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Scientific background
High-latitude ionosphere is directly connected with the Solar Wind through the
coupling with the magnetosphere.

Solar events typically disturb the complex system of currents circulating in M-I
system

Electron concentration in the ionosphere encounters the formation of spatio-
temporal gradients, i.e. ionospheric irregularities
• Particle injection (mass/energy inflow/outflow)
• Plasma convection (electric conductance variations, instability processes)

Ionospheric irregularities varies on large number of spatial scales (from few cm’s 
to about 1000 km)

Coronal Mass Ejection events (mainly during Solar Max)

Fast solar wind streams from Coronal Holes (mainly during Solar Min)
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Probing the ionosphere with GNSS*

*Global Navigation Satellite System

GNSS Signals are in L-band (1-2 GHz)
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Scientific background: studying ionospheric irregularities with GNSS

Ionospheric irregularities,
i.e.

Fluctuations of ambient electron density Dne

Diffraction and refraction of trans-
ionospheric e.m. waves

Scintillation: phase and amplitude sudden
fluctuations of the trans-ionospheric e.m. wave

HOW TO STUDY IONOSPHERIC IRREGULARITIES:
Radio signals carry memory of the ionosphere 
portion they cross. 

Scintillation indices

INGV contributed to the 
PolaRxS development in 

the frame of CIGALA 
project (funded by FP7, 

ended Jan 2012)

50 Hz sampling 
1-min values

Loss of satellite lock

Reduced accuracy of positioning

GNSS

Ampl. Phase
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What is scintillation?
A deeper look

Amplitude scintillation:

1 mechanism: 
diffraction triggered by 
small-scale irregularities

Stochastic effect Lo
g(

PS
D

)

Log(ν)
νFresnel

νNyquist

νF: Fresnel’s Frequency
VREL: relative velocity ray-path-ionosphere
dF=sqrt(2*λ*hIPP)

𝑆𝑆𝑆 ∝ ∫ 𝑃𝑃𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑

Stochastic effects are 
the actual problem for 

GNSS positioning
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Phase “fluctuations”:

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

Stochastic and deterministic effect

Phase
Scintillation

Phase 
Fluctuation

What is scintillation?
A deeper look

Eliminated through

Defining Phase Scintillation

phase scintillation is defined as 
the “residual after extraction 
of structure that followed the 
1⁄𝑓𝑓 frequency dependence”.

Best estimator is based on IFLC 
fluctuations and/or stochastic 
TEC characterization

phase scintillation is based on 
the frequency content

Ionosphere-Free Linear Combination
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f: frequency of 1st and 2nd signal
Φ: corresponding phase



Phase “fluctuations”:

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

Stochastic and deterministic effects

What is scintillation?
A deeper look

Lo
g(

PS
D

)

Log(ν)

Phase Amplitude

νcutoff=νFresnel νNyquist

If cutoff frequency is “wrong” (ususally fixed
at 0.1 Hz), detrending is wrong, σΦ value
includes mainly phase fluctuations due to
refraction, i.e. mostly deterministic effects.
Overestimated σΦ

0.1 Hz

Not suitable at 
high-latitudes
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If cutoff frequency is “wrong” (ususally fixed
at 0.1 Hz), detrending is wrong, σΦ value
includes mainly phase fluctuations due to
refraction, i.e. mostly deterministic effects.
Overestimated σΦ
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“Phase-without-amplitude scintillation at high latitude”

Quiet conditions IQ = 0

Ny-Ålesund

Disturbed conditions IQ = 6

De Franceschi et al. (2019) Sci. Rep.



Where:
In Antarctica, where ionospheric threats are 
more probable.

When:
During the geomagnetic storm occurred in September 2017.

 Parsed 

Indices 

Case 

event 

Satellite Time S4 σφ 

1 G05 02:45 – 

03:15 

low high 

2 G31 11:45 – 

12:15 

low low 

3 G26 15:00 – 

15:30 

high high 

4 E01 14:45 – 

15:15 

high high 

 
Data doi: 10.13127/ESWUA/GNSS

Modelled auroral oval
(Quiet, Distrubed)

PolaRxS in Concordia Station

30° elevation
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Cicone A (2020) Iterative filtering as a direct method for the decomposition of nonstationary signals. Numer Algorith 2020:1–17
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FIF code for MATLAB is available at www.cicone.com

http://www.cicone.com/


IFLC takes into account the bulk of the refractive effects
The crossing points between f1/f2 phase PSD and IFLC PSD indicate the refined cutoff frequency
Amplitude spectrum decreases in corspondence with the Fresnel’s frequency 
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Measuring the cutoff frequency



H. Ghobadi et al., “Disentangling ionospheric refraction and diffraction effects in GNSS raw phase through Fast Iterative Filtering technique”, GPS Solut., 24 (85), 2020, DOI: 10.1007/s10291-020-01001-1
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Summary of the correlation between S4 and σΦ as computed with 
0.1 Hz cutoff frequency and with the refined cutoff

H. Ghobadi et al., “Disentangling ionospheric refraction and diffraction effects in GNSS raw phase through Fast Iterative Filtering technique”, GPS Solut., 24 (85), 2020, DOI: 10.1007/s10291-020-01001-1

A refined value of the cutoff frequency has been determined for 4 GPS 
(G) and Galileo (E) signals.
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The detrending can be further improved by making it adaptive
not only per each satellite, but also per epoch to investigate the
temporal variability of the cutoff frequency.

E01 8 September 2017

Spogli et al., “Adaptive phase detrending for GNSS scintillation detection: a case study over Antarctica Submitted” , IEEE-GRSL, 2021
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E01 8 September 2017

Spogli et al., “Adaptive phase detrending for GNSS scintillation detection: a case study over Antarctica Submitted” , IEEE-GRSL, 2021

The detrending can be further improved by making it adaptive
not only per each satellite, but also per epoch to investigate the
temporal variability of the cutoff frequency
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Conclusions

In view of providing an index that accounts only for the most disruptive effects on the phase of GNSS signals we have proved
the following:

• The inappropriateness of the adoption of a detrending with a fixed cutoff frequency at 0.1 Hz value to determine the σΦ
at high latitude

• The need for a proper identification of the cutoff frequency for phase detrending through an original detrending scheme

• The effectiveness of the adopted detrending scheme in accounting for phase fluctuations due to diffraction in the σΦ
computation

• The further improvement of the determination of σΦ by means of an adaptive (per epoch) evaluation of the cutoff
frequency for phase detrending
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