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ABSTRACT

Performance Based Navigation (PBN) is a concepeldped by ICAO (International Civil Aviation Orgamation) that

specifies the operational performance requiredniraisspace, route or approach procedure. A Satélligsed Augmentation
System (SBAS) enhances the performances of théirexisatellite navigation system. It is used toldgglobal Navigation

Satellite System (GNSS) approach for PBN proceddres required performance level for vertical guidais directly linked

to approach category criteria. The real performgmogided by an SBAS for a single-frequency usegretels on the physical
characteristics of the ionospheric layer. As SubaBan Africa corresponds to geomagnetic equataomeghe question of
ionosphere dynamics characterization in equatadaé is central to gauge what SBAS performancd @amebe achievable.

In the equatorial zone the dynamics of the ionosphis subject to complex physical phenomena, inuglvrapid
recombination of ion-electron pairs. Moreover thpeenomena are transient with high local spatial mmporal gradients.
These zones promote the occurrence of scintillgtimenomena, bubbles (strong local fall of TEC (T&lactron Content)),
and small scale gradients, which must be evaluatetthe ionosphere modeling and integrity data getian.

Based on a large volume of GNSS measurements ogvembre than four years of data collected, ThaleeiA Space
associated with IRAP (Astrophysics and PlanetolBggearch Institute, Toulouse, France), presennarpma of observed
physical events through the ionosphere in Sub-&ahafrica zone. The main purpose of this studyisdtablish a clear view
on the physical mechanisms that drive the equatori@sphere dynamics and the effects on GNSS meamunts. This study



is supported by information coming from TEC valuggC gradients amplitudes, and the nature of dkititin events as
intensity, impact area and occurrence in time.

Conclusion of these activities is to highlight thahosphere conditions above sub-Saharan areaca@stent with the
performances level of SBAS approach with verticaildgnce. Indeed scientific analyses show that aiggeservice level is
possible on this zone with a very good level ofilatdlity above the main airports.

INTRODUCTION

With the development of long range communicatiod &obal Positioning System (GPS), a worldwide cage becomes
available. Industrial use of GPS positioning suslpeecise point positioning has also profited fribiis development. Safety
of life algorithm was already in use for North Anman Flight Aviation (WAAS) or in Europe with EGNO@&European

Geostationary Navigation Overlay System). Curreritie main source of single frequency GPS measursnaror is the

ionosphere, because of its effects on the propamati radio wave signals. Position accuracy of sisgith single-frequency
signal is directly affected by these errors. Mititude ionosphere shows sufficiently low and shkawiation of ionospheric
guantities to allow the use of such a GPS regianghmentation system. Interrogations are raiseddegathe development of
such system in the region of the geomagnetic equatoch is known to host more perturbative proesss

In this paper, we present a study of the equatammaisphere based on the data monitored by the SBEGAtwork of stations
from 2014 to 2017. SAGAIE is a project funded by thentre National d’Etude Spatiale (CNES - Frengac® Agency) in

cooperation with ASECNA. The objective of SAGAIE svtb assess the feasibility of an SBAS in sub-Sahaquatorial

region by a better characterization of the ionosphactivity in the zone (scintillation, high elemtr density gradient,
bubbles...). To probe the ionosphere layer over tea af interest, SAGAIE has deployed from mid-2@t®@ maintain a
network of GNSS stations to collect raw GNSS messents. The SAGAIE network is composed of 5 statimd has been
complemented in mid-2015 by 4 stations in the frafiine MONITOR project (ESA — European Space Aggnthe stations

are operated by ASECNA. A description of the netngan be found in [1].

To begin with, a short reminder of the ionospheyemfation and structure is presented. Then in tlwrsk section, the
equatorial ionosphere properties are describedhdnthird section, study results are analyzed &ed discussed. Finally a
conclusion of the equatorial ionosphere study eppsed.

IONOSPHERE

The Earth’s ionosphere is a part of the atmospharging typically from 60 km to 3000 km altitudeis composed of ions
and electrons, resulting from the ionization of aswhere’s neutrals by solar radiation. Historicathe ionosphere has been
discovered because of its perturbative effect alioravave propagation. Dense ionosphere regiondbddyween 100 and 500
km altitude.

The ionosphere is dependent from the Earth-Sunigumaftion and its properties evolve with respectitem. A strong link
between ionization levels and solar cycle (i.eawsotradiation) is observed. Also the ionospheriates to the Earth’s
atmosphere, as it brings the needed particles tortieed by solar irradiance.

In this section, we will briefly introduce the spkctivity, then discuss the ionosphere formatiod finally, describe the main
regions of interest in the ionosphere. Presentasitbased on [2].

Solar activity

The solar cycle activity follows an 11-year cyclast solar activity maximum was registered in 2@ the next one is
awaited for 2025. We are now at the end of solaftecg4. A proxy of solar activity is F10.7 index ish evolution for solar
cycle 23 and 24 is shown dfigure 1. Solar activity is characterized by the variabildf the solar flux, especially in the
EUV/XUV range (0.1-100 nm). This part of the sofgrectrum is responsible for the ionization of tleaitral species in the
upper atmosphere and thus is a critical parametethe ionosphere. Some proxies have been develimpedeasuring this
activity and all have the same behavior with awveeyear periodicity. With this respect we havettpld onFigure 1 F10.7,
Mgll index and Sunspot number for the solar cy@8sand 24. There is a strong correlation betweem{h=10.7 is one
historical index chosen to characterize this aitignd is used to parameterize the solar flux eMEUV/XUV range. Bottom
panel ofFigure 1 presents the evolution of the solar flux irradenn the range (0.1-100 nm) derived from FISM (Fare
Irradiance Spectral Model) [3], during the two @&l There is a clear correlation with solar indices
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Figure 1: Temporal evolution of different solar actvity proxy during solar cycles 23 and 24. From upd bottom is presented the solar
flux F10.7 daily variation (in red) and the 3-monthaveraged variation (in blue), the Mgll ray index,the sunspot number and the
EUV solar irradiance (0.1-100 nm).

lonosphere formation

The ionosphere is the product of the interactiotwben solar radiation and Earth's atmosphere. Tgperupart of the
atmosphere acts as a shield, absorbing most ohthiation and incident particles. Absorption letmlexcitation of the neutral
component as some energy is lost by the incidefiftian. If the energy received by the neutraluffisient, an electron will
be stripped from it, creating an ion-electron pdithen the radiation flux are high enough (i.e. dgithe day) a large number
of ion-electrons pairs are created, forming a plswith a maximum density around approximately 2B0Khis is the so-
called ionosphere.

As the neutral components change with respectetaltitude and as the absorption rates also vatyaliitude, the ionosphere
is structured in different layers. In this studye tassumption of gravitational balance is taken.sfyfgpose each atmospheric
component in hydrostatic equilibrium. Thereforewi¢ also suppose the gravity field g uniform aldhg altitude and an
isotherm atmosphere, we can write the concentratiofile over altitude z of a specie n as:

tRfew} o 7Y
Mg, . _
n,(z) = nlel kpTn =nlel Hn

Wheren? is the concentration level of the speziat the reference altitudg, k, is the Boltzmann constant akg = ’Z—TZ is

0
the scale height of the speciesAtmospheric profiles are displayedkigure 2. It shows the dominant molecular species at
lower altitude and atomic species at high altitbdeause of the gravitational filtering. The majmmization source is the solar
irradiance (UV light).
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Figure 2: Atmosphere Vertical Profile
lonosphere structure

The ionosphere is divided in different layers, defirg on the altitude. Main ionosphere “regions™layers” are the D region
(60 to 90 km altitude), E region (90 to 150 km) a&hnel F region (150 to 500 km). Those regions afmelé with respect to the
main processes and mechanisms governing them, lamdacause of their chemistry composition. Electlensity profile

with respect to altitude is displayedHigure 3.
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Figure 3: Density profile of ionospheric species,abending on altitude

EQUATORIAL IONOSPHERE PROPERTIES

At the equator, local physical processes develdpérionosphere, mainly caused by the magnetid fisé geometry. In order
to understand the profile monitored by the GPSgetion data, it is important to review these oSy properties. First we
describe the equatorial electrojet, which is asteleal current parallel to the magnetic equatdre we present the equatorial
fountain, a wide convective movement. Finally, wegent the equatorial plasma bubbles, an evenatgrie of the equatorial
ionosphere, which cause rapid TEC variations.

Equatorial Electrojet

The main property of the equatorial ionospherenielectrical current flowing parallel to the madgoetquator. It is flowing
eastward on the day side, and westward on the sigatand is driven by neutral wind. Solar illuntinoa heats the equatorial
upper atmosphere. The temperature gradient bettveedawn and evening side generates a strong edstwad. In the
lower part of the ionosphere, the movement of tiesiis driven by the collisions with the neutralkile the electrons are
trapped around magnetic field lines. Thereforesialso move eastward, driven by the eastward remind. This difference

of behavior between ions and electrons implies'fa\daflocityﬁ - 7; between species which creates an electrical durren
J=Nee(V,—V.)

named the Equatorial Electrojet (EEJ). A worldwigltimation of its location is shown kigure 4. We clearly see the

electrojet is located in a narrow region collocatéth magnetic equator. A more detailed study ef élquatorial electrojet can
be found in [4].
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Figure 4: Worldwide electrojet monitoring [4] .

Equatorial Fountain

The magnetic field lines at the equator are alrhosizontal and northward. The presence of the EgistElectrojet, and the

Earth magnetic field induce in the upper part of the ionosphere a ca@rtnovement, which is the same for all charged
species:

E X B

BZ
Plasma is transported upward, uplifting lower regiof the ionosphere at higher altitudes. This omot$ perpendicular t5,
but the movement of the particles follows the maigrfield lines and eventually, gravity acceleratiwill catch up the effect
and bring down the particles still following magoefield lines. Hence creating an accumulation taf electron density on

latitude £15° and a depletion at the equator. phisnomena is called Appleton Anomaly or also eqiatfountain due to its

shower-like movement. This process is illustrateéigure 5. Further development and precision of the Equaltdrountain
mechanism can be found in [5].
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Figure 5 : Equatorial fountain process schemé¢s]

Equatorial Plasma Bubbles

As we have defined the equatorial fountain we aan mtroduce the main source of perturbation faligasignal propagation
in the equatorial region: the Equatorial Plasmalied (EPB). They are created when a large amoueleafrons is uplifted
by the fountain effect, which occurs preferablytle evening, before the EEJ inversion. As the EEdbiout to reverse a
sudden and short increase of the electrical cuaentlitude is observed, accelerating the fount#fiece As the Sun goes



down, recombination process starts at lower akifwehere the collision rate is important, while thifted particles will stay
ionized longer due to a lower collision rate. Igolosre is then separated into two different regiomg at lower altitude with
lower electron density due to the recombinationagicement, and a second at upper altitude wherentgoation is delayed
due to the amount of plasma transported by thetémueffect. This density gradient may create al®glg-Taylor instability,
driving the generation of plasma bubbles, whichtarebles of tenuous electron density moving upwardbubbles of dense
electron density moving downward. Those bubblesiterstrong TEC gradients along the GNSS satellig-df-sight and

produce high scintillation, impacting the propagatof radio wave signals at sunset. Equatorialmpéadubbles have been
simulated by [7], a result is shownHigure 6.
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Figure 6: Plasma bubbles simulatior{7]
METHOD

In this section, we introduce the ionospheric qiti@stwe have been looking to for this study. Fokall, we introduce the
Total Electron Content (TEC), the Along Arc TEC REAATR) and finally the scintillation index S4.

Total Electron Content

One of the quantity we would like to follow is tkiariation of the electron density,. We define the Total Electron Content as
the quantity of electron along the Line-of-Sight@):

TEC = f N,dl
L

Wherel is the optical lengthl, the electron density] a finite element of LoS. TEC is proportional te tfonization of the
ionosphere, but it does not represent the variatiaititude.

Along Arc TEC Rate

For a later purpose of this study, we have to édfire Along Arc TEC Rate (AATR), which is calculdtas:

1 dSTEC

AATR = ————F——
M2(E)  dt
dSTEC .

Where S the TEC temporal gradier#(E;) is a weighted function proportional to the solanith angle.




Data

For this paper, we look at four years of data fritnen SAGAIE network deployed in the West Africa ar@ais network is
collecting receiver raw measurements (in the fofrRioex (Receiver Independent Exchange Format)rehtien) since mid-
2013. Every visible GNSS satellite observed duthig time period has been sampled at 1 Hz sampéiteg List of the used
stations is displayed below.

Station Antenna Latitude (°) Longitude (°) Altitude (m)
Dakar Novatel 14.749 -17.492 67.202
Dakar Septentrio 14.749 -17.492 67.202
Douala Novatel 4.013 9.715 62.835
Lome Novatel 6.168 1.252 69.638
Lome Septentrio 6.168 1.252 69.638
Ndjamena Novatel 12.128 15.033 316.765
Ouagadougou Novatel 12.356 -1.513 377.48

Each station has monitored every navigation stgslfrom the following constellation:

- GALILEO: E1, E2, E5
- GPS:L1, L2, L5

-  GLONASS: G1, G2

- BEIDOU: B1, B2

Using this database, Thales Alenia Space has edléetta from the GPS constellation to compute dhespheric properties.
Pseudo range code and phase have been combingtthiate the TEC along each LoS. Considering aostatind a satellit@
we can define for everf; frequency measurement:

P1i =D+ (hl;—h1')+e/ +T +¢
And for frequencyf, measurement:
P2l =D+ (h2; —h2") +ye/ + T + ¢,

Where D is the geometric distance between theostatind the satellitg h1 andh2 are the clock estimation error ffirandf,
frequency respectively (pure clock offset plus ek bias)e the ionospheric delay relatedfiofrequency;T the troposphere

2
delay,e is the residual error estimation containing maitipeffects, angt = ’%2 The equation can be rewritten as:
2

P2, =D + (h1; — h1") + IFB; — IFB' + ye/ + T + ¢,
WherelFB = h2 — h1 and stands for Inter Frequency Bias. KnowinglBi, let us compute the ionosphere dedss:
P2} — P1} — IFB; + IFB"
e =
y—1
For this study, Thales Alenia Space has been abiet thelFB estimation for the GPS constellation only. In fbkkowing,
only the measurements made using this constellaienpresented. To improve and compare the reshttned with this

method, an estimation of the ionosphere propetigag code and phase measurements would be neceBsam the
ionosphere delag, the TEC measurement has been derived:

mefofz

et

TEC =e




Wheree, is the electron electric charge, the electron mass amrg the permeability of free space. Finally to smatbih data
obtained by this method, a mean computation oveseg@®nds has been performed, using a Kalman fitteal set of data is
available at a time step of 1 minute.

Scintillation index S4

The scintillation index S4 measures the temporgatian of a signal intensity. The S4 index is defi as:

5 <[Z>-—-<[>2
+T <I>2

Where<> represents the temporal mean over 60s,the intensity of a radio wave signal. Duringeguime, the ionosphere
profile has low variations, leading to very smdlhages in the received intensity. The S4 indexosecto 0 as the absorption
remains constant and low. However, during sevemespheric events, ionospheric profile shows a rapiiation, leading to
an increase of the;$ndex as the absorption increases. The signalrptiso can be sufficient to prevent a user to nee¢he
signal. Indeed below some intensity threshold, soeweivers cannot proceed the information contaimethe navigation
signal, meaning inability for users to accuratedygmsitioned. In this paper, we will consider taacintillation index $< 0.3
does not affect the reception of a signal, andrdibation index § > 0.9 will result in a fully absorbed signal.

LOW FREQUENCY VARIATIONS

lonospheric ionization rates have temporal vanejanostly related to the solar illumination. Trstfstep of this study is to
investigate the different temporal variation ratjch play a role in the equatorial ionosphere fation. To do so, we present
here the results for different time scale, goirggrfrhourly to annually.

Solar cycle

Annual variations are controlled by solar cycle.tAs period chosen spans from early 2014 (solaimar; F10.7140) to
end of 2017 (solar minimum; F16:70), the variations are representative of a dewimphase of solar cycle (sEgure 1).
Here we focus on TEC measurements average on by Yeasis. For all available stations considered lamdelevations mask
applied (elevation > 5°), we compute the mean &lukich are presented Figure 7. TEC is plotted in TECUITECU =
10'8e~/m3) as a function of year. TEC standard deviatiois also plotted. There is a clear correlation leefvTECc and
solar activity, decreasing from a maximum valuecheal at solar maximum to a minimum reached at solaimum. This has
already been evidenced by [8] who showed a stramgelation between maxima TEC values and solawviactiWe can
defined two state modes for the ionosphere, onetwisi quiet during the solar minimum and anothez, deevere”, during
solar maximum, where the ionosphere is expectée tmore developed. During the rest of this studywil try to find more
evidence of this behavior in order to validatenot, this hypothesis.
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Figure 7: Annual mean TEC value from 2014 to 2017. Btk line is||TEC]||, yellow bands are||TEC|| +/ —a, orange band is||TEC|| +
20 and red band is||TEC|| + 30.

Seasonal

The seasonal variation is related to Earth’s aabid the variation of declination anglethe angle between the geographic
equator and the ecliptic. This declination contitbls amplitude variation of solar zenith angle ($Avhich is the angle of
the Sun direction with respect to the local vettias:

cos(y) =sinésinA + cosd cosAcosh
Where/ is the geographic latitude ands the hour angle:

¢
h=TU +—
15

Where¢ is the longitude.

Figure 8 shows the variation of the minimum solar zenithlarthroughout the year for different latitudgss an important
parameter as it controls the absorption factorotdrsradiation for a given location by means of tséumn density of neutral
atmosphere passed through by the radiations. Ldav genith angle means a high production rate alwivaaltitude for the
maximum of production, while a high solar zenittlglenmeans a low production rate and a high altified¢he maximum of
production.
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Figure 8: Annual Solar Zenith Angle Variation at different latitude. Solar zenith angle evolution is pitted in color, white line is the
solar zenith angle being equal to 0°.

Figure 9 presents monthly TEC mean. There are two cleaiimaaround equinoxes and two minima close to s@stiAs
we are at equator, frofigure 8 we see that equinoxes correspond to the lowestiue £0°) and solstices to the highest
(=27°) and thus production rate is higher at equisdkan at solstices. Thus monthly TEC mean bringghos relationship
between season and production. The variabilitynmpldied by the seasonal evolution of neutral atptese.Figure 10
presents the annual evolution of the neutral camagon at 150 km for the two solar cycles, derifiemn the MSIS neutral
atmosphere empirical model [9]. The concentratieaches a maximum at autumnal equinox and a miniausummer
solstice. Similar results have been found in pnesistudy ( [10], [11]).

Tha!esAl&rglcg TEC profil depending on the - Month - @
(From 01/14 to 12/17)
(Elevation mask 0° ; signals G1C)

(no X label = no data)

100 T
Légende
i Distribution VTEC (3 ¢)
80 Distribution VTEC (2 o) |
8 60 -
L
t L
D 40 -
20 -
0
0 2 4 6 8 10 12
é cnes Month Sagaie

Figure 9: Monthly mean TEC value from 2014 to 2017. Bick line is||TEC]||, yellowbands are||TEC|| +/ — @, orange band is
|ITEC|| + 20 and red band is||TEC|| + 30.
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Figure 10: Monthly variation of the neutral concentation. Concentrations are calculated for the solarcycle 23 and 24, figure derived
from [9] .

Daily

Finally, we have study the diurnal TEC variatiofs.do so, the data from each station were hourdyanyed and a simple 24h
mean for the 2014-2017 time interval was obtaifezithe ionization process is controlled by solatiaion, ionosphere is
supposed to be created from sunrise till sunsgbeBding on the ionization rate at a specific daposphere is expected to
reduce during the night. Hourly average TEC isespnted irFigure 11 as a function of local time, showing low valuetst
beginning of the day (from 00h to 6h), then a tamisincrease until 15h where it takes its maximuatue, then a decrease.
As expected, low TEC values are observed duringtriigurs (from 23h to 05h), TEC increases durirggdhy (from 06h to
15h) and then decays during the evening and nigbin(15h to 05h). Previous study [8] suggested thatdiurnal TEC
variation is related to the small numbers of maigrfetld tubes at low latitudes. As the total matiméeld tubes is small near
the equator, the electron contents trap along ttiecay rapidly after sunset in response to the Emperature in the upper
atmosphere during nighttime. When the sun riseshgnetic field tubes are filled up quickly be@ao$ their low volumes
resulting into a sharp increase in ionization.

However [12] suggested that the diurnal TEC varratinay simply be caused by changes in the rateteofron production
and loss in the ionosphere. At dawn, when the $&es)the ionization increases as the SZA decreabi&h leads to an
increase of the electron concentration, with a maxn around local noon. During nighttime, since ghianary source of
ionization is no longer present, TEC values reni@in
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Figure 11: Hourly average TEC value from 2014 and 204 Black line is||TEC]||, yellow array is ||TEC|| + o, orange array is
|ITEC|| + 20 and red array is||TEC|| + 30.

In conclusion the TEC daily variation follows thelar zenith angle and temperature evolutions. Awindn TEC is observed
between 6h LT and 15h LT, which corresponds tontlagimum of solar flux received. Then between 15hdnf 6h LT, we
observe a rapid decay of the TEC amplitude as times8ts and the night falls.

SHORT TERM FLUCTUATIONS

Short term variations study is important to chaggze the limits in variation expected for the eguial ionosphere. First, we
present a study of Equatorial Plasma Bubbles, thertalculation of TEC gradients and finally we\pde an estimation for
the Along Arc TEC Rate (AATR).

Equatorial Plasma Bubbles Study & TEC Gradient Stud/

SBAS offers to provide an ionospheric correctiosdzhon a derived Grid lonospheric Vertical Errof\(B) calculation on
lonospheric Grid Point (IGC). Standard GPS ionospheorrection is derived from the Klobuchard mofie], which is a
very simple model to approach ionosphere physioapgrties. Thales Alenia Space offers to reconsthes local ionosphere
using a TRIN (Triangular Interpolation) model, whis described in [14]. In order to provide goodwacy of the ionosphere
TEC value locally around a grid point, a study loé fTEC gradient variability is presented here, gisitt stations available
during the period of time.

Temporal Variation

In this section, we present the temporal evolutibMEC above the sub-Saharan area, as it's a gstodation of how fast the
ionosphere can evolve during a given amount of .tiffeensure that a SBAS system is achievable tlstve; variation of
TEC should be expected. At least, temporal vamatibTEC should be kept between the extrema vahegscan be simulated
by the ionospheric model, in order to ensure a goomdelation between the GIVE provided to a used amat is really
observed.

To compute temporal TEC evolution, we have usedsthrae idea developed in [15]. It aims to look at difference of TEC
measurement between the same LoS, measured atiffes@mt times but close. Consider a Lo®etween a station and a
satellite, at a time andt + dt then:



TEC,(t + 8t) — TEC;(¢)
S5t

For our studygt is set to 60 seconds. TEC time derivative distidsuis presented ifigure 12 Values seem to follow an
inverse law, as there is much more very small \abfeTEC gradients than high values, and the tti@nsbetween the two is
sharp. Mean temporal TEC gradient is about 0.008U/&, 1 TECU is 16 cm of error in thg pseudorange estimation.
Meaning 0.003 TECU leads to a 0.048 cm error, wisokell below the limits. We must also say tha thnospheric module
is refreshed every 15 minutes which might leaditemor of estimated TEC 00:003 = (15 * 60) = 2.7 TECU which is 43.2
cm of error on th¢; pseudorange estimation.

VTEC; =

Therefore, the equatorial ionosphere is showineraslow variation in time, but the overall amptlituof these variations
might be sufficient to rethink the refresh time the GIVE estimation. A refresh time of 5 minutesuld help minimizing the
error.
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Figure 12: Temporal TEC distribution on sub-Saharanarea, from 01/01/2014 to 31/12/17. TEC gradient arshown at
the bottom, on the left side the probability to ob&in a certain TEC gradient. Mean and 99% value aralso shown.

Spatial Variation

In a second time, we have studied the evolutiospattial gradients. This one is very important beeati will constrain the
ionospheric model used for the interpolation problén the equatorial ionosphere, we can expecbw shrying ionosphere
due to night and day variation but also a rapid due to the presence of equatorial plasma bubbleslatest one will cause
the evening ionosphere to be unstable with altitue Rayleigh-Taylor instabilities might be preseggnerating plasma
bubbles of enhanced (or depleted) electron density.

To measure the spatial TEC gradients, we have twedlifferent methods, explained in the followinthe first method
consists in looking at one specific Spatial Vaaatof lonosphere Delay (SVID) with two differenasibns, very close to each
other. By doing so, the SVID is monitored at a gitene t with two lonospheric Pierce Points (IPRY dherefore two TEC
measurements. The spatial TEC gradient can belatdduas followed:

TECg(t) — TEC,(t)
ox

WhereA andB refers to two close stationsjs the time andx is the baseline distance corresponding to thaniist between
the two stations. A scheme of this method is preeskim Figure 13. But unfortunately, for our area of interest,stlitions are
in average 100 km away from each other, while thethod works well for close stations (few metersagw We have
therefore used the option 2 displayedrigure 14.

VTE CAB =



Ionosphere

(thin layer model)

Baseline distance
P 5

< re

Reference station A Reference station B

Figure 13: Spatial TEC gradient calculation using twaostations close to each other

This is very similar to the method used for the penal TEC gradient measurement. We focus on ond®Skbnitored by a
station. The same line of sight is followed durapng time. The spatial TEC gradient is calculasd

TEC(t + 8t) — TEC(¢)

VTEC =
d
Wheret is the timegt a given amount of time, here we take 300sdimithe distance between the two IPPs.
e @n

IPP distance

<

Ionosphere

v

(thin layer model)

Reference station

Figure 14: Spatial TEC measurement using long exposartime.

Spatial TEC gradients distribution is shownFigure 15. Mean value of spatial TEC gradients is about D.OECU/km. It
means an error in TEC estimation of 0.011 TECUtfar IPPs 1 km away from each other, which is a ®.dm error on the
pseudo range estimation, still below the limitst Buve considered two IPPs 100 km away from eatie the error rises to a
17.6 cm error. To cover this variability, propeteirpolation techniques for the GIVE estimation miostused and a wider
stations network can be constructed. More grouatiosts will allow a better coverage of the spatiatiations. As spatial
variations are an issue for equatorial ionosphierewidely advised.
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Figure 15: Spatial TEC gradients distribution on subSaharan area, from 01/01/2014 to 31/12/17. TEC gradieis shown at the
bottom, on the left side the probability to obtaina certain TEC gradient. Mean and 99% value are alsor®wn.

Along Arc TEC Rate Study

In this part, we study the Along Arc TEC Rate, whiepresents the TEC variations monitored by a tlofing time. The

AATR estimation method is presented in the Methectien. We present iRigure 16, the results of the AATR probability
distribution on the sub-Saharan area from 20140tb/2 The AATR probability distribution seems toléoV an inverse law.

The mean AATR value for this time interval is 3.88fm and the value equal to 99% of the distributto85.58mm/s. These
values seem to follow ESA recommendations for AAGR ulated on the equatorial region.
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Figure 16: AATR profile on sub-Saharan area. AATR hasbeen calculated for each line-of-sight monitoredrém 2014 to 2017 on the
SAGAIE network. Mean value and 99% value are displged on the graph
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The Root Mean Square (RMS) value of AATR has alsenbcalculated for the same time interval. The AARIRS value
over one hour probability distribution is shownRigure 17. The AATR RMS distribution seems to follow an inse law
with a mean value of 4.94mm/s. Previous study shimgker probability of very little AATR values, whiusing the RMS
method, these values seems to have been filtefeal.nTean value is also higher which is in agreemétfit the equatorial
ionosphere values given by ESA.
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Figure 17: AATR RMS at one hour. AATR RMS has been daulated for each line-of-sight monitored from 20140 2017 on the
SAGAIE network. Mean value and 99% value are displged on the graph.

CONCLUSION

In order to characterize the equatorial ionospheetebliographical work has been done to identify inain physical processes
that take place at the equator. Knowing their nfaimtures in the ionosphere, it has been easiemtteratand the data
monitored by the SAGAIE ground based network log¢ata sub-Saharan area. From 2014 to 2017, the drstations have
monitored every raw measurement from the obseryadiéitioning satellites. With these data, we hagerbable to study the
time and space variations of the ionosphere psofitigher TEC and scintillation amplitude have bémmd as expected for
an equatorial ionosphere. Spatial and time TECignasl seem to take reasonable values, given thgrggloical and physical
processes at stake. This means that they can beimelated by the Thales Alenia Space ionospherdute.

In conclusion, equatorial ionosphere shows muchédrigrofile amplitude compared to mid latitude isploere, but it seems to
stay in a reasonable range. lonosphere model deelby Thales is able to well reproduce the maemntjties profiles, and
with the development of the SAGAIE network in theure, multiple data measurements will be addedyrdter to constrain
even better these models.
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