuation activity and auroral oval evolutions. For 
case study analysis we selected two geomagnetic storms of the new 24th solar cycle 
with similar intensity described by Dst index but different initial and recovery conditions. 
The data about space weather conditions obtained were obtained from NASA 
OMNIWEB service located on ftp://spdf.gsfc.nasa.gov/pub/data/omni.

The first case - the geomagnetic storm which initiated by sharp increasing of proton 
flux and and pressure with the maximum before the 23:00 UT on 24 October, 2011, 
sharp changing of magnitude and sighn of IMF Bz component (Fig. 4). The Dst index 
reach minimum value -118 nT at 05:00 UT on 25 October 2011. Additionaly, before the 
main storm phase there was remarkable increasing of the solar wind density and 
pressure, as well as remarkable variations of IMF Bz component on 23 October, 2011. 
The duration of the main phase of geomagnetic storm was about 4h and then the 
recovery phase started with duration about 48 h.



Geomagnetic storm 23 -29 October 2011.

The  interplanetary  geomagnetic  field  (IMF) 
Bz component, density and pressure of solar 
wind  (SW) and Dst index variations  for 23  ‐
29 October 2011.

The  ROT  values  over  chain  of  selected 
European GNSS stations (23‐28 October 
2011). 



Geomagnetic storm 23 -29 October 2011.

The structure and intensity of the ionospheric irregularities for the period from 23 to 28 
October, 2011. The sequence of graphs shows the day to day evolution of ionospheric
fluctuation pattern before the main phase of storm and during main and recovery phase of 
geomagnetic disturbance.



The  IMF Bz, SW density and pressure and Dst
index variations for 30 May – 5 June 2013.

The  ROT  values  over  selected  European  GNSS 
stations (30 May – 4 June 2013). 

The ionospheric storm occurred on June 2013 was the result of the strong geomagnetic 
disturbances occurred after midnight on 1 June 2013. Before the storm parameters, 
characterized solar wind density and pressure, had low values and there was not observed 
remarkable variations of IMF Bz. Geomagnetic storms were initiated by increasing of proton 
flux and pressure with the maximum before the midnight between 31 May – 1 June 2013, and 
turn of sign to negative of interplanetary magnetic field Bz component.



The ROTI map on 30 June 2013 demonstrates very weak overall fluctuation intensity when 
rather low ROTI values appeared within 68 degree circle. For 1 June 2013, corresponded to 
the main phase of storm, the ROTI map shows very high fluctuation activity in the sector 
corresponded to the local night conditions, the remarkable fluctuations were registered up to 
55 degree MLat. The maps for next day show also high fluctuation activity level, fluctuation 
oval southern border situated on 75º - 78º. 

Geomagnetic storm 30 May – 5 June 2013.



Conclusions
Although the physics of the ionosphere irregularities has been studied for several decades 
the characteristics of these effects on GPS signals are still not well explained, and the 
current navigation system is still vulnerable to strong irregularities events. Large-scale 
irregularities and associated TEC fluctuations can complicate phase ambiguity resolution, 
increase the number of undetected and uncorrected cycle slips and losses of signal lock in 
GNSS So the knowledge about morphology and spatial and temporary dynamics of 
ionospheric fluctuation, dependences on geophysical factors is very important. 

The ionospheric fluctuation maps can be usable for retrospective estimation of space 
weather impact on positioning and potentially for the future development of forecasting 
algorithms as well as for testing irregularities models.

For calculation of fluctuation indices there are used measurements of more than 700 
stations, that belong to international permanent GNSS networks. 

One of the advantages of ROTI maps construction with our technique is that there is not 
applied any interpolation technique for ROTI mapping, result is real observations, averaged 
in each cell of 2 deg x 2 deg. This will allow to avoid errors related with unrealistic 
interpolation values over areas with data gaps. 



The ROTI maps allow to estimate the overall fluctuation activity and auroral oval 
evolutions, the values of ROTI index corresponded to probability of GPS signals phase 
fluctuations as well as the local intensity of ionospheric irregularities (by ROT index) over 
every processed GNSS stations.

Occurrence of ionospheric irregularities is driven by forces of space weather phenomena 
and considered case-studies demonstrate the ability to retrieve information about 
ionospheric irregularities structure, position and duration. Obtained results show clear 
dependence of ionospheric fluctuation activity, described by ROT and ROTI, on solar wind 
and IMF parameters variations. 

The occurrence and magnitude of TEC fluctuations increase dramatically during space 
weather events. The irregularities oval expands considerably equator-ward with 
simultaneous increase of the fluctuation intensity. We found that during quiet ionospheric
conditions the fluctuation events are mainly observed during geographic or magnetic local 
nighttime within circle of 70º MLat and practically are not registered in dayside sector.

The indices and maps, based on TEC changes, can be effective and very perspective 
indicator of the presence of phase fluctuations in the high and mid-latitude ionosphere. We 
expect the high potential of the proposed service and its products, however it is only tool 
and great work should be done on data processing, statistical analysis, comparative or/and 
joint investigations with other ionospheric measurements

Conclusions
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