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Groundbased GNSS recelvers




Probingthe ionospherewith GNSS* ... v saeie

System (GNSS) is the
standard generic term for
satellite navigation systems
that provide autonomous
| geo-spatial positioning
I with global coverage. This
term includes e.g. the GPS,
GLONASS, Galileo, Beidou
and other regional systems.
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GNSSignalgpassthroughthe entire ionosphere

IPP 350 km

Source Effect

lonospheric effects |+ 5 m

Ephemeris errors +25m

Satellite clock errors [+ 2 m

8 GNSS stations

Multipath distortion |+ 1m

Tropospheric effects + 0.5 m

Numerical errors +1m

*GlobalNavigationSatellite System
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Code and Carrigphasemeasurementsguations

Emission ~300m
ol Reception

il
Satellite clock offset (up to hundreds km)

Relativistic clock clorrection < 13 m

Satellite mstrumental delays (I'GD) ~m

Geometric range: p0 ~20 000Km

Tonospheric delay [2 — 50 m]
Tropospheric delay [2 — 20 m]
Receiver clock offset <300km
/V#Receiver mstrumental delay ~ m

The ionosphere will introduce @lay of the modulatiorfthe code measurement will be larger than in vacuum), and an
advance of the carrier phagthe carrier phase measurement will be smaller than in vacuum).
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Linear Combination of GN9%easurements

IONOSPHEREREE LINEAR COMBINAT fLo —f; @
(I’ _ Ly Lo

jono-free fi—f

It removes the first order (up to 99.9%) ionospheric effect, which depends on the inverse square of the freqt

Positioning Assessmenbf higherorder ionosphericeffects

GEOMETRKFREE COMBINATION
(I’Lf — (I)Ll o (I)LE

It cancels the geometric part of the measurement, leaving all the frequdapgndent effects (i.e., ionospheric
refraction, instrumental delays, windp) besides multipath and measurement noise

Estimation of Total Electron Content (TEC)




Total Electron Content

STEC = /Ne dsg
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lonospheric Scintillation




Categorie®f scintillation

Phenomenon

Interplanetary scintillation

Tropospheric scintillation

lonospheric scintillation

Inhomogeneities in the Solar WirC> Fluctuations of the intensity of radio stars

Neutral turbulence [> Fluctuation of the opticahy paths (vinkling of stars)

lonospheric irregularities |:> Fluctuations of the amplitude and phase of the sigr

*adapted from a slide by Jayachandran (Ul




Categorie®f scintillation

Phenomenon |:>
lonospheric scintillation lonospheric irregularities Fluctuations of the amplitude and phase of the sigi




lonospheric Scintillation
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lonospheric Irregularities




Irregularities in a nutshell

Anomalies (i.ex gradients)w.r.t. a background, smooth, ambient, ideal ionosphere

il

Prelude: Anomaly maps by IGS and GIRO networks
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Irregularities* in a nutshell

ROTI

é o

?
o Credits: NASA

100 m 1 km 10 km 100 km 1000 km
Y Y
Small scale Medium scale Large scale

OCNBaysStQa aolfSo *from a GNSS perspectiv
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Irregularities* in anuthsell

Growth/Decay of instabilities:
KelvinHelmotzinstability

K-H and GDI at higlat (very rare)
R-T at low-latitudes (verycommon)

«few hundredsof meters»

100 m 1 km 10 km 100 km 1000 km
H/_/\ N /
Y Y
Small scale Medium scale Large scale

6CNBayStQQa aoltsSo *from a GNSS perspectiy
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Irregularities* in a nutshell

Auroralovalprecipitation
Polarcappatches :
Auroral 'f,?obs Mostly storm-time phenomena

Boundariesandedgesoft: g menhanceddensities

Equatorialplasmabubbles Modulatedby storm-time |
phenomenalelectrodyamic}k

100 m 1 km 10 km 100 km 1000 km
H/_/\ A )
v v
Small scale Medium scale Large scale

6CNBaysStQa aolfsSo

*from a GNSS perspectiy
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Irreqularities* in aauthsell

Largescale ionospheristructures

Largescale ionospheristructures

100 m 1 km 10 km 100 km 1000 km
I '
Small scale Medium scale Large scale

0CNBayst Qa aOltsSu *from a GNSS perspecti
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Irregularities in authsell
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Spectra of ionosphere irregularities and their intensity as
function of wave number over spatial scale sizes covering
from the electron gyro-radius to the radius of the Earth
(Booker, 1956).
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What causes phase and amplitude fluctuations in the GNSS signals?

lonospheric irregularities

_ Diffraction
Refraction i

Wavefront

:

2 Crest
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Scale size rangdull ionospheric spectrum

Scalesizerange dzLJ 42 CNBay St Qa aolr S
Affec_ts phase _ . Affects amplitude, phase
Physical mechanisnphase mixing

Physical mechanisndecorrelation interference
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What causes phase and amplitude fluctuations in the GNSS signals ﬁ

Scale sizerangaiptoCNBE ay St Qa a

The first Fresnel zone is an elliptical region in frge
space which radio waves travel directly from
transmission to reception without significant

alterations
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Diffractionoccurswhen O
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Scale size rangaip toC NB 4 v S f Qa—baadOI
signals and GNSS observational geometry
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lonospheric Scintillation




GNSS scintillatiohbw to measure

lonospheric Scintillation Monitor Receivers

Features:

- Highsampling frequency (50/100 Hz)
- Lownoise oscillators

- Stable clock

- Firmwareprovidingscintillationindices(1-min resolution

- Qutput in (quasi) redime

- Amplitude scintillation, S4 index:
oy (0) ] (®
(®
) 3EC)IAODAT OEOU
squareroot of the normalized variance of signal
intensity over a given interval of time.

- Phasescintillation, @ (SigmaPhi) index:
v (%) (%)

standard deviation ofletrendedphase
measurements.

time

*-------

lonospheric Scintillation
Monitor Receivers
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A simplified picture

lonosphere
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A simplified picture

1000 km
v

(aD)

e

(@}

()]

(@]

(=

o

50 km

1200 50 Hz sampling

1000 r .. . . .
Scintillationindices

[«}]
=]
3
= 800 r
Q.
£
12 52N e 2N o 2
T 600 Si ({!'; (1) )ff{lf; .
& Ampl.
400
2 = (%) — ()
200 r O'(b = (O ()
15:00 15:05 15:10 15:15 Phase
Time (HH:MM)

E ISTITUTO NAZIONALE DI GEOFISICA E VULCANOLOGIA




@ ------- > A simplified picture
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A simplified picture
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Home  Scientific Metadata~  Space Physics Ontology

Home > All Scientific Metadata > Data Collection-related Metadata > Data Collections

https://esc.pithia.eu/

Data Collections

Top-level definition of a collection of the model or measurement data, with
CollectionResults pointing to its URL(s) for accessing the data. Note: data collections do
not include begin and end times, please see Catalogue.

On This Page:
Activity Indicators M iXEd

e Sensor Measurements

* Computational Models

* Mixed eSWua IONOWORD tool: Nowcasting global TEC maps
e Other

eSWua IONOWORLD tool: Long-term forecasting global TEC maps
eSWaua: Scintillation Indices and Total Electron Content (TEC) database
GIM: Global lonosphere Maps

IRTAM 3D global real-time assimilative model of ionospheric electron density
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https://esc.pithia.eu/

= eSWua

eswua.ingv.it

electronic SPACE WEATHER
upper atmosphere

1ya) owned by the Kenya Space Agency (KSA) is now available in the eSWUa system: instrument code: NAIOP

Max S4 value recorded in the last 3 hours

) &)

S4 scintillation map (last 1 hour - elevation > 30°)

e o«

REAL TIME IONOSPHERIC INFORMATION

mean TEC deviation (%) in the last 3 hours

NO DATA

Latest TEC map over Italy: 2024-02-07 07:40 (UTC)
Q

[e0

RS
26 ®

" INGY

19/09/2023 - New GNSS scintillation receiver installed at the Department of Space Science & Enginee

mean foF2 deviation (%) in the last 3 hours

Latest Nowcasting MUF(3000)F2 map: 2024-02-07 07:30 (UTC)
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eswua.ingv.it

INGV IONOSPHERIC MONITORING NETWORK

o

INGV
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eswua.ingv.it

tucOp - Tucuman SOUTH AMERICA ACTIVE
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Impact on tracking

Occurrence of scintillation is strongly linked with Loss of Lock probability

Vadakke Veettil, S., & Aquino, M. (2021). GPS Solutions, 25(2), 1-12. X, Luo et al | Advances in Space Research 60 (2017) 1039-1053 1045
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Prob 10l (%) = 0.00797. exp (3.36.54)].100

@ ISTITUTO NAZIONALE DI GEOFISICA E VULCANOLOGIA




Impact on positioning

K.S. Jacobsen and Y.L. Andalsvik: 2015 St. Patrick’s day storm in Norway Non-scintillation Scintillation
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Fig. 8. Data for 2015-03-17 and 2015-03-18. (a) Phase scintillation index for all GPS and GLONASS satellites, from the scintillation receiver . . . . .. .
in Vega. (b) ROTI@Rec for the receiver VEGS. (c) Position errors for Steinkjer (RTK) and Vega (PPP) (receivers MSTE & VEGS). Blue line is Luo et al. (2018). Investigation of ionospheric scintillation effects on BDS

RTK, red line is PP precise point positioning at low-latitude regions. GPSsolutions, 22(3), 1-12.

Occurrence of scintillation decreases GNSS performance -



What causes phase and amplitude fluctuations in the GNSS signals?

lonospheric irregularities

Refraction

Scale size rangédull ionospheric spectrum
Affects phase

Physical mechanisophase mixing

Effect deterministic fluctuations
Mitigation: IFLC (lionospheric order)

Positioning issuesCycle Slips, Losses and Lock, Phase Nésisedar
lonospheric effect (fraction of cm), etc.

Diffraction

Wavefront

:

2 Crest
L

E I

]

=

Scalesizerange dzLJ 42 CNBay St Qa aolr S
Affects amplitude, phase

Physical mechanisndecorrelation interference

Effect stochastic fluctuations

Mitigation: e.g., Conker et al., Aquino et al., etc.;wleighting methods.
Positioning issuesstochastic nature is challenging, TEC cannot be calculat
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What is scintillation?

Amplitude scintillation:

1 mechanism:
diffraction triggered by
smallscale irregularities

Stochastic effect

!

Stochastic effects are
the most threating for
GNSS positioning

Log(PSD)

A deeper look

nY CNBaySftQa CNBIljdsSyoe
\WREL relative velocity raypath-ionosphere
dr d=sqrt(2*l *h,op

VREL

VF =

ve (Yo )

Neresnel nNquiSt
Logh)
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What is scintillation?

t KI a8

2 mechanisms:
-diffraction (smaltscale irregularities)
-refraction (all scale range and scaling with 1/f)

Stochasticand deterministic effects

GFt dzOldz GA2YVEEY

~—~
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a
—
(@)
o
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A deeper look

YNyq

G(p’S40</PSD(V)pha,ampld(v)

Ve
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Logh)
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What is scintillation?

t KFaS aFtdzOlGdzr A2y asy

2 mechanisms:
-diffraction (smaltscale irregularities)
-refraction (all scale range and scaling with 1/f)

Stochasticand deterministic effects

If cutoff frequencyis & g N (Msdsallyfixed
at 0.1 Hz), detrending is wrong, s¢ value
includes mainly phase fluctuations due to
refraction, i.e., mostlydeterministiceffects
Overestimateds o

~—~
0
)
a
—
(@)
o
-

A deeper look

YNyq

0¢,54o</PSD(v)pha,ampld(v)

Ve

PhaseAmplitude

Not suitable at
high-latitudes
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What Is scintillation?

0.05

000t et ScCintillation on L17?

(m)

Detrended Phase
0e

-0.05F

0 20 40 60
Time (Minutes)

*adapted from a slide by Jayachandran (UN




What Is scintillation?

0.05

000" et | Scintillation on L17?

Ph
e

Detre

-0.05-

0 20 40 60
Time (Minutes)

0.05¢

ed Phase

m)

Scintillation on L27?

L2 (

0.00

Detreng

0.05"

0 20 40 60
Time (Minutes)

*adapted from a slide by Jayachandran (UN




What Is scintillation?

3 0.055—
€ o-w—u—%vw !  Scintillation on L17?
§ -0.055-
0 2ﬁ 4I0 60
Time (Minutes)
% 0.05
% o Scintillation on L27?
E -0.05
0 2h 4IU 60
Time (Minutes)
% 0.05
2 000 NO! | h i binati ! Pufi=Paf
ZE 000 e—_——————— I lonospherd-ree Linear Combination says NO!  [F[C =~z
oE -
88 .0.05 s
0 2h 4I0 60
Time (Minutes)

*adapted from a slide by Jayachandran (UN




What Is scintillation?

0.05

0.00 ..,_.W Scintillation on L1?
-0.05

0 20 40 60
Time (Minutes)

Detrended Phase
L1 (m)

0.05

. Scintillation on L2?

0.00

Detrended Phase
L2 (m)

-0.05

0 20 40 60
Time (Minutes)

*adapted from a slide by Jayachandran (UN




What Is scintillation?

g 005
%@ 0.00 .,_.W Scintillation on L1?
g 00
0 20 40 60
Time (Minutes)
g 005 :
e - Scintillation on L2?
$ o005
0 20 40 60
Time (Minutes)
gg 0.05 ]
Eéo.noWﬂMfYESHOnOSphe@N\BS [AYSl NJ /EYC_)}\)/lL]}\ZY RZSéy‘f
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&8 .05 ]
0 20 40 60
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*adapted from a slide by Jayachandran (UN




What Is scintillation? o

@0, - Fixed cutoff
3 0.05} . 2 005 0.4 1 —@— 0, - Variable cutoff 1
EE I 1 £ = 035 —8—-54
. k] - -
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£T 000, WMoY | 25 o e e S s o If properly detrendedSigmaPhihas almost the same
ok of . .
58 005 58 0.05 information content of S4
0 20 40 60 0 20 10 60 _ ,
Time (Minutes) Time (Minutes) Ghobadiet al. (2020). Spogli et al. (2021).
Courtesy of Jayachandran (UNB) GPS Solutions |IEEE Geosciencand Remote Sensihgtters
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Thisisanissuefor highlatitude only, where plasmaconvectionisway larger

Spogli et al. (2021).

IEEE Geosciencand Remote Sensihgtters
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Earth andPlanetaryPhysics

0.1 Hz cutoffs not that bad at low latitudesx
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Cutoff frequency depends-(>s¢) on plasma drifzelocty
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What can mimic scintillation?

dmcOp 2017-09-08 00:00 --> 2017-09-09 00:00
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Zhang et al., 2021, https://doi.org/10.1002/navi.417
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https://doi.org/10.1002/navi.417

What can mimic scintillation?
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What can mimic scintillation?

How to mitigate?

Cutting the elevation angle (typically 30

Sidereal rejection (every day, 4 minutes time advance)
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What can mimic scintillation?

Artificial RFI reported in
Lampedusa (Sicily, Italy) island

Radio Frequency Interference
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Pica et al. (2023) IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing. Mitigation is not triviall
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What can support the identification of the scale sizes?

- Rate of TEC indeROTI
YO Y yy— e.g. 5 minutes

YO YQ/YU Y (YOUY
ROTI can provide valuable information abpbitise fluctuations

due to irregularities at about few to few tens km scale
It depends on the Nyquist frequency of ROT sampling, usually
(2*30s)?

Cherniak et al, JGR, 2019
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ROTIs not Scintillation!
But
T it is very useful (measures phase
fluctuations)
i T It can be (not easily)rescaledto (weak)
Cherniaket al., 2018 scintillation(Carrancet al., 2019
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