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The Sun, Source of Space Weather impacting GNSS
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Climatology of the ionosphere
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GLOBAL NAVIGATION SATELLITE SYSTEM

GPS
(}é ' S\ + Owned and operated by the United States of America

— « First satellite launched in 1978
+ Available globally
Positioning Systems!

GLONASS

« Owned and operated by Russia
« First satellite launched in 1982
* Available globally

BeiDou
» Owned and operated by China
+ First satellite launched in 2000

« Available globally
Global Navigation Satellite Systems

Satellite constellations providing

worldwide or regional coverage

Galileo
PO O |

+ Owned and operated by the European Union (E.U.)
« First satellite launched in 2011
+ Available globally

« Owned and operated by Japan
« First satellite launched in 2010
* Available regionally

T\ . QZSS

IRNSS

® « Owned and operated by India
« First satellite launched in 2013
' « Available regionally




Few GNSS basics : To find your position, you first need the right Time

4 unknows: 24 satellites needed
- position (x, Y, z) |:> Sat. positions transmitted in nav.
- time synchronization (t) message

Estimation of the pseudo-distance satellite-receiver:

D=c (trec - tsat)

A delay of 1 ns (10° second) |:> 30 cm error in the pseudo-distance

Galileo Satellites

* Atomic clocks generate the signal
carrier

* GNSS satellite clocks are kept

synchronized in a reference atomic time
scale

] Photo: ESA



Race at the ns level, don’t loose time on the way !
Error sources affecting the GNSS positioning quality

Ll

Satellite Positions
(~5m)

Satellite Clocks (some ns)

Error of synchronisation
between the satellite clocks
and the receiver clock

Relavistic effects are
corrected in the
navigation message
and by the receiver,
otherwise the error
would increase by
~10km everyday.

Multipath

Measurement Error




GNSS vs lonosphere

Electrically charged media affect the radio-wave propagation depending on the frequency

|:> lonospheric delay depends on the GNSS signal frequency

Using 2 GNSS signals at 2 frequencies:

removes 99.9% of the

« ionosphere-free » combination I:> : :
ionospheric delay

NO MORE IONOSPHERIC PROBLEM FOR GNSS ?
G
-4




Well, still...

Civilian users
= single-frequency receivers
(mostly)

* Double-frequency GNSS receivers expensive.

* Theionosphere-free combination relies on the
tracking quality of the GNSS signals (hardware and
software).

* GPS 2" frequency encrypted, requiring specific
cross-corelated tracking technics or M-code key.

* But new civilian signals such as GPS L2C and Galileo
E5, protected for safety-related application

George Karachristo

For GNSS single frequency users, abnormalionospheric
activity remains a problem.

Even for double-frequency receivers, space weather
events affecting the ionosphere (scintillations) or the radio
frequency bands (solar radio bursts) can generate GNSS
signals fading up to the loss of lock.



GNSS single-frequency users are not left behind
for mitigating the ionospheric effect

Most common to the public

Broadcasted parameters in the Satellite-based Augmentation Systems Differential GNSS
navigation message for the

Klobuchar and NeQuick
ionospheric models, correcting 50%
of the ionospheric range error.

Do notinclude space weather.

DGNSS (1-3m)
Real Time Kinematic RTK (3-10cm)
Precise Point Positioning PPP (1-10 cm)
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GNSS vs lonosphere

Electrically charged media affect the radio-wave propagation depending on the frequency

|:> lonospheric delay depends on the GNSS signal frequency

STEC
VTECat IPP

lonospheric Piercing Point
(IPP)

*0uo|

Using 2 GNSS signals at 2 frequencies:

removes 99.9% of the

« ionosphere-free » combination I:> : .
P ionospheric delay

Estimate the ionospheric

« geometry-free » combination I:> delay (+hardware delays)

STEC
lonospheric delay I, =40.3 5

fi,2

S
Slant Total Electron Content STEC = j Ne.dl
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lonosphere monitoring based on GNSS

NRT European TEC Maps
5-min, GPS+GLONASS+GALILEO,
4 ~180 EPN stations
2023_03‘12 (day 071) from 19:40 to 19:45 UTC
o
= O * https://igs.ome )
International GNSS Service (IGS) P www.epnch.oma.be o o ;5»
EUREF Permanent Network -
Source of error becomes source of information
Using large number of GNSS stations, ionospheric q!
total electron content is derived over multitude -
points :
VTECat IPP
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https://www.gnss.be/SpaceWeather/

Bergeot, 2014
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TEC IPPs

lpp Total

: 9172 Ipp Interp : 5781




Monitoring the ionospheric activity

10/05/2024 (DOY 131) 17:00-17:5 UTC Madian VTEC last days 17:00-17:5 UTC

Hlatogram of the differences
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Monitoring the ionospheric activity

VTEC Differences (current-median) 20:220-20:25 UTC VTEC 5-min variability 20:220-20:25 UTC
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Monitoring the ionospheric activity
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Height (m)

Latitude (m)

Longitude (m)
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IMPACT ON GNSS POSITIONING
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GNSS Group: Legrand J., Bamahry F.



lonospheric Monitoring with LEO

GPS satellites

Some Low Earth Orbit satellites are equipped with GNSS
receivers. The GNSS radio occultation allows to get a
horizontal sounding of the ionosphere.

&
v

The bending effect of the signal propagation path must be
taken into account for estimating the ionosphere.

-

COSMIC




Monitoring lonospheric Scintillations

-24n | -12n | -6n § 30 | -1n | -5m | Submit |2025-01-24 15:26

Amplitude scintillation map based on IPP positions at 2025-01-24 15:26

(see raw Amplitude Scintillation data )
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Amplitude Scintillation Map based on IPP positions tracked
by scintillation GNSS receivers
PECASUS Dashboard
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ﬁ Loss of lock due to

large scale structures
of scintillations

ILIONS -

Satellite not

i “; 3 —4*’*" = Ranging errors due
e to small structures
e TR
\0“059‘“ 2 of scintillations

" Signal fades

— \

Scintillation affects the phase and the
amplitude of GNSS signals, causing cycle
slips up to the loss of lock.

Induce error positioning up to several
meters, with worst case scenario: GNSS
signal loss.



Impact on GNSS: ionospheric activity indicators

Climatological variations of the ionosphere do not a have strong impact on GNSS application,
it can be well mitigated with ionospheric model.

* Absolute TEC values are not a good stand-alone indicator, without knowing the climatological state of the
ionosphere, the GNSS location, and the local time.

Variations with respect to 15-days (or 27-days) at a given location and for the same local time.
* Positive TEC events have a stronger impact on GNSS applications
* Less impact for negative TEC events

Rapid lonospheric variations :
* lonospheric scintillations, monitored with dedicated GNSS scintillations receivers
e TEC variability, ROTI (Rate Of TEC Index)

And also, satellites used for the positioning
» Stronger impact of the ionosphere for low elevation satellite <30°
e Dilution Of Precision (PDOP), Number of satellites tracked



GNSS disturbances due to
Solar Radio Bursts

Solar Radio Bursts (SRB) are
intense radio emissions (durations
from 10s to few hours)

GNSS are vulnerable to Radio Frequency Interferences
as the GNSS signals received on Earth is very weak.

SRBs increase the noise level of GNSS ground stations
and act as a natural jammer for the GNSS.
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GPS AC/N, (dB)

SRB IMPACT ON GPS SIGNAL RECEPTION
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Monitoring of the abnormal fade of GNSS signal reception due to SRB

GNSS AC/N,
Fade

Level Effect

® Daily sta
® Real-time

SRB detected but should not impact ® Real-ti
GNSS applications

Moderate -1 dB-Hz

-10 dB-Hz

Potential failure of the GNSS receivers

AC/N, at L1 (dB-Hz)
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AC/Ng at L2 (dB-Hz)

11:30 12:00 12:30 13:00 13:30 14:00 14:30
Time (UTC) - 06/09/2017 Chevalier et al., URSI GASS 2017



Summary

* GNSS can provide a global view of the lonospheric Total Electron Content
using large GNSS station networks

* With GNSS ground stations the electron density vertical profile cannot be
directly retrieved. GNSS data are also limited over the oceans

* lonospheric activity impacting GNSS applications can be monitored with
* variation of TEC w.r.t. the ionosphere climatological state
* TEC rapid variability

* Solar Radio Bursts in the GNSS frequency bands can be monitored using
GNSS networks






Backup — GNSS Disturbances & Monitoring



What’s in GNSS measurements ?
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Phase measurement

lonospheric combination (meters, PRNO1)
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GNSS-NETWORKS
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GPS AC/N, (dB)
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ROB GLOBAL TEC MAPS

2024 DOY 131 0000 + 15 mins (UTC)

(TECU)

Ordinary Kriging VTEC Map (0.5 deg. cells, Stable Variogram based on 498 pts) 550 Original (29377 pts) and Selected (1827 pts) VTEC Data, 2812 pts removed (9.6%) w55
GLOBAL TEC MAPS INPUT DATA
rige mi 3 oo, == B o rig min:
— T — -~ - ! | — 100 g NI T — > ! 3 L 100
| N ) | o
80 80
60 + 60
40 - 40
20 20
0 Lo
OK VTEC Standard Deviation
7
]| foo
2 Sigma: 4.6 | |
6 F7.5
F5.0
5
F2.5
4
0.0
3
F-2.5
2 F-5.0
1 » . F-7.5
fl
e @» -10.0
0 . -

180 ~120 -60 0 60 120 180

Difference Kriged - Original VTEC (TECU)



Verticale

GNSS disturbances due to lonosphere
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GNSS disturbances due to lonosphere

For a GNSS permanent station

Dispersive lonospheric Effect (GPS L1)
lonosphere 1st Order 2nd Order 3 Order
100 TECU

@NASA, Christie

Resi. (m)

Resi. (m)

Resi. (m)

Position of the GNSS station at Brussels during 2015 March Storm (W. Huang and P. Defraigne) The 2003 Halloween solar storms were so
. powerful that auroras were seen as far south
5 up RoB Correction using Klobuchar as Texas and Florida. This aurora image was
- ionospheric model taken near Houston Texas on Oct. 29, 2003.
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GNSS disturbances due to lonosphere
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® Daily station
® Real-time station delivering C/N,

Data and Method

day for GPS).

/° GPS carrier to noise density (C/N,) observations corresponding to L1C/A and\
L1P(Y)+L2P(Y) signals from the EUREF Permanent Network (EPN)

* Estimation of the C/N, abnormal fade for each satellite-receiver pair at each
epoch (30s sampling) by comparing with the C/N, quiet normal behaviour, i.e. the
median <C/N(t, rec, sat)> of the 7 previous ground track repeat cycles (1 sidereal

AC/NO (t, rec, sat) = C/No (t, rec, sat) = <C/N0 (t, rec, sat)

* Estimation of a <AC/N0>,_1>,,_2 over the GNSS network at each epoch (Figure 3), to
highlight SRBs as the source of signal reception fade and discard other potential
sources such as scintillations, local RFl or hardware problems.

)

-10
-15
-20

<AC/N,> (dB-Hz)

L2 P(Y)

-

AC/N, (t, rec, sat)
Median and

-25

09:00

10:00 11:00 12:00 13:00 14:00 15:.00 16:00

Figure 3: abnormal GPS L2 P(Y) AC/N, fade for each
observations of the EPN (grey) and the median
<AC/N,>,, (in red) over the EPN during the SRB

24/09/2011

EGU GA 2020 - Solar radio burst interfeﬁ!%%% i(ﬁgg;(ggd_icgtgé Jo_(g\%_sgﬁwgle and double frequency users - Chevalier et al. 37



Backup slide - GPS FLEX POWER



False SRB alerts, real signal reception changes

BRUX - PRN 25 - 1304/2018 BRUX - PRN 25 - 17/04/2018
| PR TN TN T N TN TN TN [N TN T TR T TN T
GPS Flex Power g:: 3 _. 0
. o] A | fn]
*  “Anti-jam flex power” on block IIR-M, IIF e ey M/\
and IlIA GPS satellites 5 0 P
G s 3 G 35 =
R ? LI A % 3 L e e
. . . . 1200 1a,nq ; 141nn‘ R 15,uq - 1 _amg . dema . ison | 1s50g .
* Modulation of power distribution 7 ::_ 3 ~ I
E L 96 3
between the L1, L2 sighal components, EL 50 3 N B o /—\
operated since 2017 (IIR-M and IIF) 3 o /_\ o \
] . Z 3 : F 40 3
without being reported. G 3 5 s |
12“" 1”“ 14-““ 15"“ 1”“ 12:nn' ' '1a:m; ‘ '14:Inn' ' '15:un' ' '15:00' o
. e Time (UTG) Time (UTC)
¢ Operated globally or within speC|f|c Flex power campaign of the 13™ April 2018 operated on the block IIF and IIR-M satellites.
zones (hOUI’S to months) top plot: C/N, (in red) and its expected behaviour (in blue) for the track of PRN25 by BRUX

* When applied, increase or decrease of
Carrier to Noise density ratio (C/N,) are
observed by the ground stations.
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Where is flex power activated?

* Globally or over a large continental area

* Activation/deactivation for satellites visible
from a point on the ground

e Can combineinclusion and exclusion zones
* Activation between 2 longitudes

Mode I: Jan 2017 - Feb 2020




Which activation area by mode?

Most operated modes
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