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The Space Weather impact on Arctic Navigation
(SWAN) project

Development of operational forecasts of space weather impacts on GNSS

Knut Stanley Jacobsen, Vincent Fabbro, Aymeric Mainvis, Igor Zakharov, Matthew Angling, Giorgio
Savastano, Per Lundahl Thomsen, Michael Linden-Varnle, Arnlaug Hegas Skjaeveland, Jonas Bregnhgi
Nielsen, Mohammed Ouassou

Abstract — The forecast of Space Weather events is becoming more and more important as the reliance on
space-based systems is increased. Reliable and timely forecasts can allow mitigating actions to be taken in
order to reduce disruptive or harmful consequences of space weather disturbances. The objective of the
Space Weather impact on Arctic Navigation (SWAN) project is the development of forecasts for impacts
of space weather disturbances on satellite navigation services in the Arctic region. The SWAN project is
part of the efforts of the European Space Agency (ESA) to provide monitoring and forecasts of space
weather effects in Europe. Two approaches have been considered for the development of operational
forecasts; An empirical approach based on prior work by project partners, and a novel machine learning
approach. This paper reports on the developments performed during the project, the results obtained from
the validation of the developed approaches to forecasts, and the forecast service which is the main result
of the project.

Introduction

There are several factors which influence the accuracy of a position estimated by a Global Navigation
Satellite System (GNSS) device [1]. However, during strong ionospheric activity, the ionosphere is the
dominant error source for GNSS signals.

lonospheric scintillation refers to the random amplitude and phase fluctuations observed in radio signals
propagating through electron density irregularities in the ionospheric plasma and most commonly occurs
in equatorial, auroral, and polar regions [2], [3]. The scintillations are caused by the presence of a wide
range of scale size irregularities in the ionosphere. The irregularities causing scintillation may be
considered as an irregular, spatial distribution that is drifting but also evolving in time. The amplitude
scintillations come from irregularities having a scale size of the first Fresnel zone, which depends on the
signal wavelength and average height of the irregularity layer [4], [5]. For GPS, this scale is about 370-
400 m. Large-scale plasma density structures in the ionosphere with scale sizes greater than the first
Fresnel zone do not cause significant amplitude scintillation but may still cause fluctuations in the signal
phase [5]. Under such conditions, refraction effects must be taken into account and the phase fluctuations
are due to the optical path changes of a radio wave [6]. The low-frequency GPS phase fluctuations may be
directly due to electron density changes along the radio ray path.

The occurrence of scintillation at high latitudes is related to the auroral oval, cusp, and polar-cap patches,
through the formation of small-scale plasma structures [7]-[17]. It has been observed that phase
scintillation occurs more often than amplitude scintillation at high latitudes, and that scintillation is more
common on geomagnetically disturbed days in the auroral oval region and close to noon and midnight
[12], [13], [16]-]19]. Phase scintillations at high latitudes are associated with particle precipitation and
plasma patches [20]-[23] and the scale of the processes (i.e. the spatial extent of the region of
irregularities) can be substantially enlarged during geomagnetic storms and substorms [24], [25].



Calculating disturbance indices from GNSS measurements is a proven method for the detection and near
real-time monitoring of the occurrence and dynamics of ionospheric irregularities. High-rate (sampling
rates of 50 Hz or more) GNSS receivers can be used to calculate the variations of the signal phase and
amplitude, quantifying them by the phase and amplitude scintillation indices (o, and S, [26]. The Rate Of
Total electron content Index (ROTI) is another measure of disturbances in the phase measurements and
can be calculated based on lower-rate data. Thus it can be based on data from normal geodetic GNSS
receiver networks, of which there exists substantial data archives. ROTI has been shown to be a useful
tool for characterizing the ionospheric disturbance level of GNSS measurements [27]-[31].

Tracking errors imposed in the presence of ionospheric scintillation can exceed receiver thresholds and
result in signal loss of lock. Loss of satellite signals will degrade the positioning solution. In severe cases,
the receiver may be unable to maintain lock on at least four GNSS satellites and a temporary loss of
positioning capabilities can occur. The duration and frequency of such outages depend on the duration and
severity of the disturbances, the geometry of the satellites in view and the signal reacquisition time [32].
Even if the signal is not completely lost rapid phase variation may cause cycle slips, which are
discontinuities in a receiver’s phase lock on a satellite’s signal.

[33] quantified the global-scale impacts of ionospheric disturbances on GPS Precise Point Positioning
(PPP) solutions during an extreme space weather event on the 17t" of March 2015 by taking advantage of
more than 5,500 GNSS stations installed worldwide. The overall impact was more severe at high latitudes.
Specifically, the results show that kinematic PPP solutions degraded following an intensified auroral
particle precipitation during the storm’s main phase (06-23 UTC) when up to ~ 70% of the high-latitude
stations experienced degraded position solutions in the range of several meters at 16-18 UTC. Around
magnetic noon and midnight, the storm-induced plasma irregularities caused notable PPP errors (> 10 m)
at high latitudes.

[34] demonstrated how the PPP 3D position error correlates with ROTI at high latitudes. The risk of
having several satellites observing enhanced ROTI values simultaneously is greater at higher latitudes.
Several receivers (FOLC, VEGS, TRO1, HAMC, LYRS, and NYAL) were analyzed and 3D position error
up to 15 cm was observed.

Occurrence of scintillation is difficult to predict and model due to the variability of its numerous
influencing factors, which include solar activity, interplanetary magnetic field orientation, local electric
field and conductivity, ionospheric convection processes, and wave interactions [35].

The ESA Space Weather Service Network (https://swe.ssa.esa.int/) provides several space weather
monitoring services. Available types of data that may be relevant for GNSS users include TEC maps,
ROTI maps, scintillation indices, and limited forecasted TEC maps. In addition, other data are available
that could be used as an input for algorithms to estimate impacts on PNT/GNSS systems (Positioning,
Navigation and Timing GNSS systems), broadly categorized as solar monitoring data, solar wind
monitoring data, geomagnetic conditions monitoring data and solar flare forecasts (in the form of current
probability of occurrence).

Examples of other space weather services providing global and/or local monitoring are the US Space
Weather Prediction Center (SWPC) (https://www.swpc.noaa.gov/) , Norwegian Centre for Space Weather
(NOSWE) (https://site.uit.no/spaceweather/) , Space Weather Canada (https://spaceweather.gc.ca/index-
en.php) , Russian space weather services (http://ipg.geospace.ru/) , the UK Met Office Space Weather
Operations Centre (MOSWOC) (https://www.metoffice.gov.uk/weather/specialist-forecasts/space-
weather) , International Space Environment Service (ISES) (http://www.spaceweather.org/). The types of
ionospheric monitoring data are similar for many of these services, but as they are based on different
measurement networks their coverage and resolution varies.
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In these operationally available services there is little focus on measures of impact on GNSS end users.
Also, forecasts of ionospheric variations (o, S4, ROTI or similar) are very limited.

Consequently, the main objective of the SWAN project was to "... develop and demonstrate new
techniques, which are expected to improve on the current state-of-the-art Space Weather forecasting
techniques and products related to Space Weather effects for Positioning, Navigation and Timing (PNT)
systems in the Arctic, with particular attention to the Greenland area.”. To achieve this, two approaches
have been investigated:

. Empirical modelling of ROTI statistics, by modifying and extending the HAPEE model [31].
. Forecasting ROT] time series from solar wind inputs, through a machine learning algorithm.

At the end of the project, the machine learning approach is still considered as not mature enough to be
used for operational services. Therefore, a forecast service was established using the HAPEE model.

Data sources

This section describes the data sources and the steps taken to check and prepare the data before using it for
algorithm development.

Solar wind data

High-resolution solar wind magnetic field, density and velocity data was extracted from NASA/GSFC’s
OMNI data set through OMNIWeb [36].

We applied a 10-minute running window average to the solar wind data, in order to reduce the impact of

rapid solar wind variations and data gaps. Then we calculated the coupling function % as described in

[37]. The value of this coupling function will be used as the input to the forecast algorithms, as a proxy
index of space weather activity in the ionosphere at high latitudes.



Figure 1: Maps showing the location of the GNSS receivers used in this work, on Greenland (GNET) and
in Norway (NMA). The red lines show the geomagnetic latitude.

Figure 1 shows the locations of the GNSS receivers used to provide ROTI data for the project, which are
subsets of the Norwegian Mapping Authority (NMA) network and the Greenland GNSS Network
(GNET). The receivers are geodetic quality, multi-frequency, and sampling observations at 1 Hz. The
ROTI data from NMA used in the framework of this project corresponds to the period [2007-2019],
covering the 24" solar cycle. The ROTI data from GNET used in the framework of this project
corresponds to the period [2010-2020], covering most of the 24" solar cycle.

After quality checks, including clock jump and cycle slip detection, ROTI has been calculated every 5
minutes for each observed satellite. To detect cycle slips, the change of the Melbourne-Wibbena linear
combination [38], [39] from the previous to the current timestep is compared to a threshold. If the
threshold is exceeded, it is considered as a cycle slip. A description of this cycle slip detection method can
be found in [40].

The elevation angle of a ROTI data record is defined as the average elevation angle of the satellite during
the time period used for the ROTI calculation. Only measurements with elevation above 30° have been
kept for the model derivation, as the data from satellites at low elevation is often contaminated with e.g.
multipath effects or other disturbances from vegetation and structures on the ground. The remaining ROTI
data have been corrected for other elevation-dependent effects based on the theoretical behavior proposed
by [41], assuming an isotropic ionosphere.
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Figure 2: Example of skyplot of mean ROTI, used to identify multipath or other persistent disruptions. On
the left is “dmhn” station in 2014. On the right is “sisi” station in 2015, which has signs of bad data.

The data quality has been carefully checked by analyzing the skyplots of each station per year. Examples
of skyplots for the GNET stations “dmhn” and “sisi” for the years 2014 and 2015, respectively, are shown
in Figure 2. Using such an analysis, persistent unwanted disturbances that are not related to space weather
(e.g. multipath) can be removed from the data. In the skyplot graphs, the mean value of ROT] is plotted as
a function of azimuth and elevation angles. The skyplots illustrate the need to exclude low elevation data.
This filtering allows removing the multipath visible at low elevations for station “dmhn”. However, other
errors can be observed for station “sisi”, tracing large arcs related to some satellite paths. This type of
disturbance, which is likely caused by measurement or processing errors in the receiver, can be difficult to
remove when it is too dominant. For those cases we have removed the entire year of data. This analysis
and filtering has been applied to the whole database to generate the final database that will be used in the
continuation of the project.

Another check of ROTI data has been performed analyzing the CDF (Cumulative Distribution Function)
of the ROTI index for each station, per year. We expect higher levels of ROTI for years close to the
maximum of the solar cycle (2013-2015) and lower values close to the minimum (2008-2009 or 2019-
2020). Also, the CDF should be smooth (i.e. without any significant jumps or breaks in the graph). These
points have been taken into account and years with too high level of noise or unphysical breaks in the
graph have not been included in the final database.

The final ROTI database contained more than 95 million ROT]I data records.

Empirical forecasts - HAPEE extension and validation

HAPEE extension

The High lAtitude disturbances Positioning Error Estimator (HAPEE) model is described in [31]. It is an
empirical, statistical model that can forecast the probability distribution of ROTI for the near future, using
solar wind measurements as its real-time input. The original HAPEE model described in the paper is based

on data from GNSS receivers in Norway and provides a forecast for the coming hour. It is parameterized

by the magnetic latitude, magnetic longitude, and the value of the Newell coupling function WZ% ([37D)-

An optional extension of the algorithm transforms the output from ROT] distributions to distributions of
PPP positioning error, using an empirical model.

In the frame of the SWAN project, the HAPEE model was modified/extended in two ways. As a 3-hour
forecast was requested, all statistical regression had to be re-run with a different configuration. Also, the



database used to build the model was extended by the addition of data from the GNET network in
Greenland. A new realization of the HAPEE model was regressed as described in [31], using the extended
dataset and providing parameters for 3-hour forecasts.

Validation of ROTI forecasts

For the validation of the HAPEE model a statistical approach has been used. The ROTI datasets consist of
the data measured by NMA and GNET networks measured during period [2007-2019].

During the regressions of the HAPEE model, 80% of the whole database of ROTI data has been
considered for the regression, while 20% of the database was kept for the validation.

3 different thresholds of ROTI index (Tro7;) have been defined for low (0.75 TECU/min), moderate (1.5
TECU/min) and high (3.0 TECU/min) levels of ionosphere disturbance. The probability of exceeding
these thresholds, P(ROTI > Tgror), has been investigated by comparing forecasts from the HAPEE
model with the actual observations in the validation dataset.
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Figure 3: Comparison of forecasted (abscissa axis, HAPEE model) and measured (ordinate axis,
validation dataset) probability to exceed the low (left), moderate (middle) and high (right) thresholds.

The problem is binned into different intervals of solar wind conditions (i.e. coupling function), MLT time
and Magnetic latitudes. 41 intervals in MLAT have been defined (from 50 to 90° of magnetic latitudes,
sampled per degree, and an initial bin [0,50] for potential low latitude data), 12 intervals of coupling
function levels (from 0 to 19000 Wh/s and a last bin for all upper solar wind conditions), and 48 MLT
time intervals from O to 24 hours. In each interval combination, P(ROTI > Tror;) has been compared
between validation dataset and HAPEE model. This way HAPEE model is tested for all levels of coupling
function (i.e. solar wind condition), all possible MLT time and Magnetic latitudes.

The results of correspondence between modeled and measured P(ROTI > Tgor;) are presented in Figure
3. In those plots, the percentages computed by HAPEE model and obtained from the data have been
binned every percent. The colors represent the number of points in each 1 x 1 % bin. This representation
shows the spread between modeled and observed percentages. An ideal model would provide a perfect
straight line from the origin to the point 100% in abscissa and ordinate. The model results closely follow
the actual observations, with the forecasted occurrence rates generally staying within 10 percentage points
of the actual occurrence.

One can observe a decay in the percentage correspondence whereas the ROTI threshold is increasing. This
phenomenon is due to the lower percentages of occurence to exceed higher values of threshold. The
number of points is also lower, as the high levels of scintillation become rarer.



Machine Learning forecasts

Adapting Machine Learning to the problem

In parallel to the statistical approach, based on classification and regressions, Machine Learning
techniques have been investigated. Machine learning is normally defined as the group of algorithms
trained using an example database in order to find rules, which in time allow them to perform the same
task for new data. Three types of machine learning tasks can be classified based on the feedback signal
used: supervised learning, unsupervised learning and reinforcement learning. In the case of supervised
learning, a database including examples of inputs and the corresponding desired output is presented to the
machine learning model with the objective to learn the mapping between the inputs and the outputs. On
the contrary, when unsupervised learning is performed the inputs given to the model are not labelled and
its task is to find hidden patterns or structures in the data. Another type of machine learning approach is
called reinforcement learning, in which the main idea is to maximize a reward in a particular situation by
interacting with the environment to solve a problem in a game-like way.

Recurrent Neural Networks (RNN) are a class of artificial neural networks that has applications in all
three types of machine learning tasks. RNN are specifically designed to process data for which the
temporal behavior is important. In fact, they create a memory of the system by processing each element of
the sequence and conserving information regarding what it has encountered up to that time epoch. [42]
used RNN to forecast the Dst index. In this project we implemented a variant of the RNN, called Long
Short Term Memory (LSTM) [43], in order to forecast ground-based ROTI from solar wind parameters at
L1 through the Newell coupling function [37]. The LSTM is designed to be able to retain past information
for many time steps and has previously been successfully applied in the field of space weather (See e.g.
[44] , [45],[46]). [47] implemented a LSTM NN to predict the am index. By improving the internal
structure of basic RNN, the LSTM avoids the gradient issue that can occur with RNN and has the ability
to retain long term memory for significant information. Important properties of LSTM NN are:

. It captures the long-term dependencies.

. It models the time series temporal structure.

. It allows variable length inputs and/or outputs.

. It can address multivariate problems and multi-step prediction.

In addition to the processing of the ROT], for each epoch at each receiver a super observation is created
by taking the median of ROTI from the observed satellites as it has been done previously in [48]. Gaps in
the solar wind coupling function time series have been filled by Nearest-neighbor interpolation, as it is
important for the machine learning algorithm to have continuous time series. As the ROTI data have a 5-
minute time resolution, the solar wind coupling function data is resampled to 5-minutes in order to have a
matching timeline for all data. The dataset is then split into three parts:

. 60% of the total dataset is used to train the LSTM NN, this is the "Train" dataset.

. 20% of the total dataset is used to evaluate the loss function of the LSTM NN during the training
phase, this is the "Validation" dataset.

. 20% of the total dataset is used to test the LSTM NN, this is the "Test" dataset.

The first step for building the machine learning forecaster is to provide local time series of ROTI in an
appropriate magnetic latitude interval that is more likely to contain the auroral oval at different magnetic
local times. In order to select this relevant interval, we analyzed the geographical distribution of ROTI



with respect to the magnetic local time. Based on our data, the interval of 70° to 85° MLAT is the most
frequently disturbed and so it is chosen.

The length of the history of the input features has been set to twelve samples, corresponding to one hour
of data with a time step of five minutes. The predicted value is set at twelve steps ahead, as it has been
done previously by [48]. In summary, this model predicts the value of the ionospheric scintillation index
one-hour in advance based on the values of the solar wind coupling function at Earth’s bow shock nose
during the past hour and the MLT position of the IPP.

The LSTM NN was implemented using the Python libraries "Tensorflow", "Keras", "Pandas" and "Scikit-
learn". To obtain the architecture of the LSTM NN model used in this study, several sets of
hyperparameters have been tried. Thus the number of LSTM NN layer used to extract representative
feature from historical input data is 512. Those layers are then connected to a 3 fully connected layers with
128, 32 and 1 nodes respectively. The batch size used during the training step is 288. The LSTM NN
layers are combined with Dropout sequence to prevent overfitting. A patience of 100 epochs has been
added to further reduce the overfitting, while the maximum number of training epochs is 1000. The loss
function corresponds to the mean square error.

Validation of Machine Learning forecasts
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Figure 4: Observed ROTI vs predicted ROTI from the LSTM NN model

Figure 4 shows a comparison of the observed ROTI the with 1-hour predicted ROTI from the LSTM NN
model. Note that the figure shows only a part of the validation dataset, and thus must be considered as an
example. The LSTM NN forecasting correctly reacts to the disturbed periods, generating forecasted ROTI
values larger during these periods. The main difference is that the LSTM NN forecasts time series present
lower values than the amplitudes of the measured peaks.

To illustrate this in another way, we compute the standard skill scores using the entire Test dataset. A
confusion matrix has been used to evaluate the quality of the prediction system. To classify the ROTI
measurements, 8 intervals containing the same number of measurements have been defined. The limits
corresponding to these intervals are [0, 0.424, 0.454, 0.49, 0.539, 0.612, 0.735, 0.988, +inf], in units of
TECU/minute. Figure 4 shows these ROTI thresholds, represented as dashed horizontal lines. The last of
the bins ([0.988, +inf]) is the most important for predicting events. From the confusion matrix, the
different skill scores used are the Probability of Detection (POD) which shows what fraction of “true”
events is correctly predicted, the False Alarm Rate (FAR) which shows the fraction of the predicted event



that actually did not occur, and the True Skill Score (TSS) which accounts for random chance. Other skill
scores used are the Accuracy (ACC) and the Root-Mean-Square Error (RMSE).

Table 1 shows the skill scores when considering the condition ROTI > 0.988 TECU/minute (i.e. the
detection of disturbed ionosphere). A perfect model would have POD = 1 and FAR = 0. As can be seen in
the table, the current ML model has a substantial number of failed detections and false positives when
tested in this way. While the model has some prediction skill, it needs to be improved before it can be
considered for operational use. For this reason the forecast service has been based on the empirical
statistical approach.

POD FAR ACC TSS RMSE

019 061 086 015 0.38
Table 1: ML model prediction skill scores, considering the condition ROTI > 0.988.

Forecast service

A major objective of the project was to demonstrate usage of the forecast method by establishing a
prototype of a forecast service. The service was built on the forecasts supplied by the extended HAPEE
algorithm, using archive data to provide forecasts for previous times (hindcasts), but also designed in a
way that allows integration of real-time data feeds in the future.
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Figure 5: Overview of service components and data flow

Figure 5 shows an overview of the components of the service and the data flows. Solar wind data and
GNSS almanacs are the dynamic inputs to the processing, while the model parameters are static sets of
coefficients. The AACGM coefficients are a part of the AACGM library [49]. The HAPEE model
coefficients define a realization of the HAPEE model. The HAPEE model analysis modules reads the
various input data, perform the calculations to provide forecasts, and transmits the output to the database
of the forecast service. The model is forecasting the percentage of occurence to exceed a given threshold
of ROTI during the following three hours. Note that it also proposes the percentage of occurence to
exceed a given PPP error, applying the approach described in [31]. The service modules comprise a
database which holds the forecasts, data transformation code to transform the output into a format suitable
for visualization, APIs for both internal and external data access, and a webpage. External users can
connect to the human interface (webpage), or directly to data APIs (intended for machine-to-machine
communication). For a future real-time service, real-time solar wind measurements and almanac data
would be processed on a periodic basis. The processing time for a single set of data is less than one



minute. We note that solar wind data is available in near-real-time from the NOAA SWPC data service
(currently available at https://services.swpc.noaa.gov/products/solar-wind/).

The Prediction Engine module uses the input modules to acquire input data, and to perform some
calculations (notably, calculating geographic IPP coordinates). For the calculation of geomagnetic
coordinates, it uses the AACGM library. The Prediction Engine module will, given a date&time and solar
wind parameters, calculate maps of forecasted probabilities to exceed thresholds as follows:

. From Solar Wind Data, calculate coupling function value [37]
. For each grid point of the map:
—  Calculate geomagnetic coordinates for IPPs seen from that grid point

—  Retrieve HAPEE model parameters for the current coupling function and set of geomagnetic
coordinates

—  For each defined threshold, calculate the probability to exceed it
. Package results and send it to the output module

The dataflow and major processing steps of the Prediction Engine are shown in Figure 6.
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Figure 6: Overview of major processing steps inside the Prediction Engine

The output module transmits data in NetCDF format (See https://www.unidata.ucar.edu/software/netcdf/)
via http to an APl endpoint that ingests the data into a PostgreSQL database (See
https:/www.postgresql.org/). Note that this is purely an internal data flow (not exposed externally to
users).

In order to best represent the data structure, we can consider it from the point of view of the database.
Figure 7 describes three tables, related by foreign key relationships where the data array is stored in the
"rast” column in the "coverage™ table. Each "coverage" represents one forecast map. In short, one
metadata entry, which contains the timestamp, can be related to many coverages, which in turn can be one
of many use-cases. This allows us to keep track of the use-cases and uniquely identify the correct
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coverage (data array) for a given timestamp, use-case and layer (threshold type). Note that the external
users do not directly access the database.

#® metadata ¥ coverage

» metadata_id bigserial s coverage_id bigserial

4 timeTag timestamptz rast raster B® ysecase

v float8 resulttype text Srreeen [ sarel
n float8 threshold_type  text®
Bx float8 threshold float8
By float8 unit text
Bz float8 metadata_id int8

ionosphereheight float8 usecase_id int4

name text
description text

= horizon interval

solarwinddatasource text

Figure 7: Database Entity Relationship diagram of the normalized data model
The external users can request data via an APl. An example of an API call is:

https://swan.kartverket.no/api/collections/PPP0l/area?parameter name=pR
OTI&datetime=2015-01-01T0O0

In the URL for the API call we have specified the use case (for example "PPP01" for Precise Point
Positioning user type), the parameter "pROTI" (corresponding to the ROTI probability to exceed 1
TECu/mn) and the time "2015-01-01T00". The API returns the forecast map data to the user in the
"CoverageJSON" format (See https://covjson.org). The data access APIs are used to provide content to the
service webpage.
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Figure 8: Screenshot of the SWAN service

Figure 8 is a screenshot of the prototype forecast service webpage. The user selects the use case ("PPP01")
and threshold type ("pROTI") in the dropdown boxes, and the date and time, and a forecast map is
displayed to the left. The map is dynamic, supporting panning and zooming. At the top right are links to
information pages about the service itself, the machine learning study, and the APIs for direct data access.
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Figure 9: Forecast of chance to exceed ROTI threshold (top left), issued at 2015-03-17 13:00 UTC, and
ground ROTI maps for Fennoscandia at three points in time during the forecasted time period.
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Figure 10: Forecast of chance to exceed ROTI threshold (top left), issued at 2015-03-17 22:30 UTC, and

ground ROTI maps for Fennoscandia at three points in time during the forecasted time period.



Figure 9 and Figure 10 show examples of forecast maps and actual observation maps, during a space
weather event in 2015 known as the "St. Patrick’s day storm" [28], [S0]-[52]. The forecasting provided by
the service are represented in the top left panel, with probability of occurence to exceed 1 TECu/mn
represented in colorscale. The NMA network ROTI measurements are represented by the mean ROTI
value at IPP position, and are reported in the other panels for different time corresponding to the interval
of the forecasting. The position of the auroral oval appears to be well reproduced by the forecasting.

Summary and Road ahead

The SWAN project has successfully implemented a statistical method (HAPEE) for predicting the
occurrence of GNSS disturbances in the polar region. Furthermore, an alternative method using a more
sophisticated machine learning (ML) model has been investigated.

The ROTI database was extended by the addition of data from the GNET GNSS receiver network in
Greenland (i.e. 13 stations, measuring during the period [2010-2020]. The output of the HAPEE model is
probability distributions of ROTI or PPP position error, which can be combined with a threshold to
guantify the risk of exceeding that threshold within a period of time. A realization of the HAPEE model
for a 3-hour forecast was generated, and a prototype of an operational service based on this approach was
created. The service provides forecasts both via a machine-to-machine API, and as a graphical view on a
webpage. The provided forecasts were validated, with very good results for the ROTI forecasts.

In parallel to the HAPEE statistical model, a machine learning approach using a LSTM NN was
investigated. This method is complementary to the statistical one, providing one-hour forecasted time
series of ROTI index, valid for a limited area of MLAT. The results are very promising regarding the
timing of the disturbed periods, but are struggling to correctly predict the amplitudes of the disturbances.
Further work on this topic is expected to improve the performance.

Future work on the HAPEE-based service

The prototype service is a candidate for inclusion into the ESA Space Weather service network. The
model and service are capable of real-time operation, by providing a reliable real-time data flow of solar
wind and almanac data and setting up a continuously operating processing server.

Currently, it provides ROTI index forecasts for several use cases but position error forecasts only for the
PPP use case. To define position error forecasts for other use cases requires studies to characterize their
response to the ionospheric disturbance. More work is needed on validation of position error forecasts.

The spatial coverage of the service may be further extended to fully cover the northern polar cap, and
potentially to also cover the southern hemisphere auroral region if sufficient data from that region can be
acquired. However, due to the way the model is built it is not suitable for modeling equatorial
disturbances.

Future work on machine learning

The Machine Learning approach is promising and its performances have been quantified. The model
paves the way for a new kind of operational service based on data driven methods. Even with a simple
approach linking solar wind data, magnetic local time and the ROTI, the LSTM NN should be able to
blindly learn a coarse regular pattern, which is the strength of this approach. One of the main
improvements that can be imagined is to consider additional data sources as inputs for the model to extend
the environment description.



Additional data sources for future work

The current SWAN system provides a statistical link between the solar wind at L1 and the ROTI (rate of
TEC index) or position error experienced by a GNSS receiver on the ground. However, in the future it
may be beneficial to include additional ground- and space-based measurements which can improve the
forecasts by providing information about intermediate parts of the physical system (i.e. physical processes
taking place after the L1 solar wind measurements but before the ground based ROTI measurements). In
particular, space-based GNSS measurements can provide information on the state of small scale
irregularities in the ionosphere. Furthermore, space-based magnetometers can provide information on the
large scale features of the high latitude ionosphere (i.e. the position of the auroral zone) that have a direct
impact on the likelihood of scintillation occurring.

Space-based measurements of the high latitude ionosphere can be provided by low cost LEO satellites in
sun-synchronous near polar orbits. One way to use these platforms is to deploy GNSS receivers that can
be used to sense the ionosphere in a variety of geometries (Figure 11):

. Towards zenith, usually making use of a receiver designed for precise orbit determination (GNSS-
POD). The measurements are generally made with 1 Hz sampling and at positive elevation angles

(i.e., >30°), effectively sensing only the topside region of the ionosphere above the satellite’s orbit
[53], [54].

. In a radio occultation (GNSS-RO) geometry (i.e. pseudo horizontally). As the LEO satellite moves
in its orbit, the GNSS satellites are seen to rise above or set below the horizon. Thus, the GNSS
signals traverse the atmosphere at a range of heights and the direction of the line integral of the
electron density (i.e., the STEC) has mainly an horizontal component. The high rate (50Hz) data can
be used to detect and characterise phase and amplitude scintillation [55].
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. Figure 11: GNSS-RO and GNSS-POD observation geometries. Fs is the measurement sampling
frequency; T is the measurement duration; SLTP is the straight line tangent point.

Space based magnetometers in LEO can also be used to help determine the location of the Auroral
boundaries through the effects of field aligned currents [56].

Given such diverse measurement regions and types, and the naturally irregular sampling that comes from
LEO space-based measurements, it is likely that a combined data assimilation (DA) and machine learning
(ML) approach will be required. One possible, multi-step approach might be to

. predict the Auroral boundary using L1 data (ML)



. Update the boundaries using data (DA)
. Update an irregularity model using data (DA)
. Produce a short term forecast of scintillation (ML)

The use of an ionospheric irregularity model (i.e. using height-integrated strength of irregularities, C; L)
[57] rather than a ROTI model allows data at different frequencies, with different geometries, and with
different sampling rates to be used self-consistently.
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