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2. Introduction 

This document is the second Technical Note (TN2) for the DC-IV project. It describes the algorithms 
used for the new precursor services ñRegional Aurora Forecastò (RAF) and ñIonospheric Scintillation 
Monitoringò (ISM) that are to be integrated into the SWE Web portal as provided by the DC-II project. 
Both services extend the functionalities of the SWE Web portal by introducing new user-driven and data-
driven business processes (BPs) as well as new services. 

Figure 1 sketches the overall architecture of the SWE portal and its services, emphasizing the elements 
essential for both services to be integrated with minimum effort and maximum extent of the existing SOA 
services. In the course of the DC-IV project this figure will be reviewed and refined. 
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Services

Generic Services

File

Server
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Services

Data & Metadata 

Repository

SWE Data-driven Services

SWE Data-driven BPs & Services
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Services
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Services
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Services
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DC- II  SWE Portal

DC-II 
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DC-II Services

New DC-IV

Components

New BPs & 

Services

 

Figure 1 Architectural design of the SWE web portal and its services with particular regard to the BPs and 

services of the two new precursor services RAF and ISM
1
  

 

Each BP is exposed as a service to ensure the complete connection to the Oracle Service Bus (OSB). 
The logic of the BPs is reflected by the combined logic of the underlying services.  

                                                      

1
 The communication via OSB is used only for previous services. For the two new precursor services the OSB will not 

be used. 
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The new services require the definition and design of new BPs and services, both data-driven and user-
driven.  

They need to interact with the SWE web portal, the Data & Metadata Repository and the File Server, all 
representing non-SOA components. 

The user-driven BPs comprise of the processes of human access to the data for further processing, e.g. 
visualisation, for the user. The user-driven services are responsible for this functionality and call SOA 
services from the DC-II project, both SWE services and generic services, as well as newly defined 
services. 

Both new precursor services require features for image retrieval and processing. For this reason, 
functions of the user-driven services to be incorporated into the Web-based Interface (WBI) cover the 

¶ Search for data, 

¶ Visualisation of data, 

¶ Analysis of data, and the  

¶ Distribution of data 

in order to extend the functionality offered by the SWE web portal. 

 

The Statement of Work ([AD.1]) lists requirements on this service functionality (section 5.1.1). Based on 
these functional requirements system requirements are defined and presented in the dedicated SRS 
documents [RD.2] and [RD.3]. 

Refer to the Glossary document ([RD.4]) to loop up a definition of terms or abbreviation used in this 
document. 
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3. The Regional Aurora Forecast 

3.1 Scientific background 
Eruptions on the solar surface spring vast amounts of high-energy particles into the interstellar medium. 
Some of these plasma bursts are Earth directed and their energy may be transferred from the solar wind 
stream into the near-Earth plasma environment. Most geoeffective solar events are flares (fast eruptions 
of very high energy plasma) and coronal mass ejections (CMEs, large magnetized plasma clouds), which 
can be detected by solar imaging satellites. X-rays and EUV radiation from solar flares reach the Earth 
atmosphere in eight minutes. Energetic particles travel to the Earth in some hours. CME travels the same 
distance in about 1-3 days. The effect of the plasma cloud hitting the Earthôs magnetosphere may result 
in a geomagnetic storm leaving the near-Earth space in a disturbed state for several days.  

The charged particles causing the auroral emission in the upper atmosphere also enhance the 
ionospheric conductivity and thus, the electric currents. According to the Maxwellôs equations the 
changing currents create a changing magnetic field. Therefore auroral activity is related to variations in 
the geomagnetic field, and the variations are strong enough to be measured by the ground-based 
magnetometers. The magnetic field changes during very intense storms may be up to 4-5% of the total 
strength of the geomagnetic field (about 50000 nT). The field variations range from the time scales of 
seconds (pulsations) to disturbances of the order of days (magnetic storms). Even during long-term 
magnetic disturbances fast field changes are embedded. The time derivative of the horizontal component 
of magnetic field variations as measured at ground is a good indicator of the level of activity. This linkage 
is utilized in the already existing public auroral monitoring system AurorasNow!, which was designed as 
an ESA Space Weather Applications Pilot Project in early 2000. The service has become popular with 
thousands of visitors daily and several feedback/question e-mails every month. The Regional Auroral 
Forecast (RAF) will be an upgrade of AurorasNow! RAF will provide for the first time an auroral forecast 
with several hours of lead time. 

3.2 Nowcasting auroral activity from the basis of magnetic recordings 
Auroras Now! (Anow! hereafter) uses magnetometer recordings from two stations: Nurmijärvi (sub-
auroral latitudes) and Sodankylä (auroral latitudes). Enhanced opportunity to see auroras is defined to 
take place when the hourly maximum of magnetic field time derivative exceeds 0.3 nT/s in Nurmijärvi and 
0.5 nT/s in Sodankylä. More exactly, the hourly maxima of time derivatives of X- and Y-components 
(geographic north and east components with 1 minute time resolution) are calculated and the bigger 
value of them is compared with the threshold for alert.   

The final report of the ANow! project [RD.5] present some statistics of the service performance. These 
results tell also about the linkage between auroral displays and magnetic time derivatives. The evaluation 
was conducted with the auroral and magnetometer recordings collected at Sodankylä during the season 
from November 1 2003 to March 31 2004. The analysis shows that the Anow! approach works correctly 
with better than 85% probability (in 85% cases when the alert was given also auroras were observed).  

In RAF we will use the same empirical rule between auroral occurrence and magnetic field time 
derivative as used in Anow! The threshold values for the magnetometer stations to be used in RAF 
depend on the latitudes of the stations and they are determined by linear interpolation from the 
corresponding values of Nurmijärvi and Sodankylä.  We thus assume that also RAF will be able to 
recognize auroral periods with the same accuracy as Anow. 

The magnetometer stations which are used in RAF belong to the IMAGE magnetometer chain and are 
the following NUR (60.50N, 24.65E), HAN (62.25N, 26.60E), OUJ (64.52N, 27.23E), MUO (68.02N, 
23.53E) and KEV (69.76N, 27.01E). The stations are located around the same meridian and at latitudes 
across the southern part of the average auroral zone (c.f. Figure 2). The thresholds used for the stations 
are 0.30 nT/s (NUR), 0.35 nT/s (HAN), 0.42 nT/s (OUJ), 0.52 nT/s (MUO) and 0.57 nT/s (KEV). 
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Figure 2  Magnetometer stations (red circles) and auroral camera stations (field-of-views marked with 

orange circles) providing NRT for RAF service. The locations of HEL and NYR camera stations are marked 

with orange dots. The two other camera stations are located in KEV and MUO. 

3.3 Forecasting auroral activity from the basis of statistical relationships 
 

Forecasts on auroral activity in RAF are based on statistical relationships between data sets which 
describe solar and global activity and magnetic time derivative values recorded in the RAF 
magnetometer stations. In our approach the solar and global activity is characterized with NRT alerts by 
NOAA, Halo-CME alerts by SIDC and with FMI alerts for enhanced magnetic variability based on ACE 
data (for more information, see Appendix B of this document). Ten year data sets (2002-2012) were used 
for NOAA alerts, Halo-CME alerts and time derivative values, while for FMI/ACE alerts data from years 
2010-2011 (1,5 years) were used.  

The analysis had the following steps: 

1) Constructing a summary matrix on the driving activity (hereafter the Driver Matrix): Each row in 
the matrix correspond to one hour during the years 2002-2012. Each alert type has one 
dedicated column in the row. If that alert has been issued during the hour of the row, the variable 
in the column is 1, otherwise it is zero. All together the matrix has 16 columns: 10 for the NOAA 
alerts, 1 for the SIDC alert and 5 for the FMI/ACE alerts. 

2) Constructing a summary matrix on the hourly maxima in dB/dt values recorded at the RAF 
magnetometer stations (hereafter the Derivative Matrix). 

3) Determining statistical relationships between the parameters in the Driver and Derivative 
matrices: For each alert type the hours or issuance were searched and the values in the 
Derivative matrix for the following 48 hours were inspected. For these 48 hours and for each 
RAF magnetometer stations the ratio W/V was determined, where W is the number hours when 
the threshold for auroras was exceeded and V is the total number of hours in the analysis (i.e. 



SSA-SWE-SWEP-TN-0003 TECHNICAL NOTE 2: DESCRIPTION OF ALGORITHMS 

 

VERSION: 1.1 - 24 FEBRUARY 2014 5 / 34 © COPYRIGHT EUROPEAN SPACE AGENCY 2012 

 

 

the number of issuances of the analysed alert type during the ten year period). Figure 3 is an 
example plot on the probability to record threshold exceeding dB/dt values in KEV during the 
next 48 hours after the NOAA ALTK06 issuance. According to this plot the opportunity to see 
auroras with higher than 85% probability is more than 0.5 for 18 hours after the ALTK06 
issuance.  

4) Identifying those parameters in the Driver matrix which yield W/V values equal or larger than 0.5 
or showing otherwise promising behaviour in the above described analysis. 

5) Refining the analysis of step 3 by binning the data points according to magnetic local time and 
by studying the combined effect of some of the most influential driver parameters. Four bins 
were used in the local time binning: Noon (06-12 UT), midnight (18-24 UT), dawn (00-06 UT) 
and dusk (12-18 UT). (Note: for the MIRACLE local time sector MLT~UT+2.5h.) 

 

The above described analysis revealed that the following parameters in the Driver Matrix showed 
potential to become useful input data for the RAF forecast service as they showed W/V values higher 
than 0.5: 

¶ Alerts on enhanced global geomagnetic activity (ALTK04éALTK09); Binning according to local 
time yields higher W/V values. 

¶ Alerts on enhanced proton fluxes in the geostationary distances (ALTPX1éALTPX4): If an alert 
of enhanced proton fluxes (any level from ALTPX1 to ALTPX4) has been issued during 24 hours 
prior to a ALTK06 the W/V values are higher than in the case of ALTK06 alone. This is taken 
into account in the forecast service. The thresholds for alerts ALTPX1éALTPX4 are determined 
according to the integral flux of protons with energies above 10 MeV. More information is 
available in the following link:  http://www.swpc.noaa.gov/alerts/AlertsTable.html 

¶ Alerts on enhanced electron fluxes in the geostationary distances (ALTEF3): Combining with 
K06-alerts yields higher W/V values (c.f. the case above). The threshold for alert ALTEF3 is 
determined according to the integral flux of electrons with energies above 2 MeV. More 
information is available in the following link:  http://www.swpc.noaa.gov/alerts/AlertsTable.html 

 

In addition, the following parameters cause a clear enhancement in the probability to record high dB/dt 
values after some delay, but the enhanced probability does not reach 0.5. These parameters will be used 
in the Blinking lamps element of the RAF Nowcast page: 

¶ X-ray Flare alerts (ALTXMF): Probability for high dB/dt values enhance on average after 37 
hours from the alert.  

¶ SIDC Halo CME: These alerts have a wide established user community which further motivates 
their usage in RAF.  

¶ FMI/ACE alerts: Probability for high dB/dt values for next 2-3 hours enhanced. The Anow! user 
community has given positive feedback about the FMI/ACE short time forecasts which 
encourages their usage also in RAF blinking lights.  
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Figure 3  Probability to record dB/dt values higher than 0.57 nT/s in KEV during the 48 hours after the 

issuance of NOAA ALTK06 alert. 

The reliability of the W/V values given in plots like Figure 3 depends on the number of samples used to 
derive the curves. For example, in the case of Figure 3 195 samples have been available for each delay 
time listed in the horizontal axis. The error estimate for the W/V is 1/sqrt(195)~0.07 (assuming that the 
samples have Poisson distribution). 

3.4 Getting information about Cloudiness 
Cloudiness map is a standard weather prediction model output for Northern Europe. The background 
model (FMI model HIRLAM or European model ECMWF) is chosen by the forecaster and corrections to 
the selected model are based on the forecaster's experience. The map has shaded regions for the totally 
cloudy areas (cloudiness larger than 6/8, i.e. 75% of the sky). The spatial resolution in the maps is 15 km 
and their time resolution is one hour. 

3.5 Getting information about the Sun and Moon rise and set times 
Rise and set times for the Sun are computed in the RAF code with widely known formulas published in 
several places in the Internet. The Moon rise and set times and the Moon phases are given in numeric 
form from a lookup table. The annual lookup tables are created in FMI with the help of tools available in 
the Internet (see URLs 1 & 2 in Appendix A). The Moon rise and set times are only included during three 
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nights before and after the full Moon, when it most disturbs the auroral observations. Full Moon is almost 
ten times brighter than a half Moon and strongly dilutes the faint colours of the aurora. 

3.6 Algorithms 

3.6.1 Determining the location of the auroral band based on dB/dt (Nowcast) 

Current geomagnetic activity is illustrated in terms of the location of the auroral band on a map where 
also the locations of the RAF magnetometers stations are shown with dots with varying colors. Maximum 
time derivative of the horizontal magnetic field component (maximum of max(dX/dt) and max(dY/dt) in 
nT/s) during one hour is calculated from data recorded at the RAF magnetometer stations. The magnetic 
data are averaged over one minute from the 10-sec raw data. Once the threshold values are exceeded, 
the corresponding station location marker on the geographic map changes its colour from black to red. In 
case of missing data, the station location marker will become an open circle on the map. The dB/dt oval 
is drawn as a green band to follow the magnetic latitude lines within +- 2 latitude degrees from each 
station where the derivative threshold is exceeded. From individual station oval bands the northernmost 
and southernmost boundaries are displayed on the map.  

3.6.2 Determining the location of the statistical auroral oval based on Kp 

In addition to the dB/dt oval, statistical auroral oval boundaries are plotted on the Fennoscandian map. 
We use the same approach as presented by Sigernes et al. 2011 ([RD.6]; see URL 3 in Appendix A). 
From the two options presented by Sigernes et al., the Starkov-oval which is based on ground-based 
optical data is used in the RAF service. The statistical model uses the global geomagnetic activity index 
Kp as input parameter. According to this model, the auroral oval boundaries are estimated as 
polynomials of Kp and as a function of local time. Polynomial coefficients have been calculated for 
poleward, equatorward and diffuse oval boundaries separately. Kp index is a 3-hour average index 
ranging from 0 (quiet) to 9 (active). The service of Sigernes et al. uses the one-hour prediction for the 
planetary Kp index provided by NOAA/SWPC with updating rate of once every 15 min. RAF service will 
use the Kp proxy provided by NOAA (URL 6 in Appendix A). The geographic position of the statistical 
auroral oval in the Fennoscandia region depends not only on the Kp value but also on the UT. The RAF 
service will take into account the UTdependency at least with one-hour time resolution. 

3.6.3 The algorithm for OvalMakerNow 

In the two above sections we have described the principles which are used to create the map plots for 
the RAF nowcasting service. An example of these plots is shown in Figure 4. In this example the 
discrepancy between the oval derived from NRT dB/dt and that from the model by Sigernes et al. is 
rather large. In reality the discrepancy will typically smaller. However, there may be situations where the 
absolute value of magnetic field disturbances are relatively high (i.e. Kp is around 4) but the time 
derivatives are small (RAF does not show auroras). The opposite may also happen: At the beginning of a 
storm period high dB/dt values may appear (RAF shows auroras) but Kp values have not yet reached the 
high levels. In a continuation study we will investigate these controversial situations in order to learn more 
on the conditions where they appear. Conclusions from this study will be presented in the RAF service 
introductory pages (How this service works). 
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Figure 4  Example plot from the RAF nowcast part. Green shows the location of auroral band as 

determined from NRT magnetometer data and cyan shows the statistical auroral oval model (dependent on Kp 

value). The red line shows the equatorward boundary of the diffuse oval. 

 

Figure 5 Quiet time plot from the RAF nowcast part. The grey band shows the approximate location of auroral 

oval in case of no significant activity 
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The OvalMakerNow algorithm will have the following steps: 

1) Check the UT 

2) Read Kp  

3) Draw the Fennoscandian map and the statistical oval (cyan oval) by Starkov et al. according to 
the algorithm given in [RD.6] 

4) Read magnetometer data from RAF magnetometer stations 

5) For all stations: Compute the time derivatives and compare them with corresponding threshold 
values. 

6) Add the NRT oval to the map: For those stations where the threshold has been exceeded draw 
the latitude band of auroral activity (green band). The equatorward (poleward) boundary of this 
band is two degrees equatorward (poleward) of the station latitude. The boundaries of the band 
are aligned along the geomagnetic latitudes in the forecast area. Use the active time figure 
caption together with the plot. 

7) If the threshold has not been exceeded at any station, draw the quiet time plot (c.f. Figure 5 
above) and use the quiet time figure caption together with the plot.  

3.6.4  Algorithm for BlinkingLamps 

 

The algorithm behind the BlinkingLamps element will follow the occurrence of NOAA ALTK0* and 
ALTXMF alerts, SIDC Halo CME alerts and FMI/ACE alerts during the previous 72 hours. If these alerts 
have been issued during the previous 72 hours information about them will be presented to the RAF 
users with the three ñlampsò and explanatory text strings. In our current plans the algorithm will have the 
following main steps: 

1) Check the record of alerts for previous 72 hours 

2) If ALTXMF or Halo CME issuance has taken place during previous 72 hours, switch on the 1
st
 

lamp. Otherwise check that 1
st
 lamp is in ñoffò state. If data gaps longer that gapLamp1 appear in 

the record, set the 1
st
 lamp to ñoffò state and select the warning of missing data as the 

explanatory text string beside the lamp.  

3) If any of the ALTK0* alerts have been issued during N hours prior to current time, switch on the 
2

nd
 lamp. Here the parameter N depends on the activity level K. If K=4, then N is 2, if K=5 then N 

is 3, if K=6 or larger then N is 20. Otherwise check that 2
nd

 lamp is in ñoffò state. If several 
ALTK0* have been issued during the previous 72 hours, the newest alert is used to determine 
the 2

nd
 lamp status. If data gaps longer that gapLamp2 appear in the record, set the 2

nd
 lamp to 

ñoffò state and select the warning of missing data as the explanatory text string beside the lamp. 

4) If in the FMI/ACE alert service, min(RX) or max(RX) are above the orange level (c.f. Appendix 
B), switch on the 3

rd
 lamp. Set the explanatory text nearby the lamp so that it tells where activity 

is anticipated to occur (only at high latitudes or both at high and mid-latitudes). Otherwise check 
that 3

rd
 lamp is in ñoffò state. If data gaps longer that gapLamp3 appear in the record, set the 3rd 

lamp to ñoffò state and select the warning of missing data as the explanatory text string beside 
the lamp.  

BlinkingLamps will use a selection of predefined text strings to support the information given by the lamp 
system.  

3.6.5 Algorithm for OvalMakerFore   

The forecast part of RAF will use in the W/V curves (c.f. Figure 3) for determining the latitudinal 
bands, where dB/dt thresholds are likely to be exceeded during the forecast periods with the lead 
times 0-3h, 3-6h, 6-9h, and 9-12h. The spline functions are fitted to the W/V curves. This way we 
achieve functions (hereafter ProbabilityFunctions) which describe the dependency of W/V (i.e. the 
probability to exceed the threshold for auroras) on the delay time from the latest alert. The alert 
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types which RAF uses in its forecast pages (hereafter TriggeringAlerts) are listed in Table 3. The ñ*) 
ñ marking in Table 3 means that there has not been enough data points in the NOAA archive for 
constructing a reliable statistical relationship between the alert and the occurrence rate of high 
enough dB/dt values. Typically this happens for strong activity levels, ALTK07 or above. For those 
conditions we plan to show the maps of highest activity levels available in the Forecast service 
statistics with a special note in the Figure caption that the activity level is assumed to be even 
higher than the map suggests. 

Alert Type NUR HAN OUJ MUO KEV 

ALTK04 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ALTK05 N/A N/A N/A N/A N/A N/A 0-1 N/A 0-1 N/A 

ALTK06 0-1 N/A 0-3 N/A 0-5 N/A 1-16 0-1 2-18 0-2 

ALTK07 8-11 0-8 8-14 0-8 8-15 0-8 3-23 0-3 5-23 0-5 

ALTK04 
dawn 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ALTK04 
dusk 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ALTK04 
night 

N/A N/A N/A N/A N/A N/A 0-1 N/A 0-1 N/A 

ALTK04 
day 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ALTK05 
dawn 

N/A N/A N/A N/A N/A N/A 0-2 N/A 0-3 N/A 

ALTK05 
dusk 

N/A N/A N/A N/A 2-5 N/A 0-8 N/A 2-8 N/A 

ALTK05 
night 

N/A N/A N/A N/A 0-2 N/A 0-7 N/A 0-6 N/A 

ALTK05 
day 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ALTK06 
dawn  

N/A N/A N/A N/A 0-2 N/A 1-5, 

17-19 

0-1 3-5, 
15-21 

0-3 

ALTK06 
dusk 

0-11 N/A 5-12 0-5 10-13 0-10 11-18 0-11 0-2, 
11-15, 
26-28 

2-11 

ALTK06 
night 

3-11 0-3 6-10 0-6 4-11 0-4 8-13 0-8 7-11, 
25-32 

0-7 

ALTK06 
day 

N/A N/A N/A N/A 0-4 N/A 0-4, 

10-18 

N/A 0-3, 

5-21 

N/A 

ALTK07 
dawn 

*) *) *) *) *) *) *) *) *) *) 

ALTK07 
dusk 

*) *) *) *) *) *) *) *) *) *) 

ALTK07 
night 

*) *) *) *) *) *) *) *) *) *) 

ALTK07 
day 

*) *) *) *) *) *) *) *) *) *) 
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Alert Type NUR HAN OUJ MUO KEV 

ALTK04 

& EF3 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ALTK04 

& PX 

N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ALTK05 

& EF3 

N/A N/A N/A N/A N/A N/A 0-2 N/A 0-3 N/A 

ALTK05 

& PX 

N/A N/A N/A N/A 0-1 N/A 0-5 N/A 1-5 0-1 

ALTK06 

& EF3 

0-3 N/A 0-3 N/A 1-4 0-1 1-12 0-1 3-18 0-3 

ALTK06 

& PX 

3-13 0-3 5-13 0-5 4-13 0-4 5-30 0-5 12-24 0-12 

ALTK07 

& EF3 

9-13 0-9 10-15 0-10 5-12 0-5 0-12 N/A 6-18 0-6 

ALTK07 

& PX 

10-16 0-10 10-18 0-10 9-20 0-9 20-25 0-20 20-48 0-20 

Table 3 List of delay times when the probability to exceed the dB/dt value is 0.5-0.7 (first sub-column) and 

>0.7 (second sub-column) for each alert type and station. N/A means that the threshold either for 0.5 or 0.7 in 

the probability has not been exceeded in our data set. *) means that less than 21 datapoints (for each 

timestep) were available for the analysis. 

 

Table 3 presents for each alert type and station the delay times when the probability to exceed the dB/dt 
value is 0.5-0.7 (first sub-column) and >0.7 (second sub-column). The table includes also the cases 
where binning according local time has been conducted. E.g. ñALTK04 dawnò means that ALTK04 has 
been issued during 00-06 UT. From the Table one can see that in the Forecast service the first 
announcements for enhanced probability to see auroras in Lapland start to appear after ALTK04. This 
means that the Forecast system will be somewhat conservative in its announcements: Information are 
not provided about dim auroras which are frequently observed in Lapland (if not cloudy), but about such 
auroras which are clearly visible also with the human eye.  
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Figure 6 An example of the plots which will be shown on the forecast web pages. Green (Cyan) shows the 

latitude band where the dB/dt threshold is exceeded with >0.7 (0.5) probability. 

 

The OvalMakerFore algorithm will have the following steps: 

1) Check the UT (T0) 

2) Determine the forecast times, T0+3h, T0+6h, T0+9h and T0+12h. 

3) Check the SWLogFile if any of the TriggeringAlerts has been issued during the previous 48 
hours.  

4) If no TriggeringAlerts during previous 48 hours, draw the quiet time plot and use the quiet time 
Figure Caption together with it.  

5) If TriggeringAlerts exist, for each alert type determine the delay times from the issuance time to 
the forecast time. 

6) For each alert type and for each RAF magnetometer station use the ProbabilityFunctions to 
determine the probability values for the delay times determined in the previous step. Note: 
Depending on the issuance time choose the correct ProbabilityFunction from the models binned 
according to UT and check the potential appearance of ALTPX or ALTEF3 before ALTK0*. If 
several alerts have been issued in the SWLogFile, the probability values are determined 
according to the newest one. 

7) For those stations which have probability values 0.5 or larger draw a cyan latitude band (similarly 
as in the OvalMakerNow). For those stations which have probability values 0.7 or larger draw 
green latitude band. The green bands should override the cyan bands. Use the active times 
figure caption together with the plot. 

 

The flow chart given in Figure 7 below gives additional information about the steps 3-6 in the list above. 
The sub-routine representing these steps has the alert issuance time, current time and alert code (string) 
as input parameters. This flow chart explains how the alert code is determined for the routine in different 
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cases. In most cases the alert code is simply the alert name and then the code uses the alert issuance 
time to find the ProbabilityFunctions for correct UT bin (dawn, dusk, noon, night; c.f. section 3.3). In the 
case of ALTK06, however, the number of samples in the statistical analysis is so small that the code is 
set to use the probabilities of combined ALTPX* or ALTEF3 with ALTK06 instead of UT binning always 
when possible. 

 

Note that the forecast pages cannot use the ProbabilityCurves in their whole extent of 48 hours. For 
example, for the forecast of T0+3h the probability values for the delay times 0h, 1h, and 2h will never be 
used. The assumption is that during the time slot [T0, T0+3h] no alerts will be given (ñblind periodò). Alerts 
issued during [T0-45, T0] determine probability values for the T0+3h Forecast map. For the forecasts of 
6, 9, and 12 hours the ñblind periodsò are longer. Consequently the uncertainty of predictions increases 
with longer lead times.  

 

Figure 7 Flow chart describing the selection of ProbabilityCurves for the different TriggeringAlerts 
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4. The Ionospheric Scintillation Monitoring 

4.1 Ionosphere observation with GPS 
 

The ionosphere acts as a dispersive medium on the GPS radio signal. It applies a group delay and a 
phase advance respectively to the code and carrier observables. Combining the two GPS frequencies is 
useful to isolate this effect and obtain some information on the ionosphere 

4.1.1 Pseudo-range or code observation 

The C/A-, P-, or Y-code 
k

iP  , transmitted by satellite k at time t
k
 and registered by receiver i at time ti is 

defined as (Schaer, 1999; [RD.8]): 

errr +++D+D+D-D+=-= )()()( ,, i

kk

ionoi

k

tropi

k

i

k

i

k

i

k

i bbcttcttcP  

where 

k

ir   is the geometric distance between the satellite and the receiver 

k

i tt DD ,  are the receiver and satellite clocks offsets with respect to the GPS system time, 

k

tropi ,rD   is the tropospheric delay, 

k

ioni ,rD   is the ionospheric delay, 

i

k bb ,   are the satellite and receiver hardware delays, expressed in unit of time, 

e  is a random error (or residual). 

k

iP  estimated uncertainties are 3 meters for C/A code and 0.3 m for P-code. 

 

4.1.2 Carrier phase observation 

The carrier phase observation is nearly the same with: 

elrrr ++D-D+D-D+= k

i

k

ionoi

k

tropi

k

i

k

i

k

i BttcL ,,)(  

where: 

l is the corresponding wavelength and 

k

iB  is the constant bias (initial carrier phase ambiguity 
k

iN ), expressed in cycles 

Estimated uncertainties of
k

iL  is 2 mm. 

 

For dual-frequency geodetic GPS receivers, a simplified frequency-dependent notation (n1=1575.42 

MHz, n2=1227.60 MHz) is adopted 
k

tropi

k

i

k

i

k

i ttc ,

' )( rrr D+D-D+=  

P-code observations on both frequencies can be written as: 
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Carrier phase observations on both frequencies can be written as: 

k

i

k

iono

k

i
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i BL 1,1, ' lrr +D-=  

k

i

k

iono

k

i

k

i BL 2,2, ' lrxr +D-=
 

where 647.1/ 2

2

2

1 º= uux . To keep equations simple the term e has been omitted. 

 

4.1.3 Geometry-free linear combination 

The linear combination 214 LLL -= , resp. 214 PPP -= , is simply obtained by subtracting the second 

frequency from the first on carrier phase, resp. code. The assumption is done that receivers track the 
satellite simultaneously with both frequencies. This LC is also called the Geometry-free linear 

combination because it eliminates the geometric term
'r . 

The LC leads to undifferenced observation equations: 

k

i

k

iono

k

i BL 4,44, +-= rx  

)(44, i

kk

iono

k

i bbcP D-D+= rx  (LC G-F) 

where 647.0/11 2

2

2

14 -º-=-= uuxx  and 
k

iB 4, is an ambiguity parameter. 

From these formulas, the determination of the absolute ionospheric delay suffers from the unknown 

parameters: the differential code biases (DCBs) c
kbD  and c ibD  for satellite and receivers as well as 

the ambiguity parameter
k

iB 4, . 

 

4.1.4 TEC computation 

Across the ionosphere, the signals are both bent and retarded because of the electronic density of the 
medium. The ionospheric path delay results from the integration of the refractive index as follows: 

ñ
-°== 2

2
)( urrr TEC

C
dn x

iono  where 

233.40
2

-º sm
Cx

 (>0 for code and <0 for phase),  

TEC is the line-of-sight or slant Total Electronic Content in 10
16

 electrons per square meter (TECU unit), 

and n is the frequency. 

The ionospheric path delay is about 0.162m/TECU at frequency n1. 
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4.2 Algorithms for key parameters calculation 

4.2.1 ROTI 

The Rate of TEC Index (ROTI) is an indicator of ionospheric phase scintillations applicable with geodetic 
1 Hz or 1/30 Hz GPS receivers. The ROTI is the standard deviation of the time derivative of the 
ionospheric delay, deduced from the carrier. 

To monitor the time variation of the TEC one can calculate the geometry free linear combination LC6 of 

successive observations at time lt and time 1+lt  with the same receiver i. LC6 expression for phase is 

then: 

))()((
2

)()( 1

2

1416 +

-

+ --=-= l

k

il

k

i
x

l

k

il

k

i

k

i tTECtTEC
C

tLtLL ux  (LC temp) 

The slant TEC variation in time )()( 1+-=D l

k

il

k

i

k

i tTECtTECTEC can be derived as long as no cycle 

slip occurs. 

The ROTI is then expressed as: 

)( k

iTECROTI D=s  

 

4.2.2 IndexDtDS1 

The IndexDtDS1 is an indicator of amplitude scintillations obtained from geodetic GPS receivers. It 
corresponds to the standard deviation of the time derivative of S1 (signal amplitude on L1). 

)(1 1,

k

iSIndexDtDS D=s  

 

The following table shows the period used for the statistics of the two indices: 

 

Observation rate Number of observations Period 

1 Hz 60 1 min 

1/30 Hz 10 5 min 

Table 4 Indices and periods 

4.2.3 Single layer model 

To convert the GPS observations into ionospheric data, a common model is to consider the ionosphere 
as a thin shell localized at an altitude of 400 km above the WGS-84 ellipsoid, which corresponds 
approximately to the ionization maximum of the real ionosphere. 

 

4.2.3.1 Ionospheric Pierce Points 

The intersection of the satellite ï receiver line of sight with the shell is called the Ionospheric Pierce Point 

(IPP), represented in Figure 8. Its location is defined in WGS-84 latitude (fpp) and longitude (ɚpp). 

 

mailto:r.keil@etamax.de
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Figure 8 Ionospheric Pierce Point 

 

The following equations provide a method for determining the latitude and longitude of that pierce point: 

 

Latitude of the pierce point: 

 

)cossincoscos(sinsin 1 APPuPPuPP yfyff += -

 
 

Where: 

ppy  = earth's central angle between the user position and the earth projection of the pierce 

A  = azimuth angle of the satellite from the userôs location (ʌu, ɚu) measured clockwise from 
north. 

 

Note ï All the angles quoted are referred in Figure 8. 

)cos(sin
2

1 E
hR

R
E

Ie

e
PP

+
--= -p

y

 

  

Where: 

E  = elevation angle of the satellite from the user's location (ʌu, ɚu) measured with respect 
to the local-tangent-plane 

eR
 

= the approximate radius of the earthôs ellipsoid (taken to be 6378.1363 km) 

ih
 

= height of the maximum electron density (taken to be equal to 400 km) 

 

Longitude of the pierce point 
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4.2.3.2 Slant TEC to Vertical TEC 

The electronic content measured along the slant path of the signal depends on the angle at which it 
crosses the ionosphere and needs to be projected into the vertical TEC. The relation between the vertical 
VTEC or TEC(0) and the slant TEC(z) if z and the satellite zenith distance at the receiverôs location is: 

'2zsin-1 

1
   TEC(0)  TEC(z) ³=  with 

H R

R
 z sin 
+

³='sinz  

zô being the satelliteôs zenith distance at the point where the single layer is pierced. 

The different angles and distances are defined in Figure 9. 

 

 

Figure 9 Single layer model 

 

4.2.4 TEC Calibration 

The TEC derived from the geometry-free linear combination still contains the satellite and receivers 
differential clock biases (DCBs) that need to be removed to obtain the absolute value. 

The satellite biases are computed each day and published by the IGS Analysis Centers. The ISM 
routines directly use the ones computed by the Center for Orbit Determination in Europe (CODE). 
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Receiver biases are also published, but for a limited set of IGS stations, that does not cover the whole 
network used for the ISM service. The method used to determine them independently is adapted from 
(Ma & Maruyama, 2003; [RD.7]). 

 

If the vertical TEC is calculated from a slant TEC still containing the receiver clock bias, for one satellite at 
an elevation z: 

F(z) . TEC(0)  DCB  TEC(z) =+ , 

where 

TEC(z) is the unbiased slant TEC 

DCB is the receiver differential clock bias 

TEC(0) is the vertical TEC 

F(z) is the projection function 

 

The principle of the method is to assume that the ionosphere is homogeneous between all the satellites 
in sight of the receiver at a given time. Then, the correct DCB will minimize the differences between the 
vertical TEC obtained from all the satellites. 
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5. Ionospheric Scintillation Mapping 

5.1 Introduction 

 
As a result of propagation through ionosphere electron density irregularities, transionospheric radio 
signals may experience amplitude and phase fluctuations. In equatorial regions, these signal fluctuations 
specially occur during equinoxes, after sunset, and last for a few hours. They are more intense in periods 
of high solar activity. There is also a longitudinal dependency. Scintillations are more common in South 
America near the December solstice than at the equinoxes. These fluctuations result in signal 
degradation from VHF up to C band. They are a major issue for many systems including Global 
Navigation Satellite Systems (GNSS), telecommunications, remote sensing and earth observation 
systems. 

 

The signal fluctuations, referred as scintillations, are created by random fluctuations of the mediumôs 
refractive index, which are caused by inhomogeneities inside the ionosphere. These inhomogeneities are 
sub structures of bubbles, which may reach dimensions of several hundreds of kilometers as can be 
seen from radar observations (Costa et al, 2011; [RD.15]). These bubbles present a patchy structure. 
They appear after sunset, when the sun ionization drops to zero. Instability processes develop inside 
these bubbles with creation of turbulences inside the medium. As a result, depletions of electron density 
appear. In the L band and for the distances usually considered, the diffracting pattern of inhomogeneities 
in the range of one kilometer size, is inside the first Fresnel zone and contribute to scintillation.  

 

The aim of this work is the development of an algorithm for scintillation mapping for both nowcast and 
forecast purposes. This mapping will address regional areas at any location on earth and will use as 
much as possible real time measured data.  

 

Section 5.2 of this chapter presents the results of a raw data analysis and in particular the effects of 
undersampling as most of the available data do not meet the sampling requirements. 

Section Fehler! Verweisquelle konnte nicht gefunden werden. presents the modeling algorithm which 
will be used as a replacement in case of lack of data. 

Section 5.4 is a list of the available sources which could be used for this work. 

Section Fehler! Verweisquelle konnte nicht gefunden werden. presents the scintillation mapping 
algorithm. 

Section 5.6 presents some preliminary results. 

5.2 Raw data analysis 
 

5.2.1 Introduction 

 

The considered raw data were recorded in Cayenne (French Guiana) in the frame of the PRIS 
measurement campaign (Béniguel, 2009; [RD.11]). The days 314 to 318 in year 2006 are taken into 
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account (10/11/2006 to 14/11/2006). The corresponding RINEX files were downloaded from the PRIS 
database. These files were chosen as the computed scintillation parameters have shown significant 
scintillation activity. 

 

5.2.2 Power Density Spectrum 

 

In Figure 10 is shown a 1 minute sample which is taken as an example: satellite PRN 2, day 315 in year 
2006. The normalized power is the power divided by the mean value over the 1 minute. The detrended 
phase is obtained using a 6

th
 order high-pass Butterworth filter. The cutoff frequency was set to 0.1 Hz. 

The computed scintillations parameters are: S4 = 0.51 and sphi = 0.11 rad. The computed power 
spectral density (PSD) is shown on the right panel.  

  

  

Figure 10 1-min sample phase and intensity and corresponding spectrum 

 

In order to analyze all the downloaded raw data, the PSD must be synthesized into a small number of 
parameters. The PSD is usually characterized by its strength at 1 Hz (T) and by its index of power law 
decay (p). On a log-log representation, these parameters are obtained by fitting a line to the data points 
using least squares. The frequency range for that linear fit begins at 0.1 Hz, which is the cutoff frequency 
of the high-pass filter. In order to prevent this fit from extending down into the system noise which biases 
p towards lower values, the considered frequency range ends at 1 Hz.  

 

This processing is applied to every 1 minute sample of the downloaded RINEX files. Most of the 
parameters used for multipath rejection and filter convergence checking are available in other files. 
However, for software simplification reasons, these parameters werenôt used. Instead, simplified 
criterions were used: 
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¶ No missing measurements (3000 points in a 1 minute sample) 

¶ S4 > 0.2 to avoid weak multipath 

¶ sphi < 2. to check the filter convergence 

 

The histograms of the p index for the power and of the detrended phase PSD are shown in Figure 
11. These histograms are directly related to the probability density distributions of p. It can be 
observed that both distributions are centered on 2.8. Usually, p is considered to be in the range 
between 1 and 4. 

  

Figure 11 p slope spectrum histograms of intensity and phase scintillation 

 

The phase PSD can be approximated by Tf
-p
. As a consequence, the phase standard deviation sphi is 

expressed as following, where fc is the cutoff frequency: 
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5.2.3 Under sampling effects 

Figure 12 presents the effect of an under sampling for the previous example (satellite PRN 2, day 315 in 
year 2006). The detrended 50 Hz raw data were sampled down to 1 Hz. As a consequence, the explored 
frequency range drops from 25 Hz to 0.5 Hz. As in the IGS data processing only the phase is taken into 
account, in this part only the phase is considered. In this example, it appears that the effect of the 1 Hz 
sampling is moderate. 
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Figure 12 Undersampling at 1 Hz and corresponding spectrum 

In order to investigate the effect of the smaller frequency band, the integral used to compute sphi from 
the PSD is decomposed as following: 
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with the following numerical application (with p = 2.8): 
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It appears that the part of the spectrum above 0.5 Hz is negligible. In other words, a sampling rate of 1 Hz 

seems to be sufficient to evaluate sphi. In order to check this statement, every available 1 minute sample 
was down sampled to 1 Hz. 
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The sphi computed over these 60 points samples are compared with the sphi computed over the full 
3000 points samples. The results of this comparison are presented in Figure 13. It is noticed that the 1 

Hz sphi is a good estimation of the 50 Hz sphi. 

 

 

Figure 13 Phase index calculation using 50 Hz data as compared to a 1 Hz data calculation 

 

The effects of a 0.03 Hz (30 s) sampling rate is more difficult to study as this frequency is below the cutoff 
frequency of the high-pass filter. 

5.2.4 S4 comparison over one night of observation 

This undersampling study has been complemented by a 1 Hz IGS data analysis from Kourou, located at 
a short distance from Cayenne. The chosen index for IGS data is the ROTI index (Valette et al., 2007; 
[RD.18]). This phase index is deducted from the change rate in geometry after removing mean variation 
using L1 and L2 frequencies. A day of intense scintillations at Cayenne was selected for this comparison. 
Figure 14 shows the comparison between the 1-min S4 index recorded by the GSVreceiver in Cayenne, 
and the empirical ROTI scintillation index derived from the IGS 1 s data in Kourou. As can be seen, the 
major trends can be observed. This enables, through IGS high rate network use, to get some information 
on the scintillation activity. 
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Figure 14 S4 index and ROTI index calculated from 50 Hz and 1 Hz data at two close locations 

5.3 GISM Modelling 
 

5.3.1 Introduction 

The Global Ionospheric Scintillation Propagation Model (GISM) uses the Multiple Phase Screen 
technique (MPS) (Knepp, 1983 [RD.12], Béniguel, 2002 [RD.9] & 2004 [RD.10], Gherm, 2005 [RD.16]). 
The locations of transmitter and receiver are arbitrary. The incidence link angle is arbitrary regarding the 
ionosphere layers and to the magnetic field vector orientation. It can cross the entire ionosphere or a 
small part of it. At each screen location along the line of sight, the parabolic equation (PE) is solved. 
GISM allows calculating mean errors and scintillations due to propagation through the ionosphere. 

 

The mean errors are obtained using a ray technique solving the Haselgrove equations (Budden, 1985; 
[RD.14]). The ionosphere electronic density at any point inside the medium, required for this calculation, 
is provided by the NeQuick model (Radicella, 2009; [RD.17]), which is included in the GISM. 

 

The line of sight being determined, the fluctuations are calculated in a second stage using the multiple 
phase screen technique. The medium is divided into successive layers, each of them acting as a phase 
screen and the field is scattered from one screen to the next one.  

 

Inputs of the model are the transmitter and receiver locations, the time, day and year of observation, and 
the geophysical parameters. Based on the PRIS measurements campaign, experimental laws have 
been derived for the geographic and local time dependency. The spectrum of inhomogeneities is linear in 



SSA-SWE-SWEP-TN-0003 TECHNICAL NOTE 2: DESCRIPTION OF ALGORITHMS 

 

VERSION: 1.1 - 24 FEBRUARY 2014 26 / 34 © COPYRIGHT EUROPEAN SPACE AGENCY 2012 

 

 

a Log ï Log scale representation. It is characterized by three parameters: the slope, a typical dimension 

of inhomogeneities and the strength. Default values are respectively set to p = 3, 0L  = 1 kilometre 

and  N   0.1       eNe =s . As geophysical input parameters, only the average 10.7 cm solar flux number is 

considered. Its value is taken from the curves published by the National Oceanic and Atmospheric 
Administration (www.noaa.gov). The magnetic activity is ignored. It is not considered either in the 
NeQuick model.  

 

GISM calculates a mean value of the scintillation indices both for intensity and phase fluctuations. More 
details can be found in (Béniguel, 2011; [RD.13]). 

 

5.3.2 Comparison with measurements 

The results reported hereafter are taken from the PRIS measurement campaign (Béniguel, 2009; 
[RD.11]) carried out under ESA / ESTEC contract N° 19530. For this study, a number of receivers were 
deployed both at low and high latitudes, in particular in Vietnam, Indonesia, Guiana, Cameroon, Chad 
and Sweden. These receivers were dedicated receivers, operating at 50 Hz. A data bank was constituted 
and the scintillation characteristics were derived from an extensive analysis of this data bank. 
Comparisons between measurements and results provided by the GISM model in the same conditions 
(re playing the scenarios) were performed both for the scintillation indices and on the spectrum. 

 

Scintillation indices 

One week of measurements at Cayenne, French Guiana was selected. The results are presented in 
Figure 15. The x axis corresponds to local time at receiver location. The 0 value has been set arbitrarily 
to Saturday 19:00, the week of observation. 
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Figure 15 Intensity and phase scintillation indices measurements on GPS week N° 377 

 

The local time of the x axis corresponds to hours in GPS time. Each point corresponds to a 1 minute 
sample. Only points with a S4 value greater than 0.2 were retained in the analysis. A 5° mask elevation 
angle was taken when recording the data. In addition multipath is rejected using the code carrier 
divergence algorithm recommended in the Novatel GSV 4004 user manual. As can be seen in the 
Figure, the points are clustered every evening at post sunset hours, typically 19:00 - 24:00. No average is 
taken on the data. The scintillation activity occurred quite regularly that week with comparable levels. The 
S4 average value is about 0.4. The flux number that week (GPS week N° 377, modulo 1024) was equal 
to 90.  
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The phase fluctuations are plotted concurrently. The mean value is about 0.2, consequently lower than 
the S4 value. This observation is quite common. A few points exhibit high values. Deep fades occur 
concurrently to these high values. In the case of very small values this creates phase jumps. As a 
consequence the phase and intensity standard deviations are no longer related. 

 

The scintillation characteristics, both indices and spectral parameters, have been calculated using 1 
minute samples. This calculation brings no particular difficulty for the intensity, which practically does not 
change during one minute. The calculation of the phase parameters is more difficult. A 6

th
 order high 

pass filter is used to remove the low frequency components of the signal, due to the satellite motion on its 
trajectory. 

 

Modelling 

The scenario was replayed using the corresponding Yuma files for one particular day of the week (cf. 
Figure 16). A different day would not bring significant differences considering that the geophysical 
parameters would have been quite identical. The flux number, input to GISM, has been set to 90. As 
mentioned previously, the model provides a mean value. It overestimates the number of affected links 
due to the fact that the probability of occurrence is not considered. Only the mean values can be 
compared. The scintillation intensity index mean value is about 0.4, corresponding to the measurements. 
The scintillation phase index mean value is slightly greater than the one recorded in the measurements. 
In both cases the phase RMS is lower than the intensity RMS, and in both cases some points exhibit 
high values due to the phase jumps. 
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Figure 16 Intensity and phase scintillation indices on day 314, GPS week N° 377, obtained by 

modeling 

These comparisons show that the model provides reasonable estimates of the scintillation activity. 

5.4 Input data 
 

The input data will be taken from signals recorded using GPS measurements. There will be of two 

kinds: 

 

¶ The 50 Hz receivers deployed in the frame of the Monitor project 

(http://www.ieea.fr/en/services/ionospheric-scintillations/98-monitor.html), 

¶ The 1 Hz high rate data recorded with the IGS network. 

http://www.ieea.fr/en/services/ionospheric-scintillations/98-monitor.html
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In addition when no measurement will be available, the required information will be obtained using 

the GISM model (http://www.ieea.fr/en/softwares/gism-ionospheric-model.html). 

 

 

5.5 Algorithm 

 

Nowcast Mapping 

The algorithm uses a Kriging technique. This appears to be the most suited technique for this 

problem for the following reasons: 

 

¶ It allows considering random variables 

¶ It provides estimates and a confidence level on these estimates concurrently 

¶ The algorithm is built such that it minimizes the variance of observables 

¶ The accuracy increases with the number of input data 

 

The Kriging algorithm is an interpolation technique. It is applied to the intensity and phase variance 

of scintillations, namely the S4 & sf indices. These indices are approximated by equation: 

 

)  , f (       ) f ( m      )  , f ( Y ww G+=  

 

where Y is one of these indices, m its mean value and G a random component around the mean 

value. 

f is a vector of factors. They can be of any kind: location, time, é, and 

w is a random variable. 

 

Of particular interest in this technique is the calculation of the covariance function of the G function: 

 

)h  (  c           )  , f (   )  , f (        ) f  , f ( c jiji =GG= ww  

In this expression, h is the distance between observables. 

If there are enough measurement points, this function is calculated using these data. On the 

contrary, it is estimated by modeling, using GISM. 

http://www.ieea.fr/en/softwares/gism-ionospheric-model.html













