MONITOR IONOSPHERIC MONITORING SYSTEM: GNSS PERFORMANCE ESTIMATION
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ABSTRACT

The Monitor project has been designed to monitaogpheric events that would allow evaluating itgpaet on

European GNSS Systems. It includes a network adspheric scintillation monitoring stations in varsolocations
covering different latitude regions and its routdaa collection; and, the generation and collactibrelevant products
that allow understanding ionospheric perturbativos the ionosphere. This paper presents an owergfehe project
and how it is able to support SBAS systems, incigdilso the analysis of perturbed days during Sojate 24.

INTRODUCTION

Monitor [1, 2] is a project from the European Spagency’'s GNSS Evolutions Programme started in 2@&@dicated
to the collection, processing and archiving of igpleric data and products during active periodsotdr activity, to
the development of improved scintillation monit@rimnstrumentation and to the establishment of atilation
monitoring network, in order to build the infrastture allowing to analyse the impact of the ion@sphon European
GNSS (EGNOS and Galileo) system performance.

The second phase of the Monitor project starte@(h4, with the objectives: to achieve a simple amloust data
collection, processing and access, to implemenéxbfe data access policy, to enlarge the scatiilh monitoring
network with new stations, and integrating datamfrthe CNES SAGAIE network [3] and improved monitgyi
instrumentation, to generate automatic comprehensdporting; and with main focus to support EGNQfrent
system and future evolutions.

Monitor Scintillation Network

In the frame of the project, a network of GNSSistet able to record ionospheric scintillation savevost stations are
based on off-the-shelf scintillation receiver aall the new stations and some of the old onespded also bitgrabbers
in order to be able to record IF data beyond theking capability of GNSS receivers for later asayon laboratory
environment. The stations at mid-latitudes in Negjki The Netherlands and Rome, ltaly are mainlggéded for
troubleshooting purposes for the equipment ingladieremote locations. All the other stations aeated at high and
low latitudes. For high latitudes, there are 3igtet Kevo and Sodankyla in Finland and Kiruna weflen. There are
two other sites under consideration. See Figu the high latitude stations.



For low latitudes, the first phase deployed 7 st Tahiti in the Pacific; Lima, Cayenne and Kauia South
America; and, Cap Verde, Libreville and MalindiAfrica. The second phase focuses in new statiodsrina first of
all integrating the five stations from SAGAIE netikaand deploying five additional stations, planinede in Benin,
Ivory Coast, Mali, Namibia and Togo. All the Monitstations in Africa are presented in Figure 2.
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Figure 1. Monitor network at higher latitudes. Flggre 2. Monitor network in Africa, showing also
stations from CNES SAGAIE network [3]

Data and Products

The Monitor project includes a centralised facilihat is in charge of collecting and archiving datad products,
processing some of them for generating productgports, and being an interface for data provisiith partners and
third parties. In addition, this facility collegbsoducts from processors hosted at external inistitsl but providing data
routinely.

The data collected from Monitor stations is:
* 1-minute ionospheric scintillation indices
RINEX files at 1 Hz

e 50 Hz raw data

Bitgrabber IF data.

Product are categorized by various types:

* Space weather: solar and geomagnetic indices @gtdiom third parties.

» Station-based: re-computed 1-minute ionospheriatilation indices, multipath and cycle slips, delzode biases
and ionospheric truths.

» Electron Content: Global Electron Content, SlafCT VTEC global maps, EGNOS VTEC maps, EGNOS
accuracy and integrity.

* Perturbations: AATR parameter (see next section)BHGNOS and WAAS reference stations and for SAGAIE
network, Rate of TEC, Solar Flares and TIDs.

* Reporting: automatic and manual reports.

As an example, VTEC is high quality and provided aaite of 15 minutes (for comparison, IGS VTEC shamvides 1
or 2 hours maps).

ANALYSIS OF PERTURBATIONS AFFECTING SBAS

This section addresses Monitor’s ability to suppgbe assessment of the relationship of an SBASBY$EGNOS,
WAAS) to the ionosphere’s variability, analysing detail the ionospheric a number of perturbatioases degraded
SBAS system performance. For this, assessmentaiserelevant events with certain EGNOS availgbdiegradation
in the period 2011 to 2014 have been identifiedeyThre about 20 days, with significant events fmtance on i
October 2012 and 27-28 February 2014.



The Along Arc TEC Rate (AATR index) has proven wdn effective independent indicator of ionosphacitvity that
degrades SBAS system performance [4]. For exardpke58 of 2014 presented a degraded availabilityigh and low
latitudes of the EGNOS coverage and this was amefir by high AATR values on high and low latitudeMSl during
several hours as presented in Figure 3. On the slaypeWAAS availability was also affected showingreased
AATR levels in stations in Alaska, Canada, NortlstH4S, and the stations in and South of Mexico Bgare 4).
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Figure 3. EGNOS APV-1 availability (top) and AATRdiex computed for EGNOS RIMS on the same day
(27/02/2014) at hour 22-23 UT.

Moreover the lonospheric EGNOS Warning System (IES)YAas been developed to assess the accuracytagdtin
of EGNOS ionospheric model against independentextdrnal truths. Indeed IEWAS (see Figure 5) syatarally
download the ionospheric messages of EGNOS andftnan them in IONEX format at high rate (15 minutas
higher, see example in Figure 6). In this way, B@NOS VTEC model can be assessed against altifdB3&0ON2)
VTEC measurements gathered on the European seawdBr at the level of few TECU, see for instarsh, [and
against direct STEC difference (dSTEC) observatiprvided by GNSS receivers, with accuracies bdttan 0.1
TECU [6]. The corresponding assessments (relatinar,eén %) for 2014 can be seen in Figure 6 forBCTon the seas
surrounding Europe and in Figure 7 for dASTEC over tepresentative high and mid latitude receiv€IBI$A and
EBRE, respectively). It can be seen that duringd2®e relative error of the EGNOS ionospheric n®dees between
10 to 25% in dSTEC, and up to higher values for €Tk particular, the period with a declared degrhdvailability
in EGNOS (days 50,51 and 58, 59 of year 2014) ka&rly coinciding with an increase of the relatamor, when the
VTEC is assessed with JASON2 measurements (Fig. 7).
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Figure 4. WAAS APV-1 availability (top) and AATR diex computed for WAAS Reference Stations on theesday
(27/02/2014) at hour 22-23 UT.

However, looking at the dSTEC relative error, compawith the direct observed precise values, fragh o low
latitude receivers (from ONSA, at Scandinavia, tATNE, at South of Italy, passing by EBRE, at NE laerPeninsula
—see Figure 7-), only EBRE shown a certain incredseslative error during these days. This restiithe EGNOS
model, coming directly from external ionospheriatiis, is in agreement and supports the distribuGbrAATR

indicator found during these days (see Figure 2).
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Figure 5: Layout of the lonospheric EGNOS Warniygt&8m (IEWAS).
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Figure 6: Example of the lonospheric EGNOS VTEQ Figure 7: EGNOS VTEC Relative Error, taking direct
directly decoded by IEWAS from EDAS messages (13:3ASON2 measurements as reference, during 2014n(gree
GPS time, day 20, 2015) compared with the same magnitude for the “UQRG” UPC
global VTEC maps (red).

For high latitude North, analysis during days comtey remarkable EGNOS events since 2011 to 20#itates a
coincidence with high values of some ionospheridides: (1) variations of horizontal magnetic fieddmponent
exceptionally strong for high latitude stations (Mijarvi and Sodankyla in Finland); and (2) Rate T&C index
(ROTI) over Europe, typically at high latitude (&d&navia peninsula), but sometimes at mid or lotitude (Iberian
Peninsula and Canary Island ECAC sub-regions, otispéy). But the reversal condition is not alwdyffilled: there
are periods with high magnetic field variabilitytimot coinciding with remarkable EGNOS events.
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Figure 8: dSTEC relative assessment during 201£GNOS-IEWAS (green) and UPC-UQRG (red) VTEC models
for one high-latitude and one mid-latitude IGS Eean GNSS receivers: ONSA (E11.9°9,N57.2°) —leftd an
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Figure 9. Mean daily Ae index in nT. Days coincigliwith degradations observed in EGNOS, correspantinthe
blue squares (year 2011).

Selected days of degraded availability have beampened against the AE geomagnetic index, showiagah days of
year 2011 exhibiting reduction of service rangenigh latitudes were corresponding to peak respoirséise mean
daily AE index. This criterion is under investigatito be used as event discriminator at high ldisu

Similar analysis has been performed with ROTI inSwmandinavian site showing some peak correspondeitbe
flagged EGNOS days (see Figure 10), but still rotctusive. Further analysis and multi-instrumenmnparisons are
required.

ROTI Polar maps are generated within Monitor alloyvio estimate the overall fluctuation activity asgroral oval
evolutions. They are based on the classical appraden Rate of TEC (ROT) is detrended rate of éfisight TEC
change and ROTI — index calculated on 5 min intewith 30 sec sampling rate. Due to strong conestibetween
the Earth’s magnetic field and the ionosphere bigtgavior of the fluctuation occurrence is represgats a function of
the magnetic local time (MLT) and of the correctadgnetic latitude.ROTI maps are constructed with the grid of 2
deg x 2 deg resolution. An example in 2015 is preskin Figure 11.
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Figure 10. An example of the ROTI data from UPCdar
site in Scandinavia, during 2013. Days when EGNC SERC / UWM 0 MLT

experienced reduced service availability due | to Figure 11. ROTI polar map from 1/1/2015
ionospheric activity are highlighted in green.

During the previous Monitor campaign, several GN&htillation receivers were deployed in the higtiitude

Scandinavian region. The analysis performed shdarshown that significant systematic differencesavobserved in
the measurements provided by these receivers, sgawe importance of the detrending filter stage @me quality of
the oscillator for phase noise.

A new tool for scintillation mapping has in additibeen implemented.he algorithm developed is based on a Kriging
technique [7]. As a regular product it deliversnsiiation maps over West Africa using data recardmth by the
Monitor and the Sagaie networks. These are compafsB@ Hz receivers (Novatel and Septentrio) ardizlreceivers.
The maps are updated every 15 mn. The Kriging fgclencan be seen as a data assimilation technidueaccuracy
of the results depends on the accuracy and quaofitthe measurements. The algorithm provides maps a



concurrently error maps. The more data it can laélable at a given location, the more accuratbésrésulting map. It
works currently with a reduced number of statiofkis will be complemented in the near future wittdidional
stations belonging to the Monitor network. The Gl&Mdel [8] is used as a background tool to fill taps between
the measurements data points providing the alguorithith the “variogram” function which plays a majaile in this
technique.
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Figure 12 : Scintillation maps (S4 level) and cepending confidence level over West Africa usingadaom Dakar
and Lomé.

SYNTHETIC SCENARIOS FOR SBAS ASSESSMENT
For system design and architecture assessmentathability to generate synthetic ionospheric sdesabased on
realistic data but not linked to a pre-defined @festations is required. For EGNOS this has beefopred using a
data-assimilated version of NeQuick model througjnid of vertical Effective lonisation Parameters fiom a VTEC
grid map. For very disturbed cases, the modelettrele density profiles from NeQuick may reach thaitidity limit
and therefore, enhancements on the assimilationepsoor alternative approaches needs to be coedidéen this
respect, various investigations has been considered

» To assimilate ionosonde-derived peak parametegddik2 or hmF2

» To assimilate Slant TEC where available

* To consider Radio-Occultation data.

e Tovary Az along the ray-path.

e To simplify the NeQuick formulation in the optimiian process.

For the moment, the assimilation of Slant TEC app&@provide improved results with respect to VTasSimilation.

SUMMARY

This paper has presented the Monitor lonospheriaitdong Network and demonstrated some of the gateof its
data and products to support the analysis of SBpSems exemplified with a number of days with EGNOS
performance degradation in solar cycle 24.
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