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lonospheric activity
lonosphere (50-1000km):

» First order of ionospheric state variation: Solar radiation (photoionization)
» Major disturbance in the ionospheric state: CME impact
» Affects the radio waves propagation with respect to free electrons content
» Error in GNSS positioning applications

= Space weather research

lonosphere and GPS data:

Total Electron Content (TEC)

1TECuU = 10%%e-.m-2

NASA/National Space Science and Technology Center
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lonosphere (50-1000km):

» First order of ionospheric state variation: Solar radiation (photoionization)
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» Affects the radio waves propagation with respect to free electrons content

» Error in GNSS positioning applications

= Space weather research
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lonospheric activity
lonosphere (50-1000km):

» First order of ionospheric state variation: Solar radiation (photoionization)
» Major disturbance in the ionospheric state: CME impact
» Affects the radio waves propagation with respect to free electrons content

» Error in GNSS positioning applications

u Space We ather researCh Cycle 24 Sunspot Number Prediction (May 2012)
Hathaway/NASA/MSF

lonosphere and GPS data:

Total Electron Content (TEC)
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This presentation

= Development of a method to estimate in Near-real time
(NRT) the ROB TEC from GPS data over Europe

* Products already online (gnss.be)

= Products under development

Real-time data from the EUREF Permanent Network (EPN)
provided by the ROB [- BKG] NTRIP broadcaster

[e.g. SOhne et al. 2010]



European Permanent Network (EPN)

= Continuously observing GNSS stations since 1996
* Presently: ~ 250 stations over Europe

» NRT : Presently ~ 120 stations
http://www.épnch.oma.be/
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lonospheric monitoring from EPN NRT GPS data

P,—P,+DCB® +DCB, = 40.3( flz — 12 )STEC

1 2

Geometry-free linear combination

lonosphere




lonospheric monitoring from EPN NRT GPS data

P, — P, + DCB® + DCB, = 40.3[ f12 - 12 )STEC

1 2

lonosphere




lonospheric monitoring from EPN NRT GPS data

P,—P,+DCB® +DCB, = 40.3( flz — 12 jSTEC

1 2

VTEC = STEC x cos(«)

S -
%
High rate NRT EPN GPS data

lonosphere

Median:15min.of VTEC/Rec/Sat

# VTEC at PP : 1692 + 271.
Spline Interpolation.
VTEC grid : 0.5°x0.5° - 15 min.



Products available on-line
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Royal Obsarvatory of Sslgium
GNSS Research Group

AzOUT IONOSPHERIC MAPS

Who we are
Contact: jono@oma.be
Projacts
RESEARCH®ROR Last lonospheric Events
Antarcica  22/05/2012 : lonospharic activity dua to CME impact {mors hers)
Tropoephcs  12/04/2012 : lonospharic activity dua to CME impact (mors hars)
 16/02/2012 : lonospharic activity dua to CME impact (mora hara)
lonosphara
® 12/02/2012 : lonospharic activity dua to CME impact {mora hars)
Time Transfar ® 08/02/2012 : lonospharic activity dua to major CME impact {mora hara)
Atomium  27/02/2012 : lonospharic activity due to CME impact (mora hars)
® 22/01/2012 : lonospharic activity dus to major CME impact (mors hars)
DATA AND PRODUCTS
EPN Cantral Bureau Near-Real Time Products
ROB Natwork Vartical Total Elactron Content (VTEC) estimated in Near Razl-tima (NRT) avary 15 minutes from EUREF Parmanant Network (EPN) GFS data.
lonospheric Maps Mora...
Dynamic ) -
® Dynamic product: intaractive product which allows viewing VTEC maps at differant epochs as a movia. (4-5 sac to load).
Static
® Static product: statistics to compara tha ionosphara at a givan spoch with razpact to tha 15 pravious days.
TUTORIALS

GPS, GLONASS, GALILEQ, ...
How GNSS Works Dynamic Static

Positioning & Timing

VTEC DOY 151 15:15-15:30 UTC
GNSS Natworks

G po 51181219 00m T 1 s 19158 0T

Coardinate Systams

Atmosphars
tonosphera

Troposphara
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http://www.gnss.be/

Products available on-line
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GNSS Research Group

AzOUT IONOSPHERIC MAPS DATA A N D P RO D U CTS

Who we are
Contact: jono@oma.be

Projacts
RESEARCH®ROR Last lonospheric Events
Antarctica ® 22/05/2012 : lonospharic activity dua to CME impact {mora hers)
b 12/04/2012 : lonospharic activity due to CME impact (mora hers)

16/02/2012 : lonospharic activity dua to CME impact {mora hars)
lonosphaere

12/02/2012 : lonospharic activity dua to CME impact {mora hars)
08/02/2012 : lonospharic activity dus to major CME impact (mora hars)
27/02/2012 : lonospharic activity due to CME impact (mora hars)
22/01/2012 : lonospharic activity dus to major CME impact {mors hara)

Tima Transfar

Atomium

EPN Cantral Bureau Near-Real Time Products
ROB Natwork Vartical Total Elactron Content (VTEC) estimated in Near Razl-tima (NRT) avary 15 minutes from EUREF Parmanant Network (EPN) GFS data.
lonospharic Maps Mora...

Dyremc ® Dynamic product: intaractive product which allows viawing VTEC maps at differant epochs 3z 2 movia. (4-5 sac to load).

Dynamic product P g p P
Static
@ Static product: statistics to compara tha ionosphara at 3 givan epach with respact to tha 15 pravious days.

TUTORIALS

GPS, GLONASS, GALILEQ, ...
How GNSS Works Dynamic Static
Positioning & Timing

VTEC DOY 151 15:15-15:30 UTC
GNSS Natworks T 10 181 1518193007 M T b 19 19215147 TG
Coardinate Systams
Atmosphars
tonosphera

Troposphara
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http://www.gnss.be/

Products available on-line
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GNSS Research Group

http://www.gnss.be

AzOUT IONOSPHERIC MAPS DATA A N D P RO D U CTS

Who we are
Contact: jono@oma.be
Projacts
= |ONOSPHERIC MAPS

RESEARCHOROE Last lonospheric Events
Antarctica 22/05/2012 : lonospharic activity dus to CME impact {mors hers)
e 12/04/2012 : lonospharic activity due to CME impact {(mora hers)

16/02/2012 : lonospharic activity dus to CME impact {mors hars)
lonosphars

12/02/2012 : lonospharic activity dua to CME impact {mora hars)
08/02/2012 : lonospharic activity dua to major CME impact {mora hara)
27/02/2012 : lonospharic activity dua to CME impact (mora hers)
22/01/2012 : lonospharic activity dua to major CME impact (mors hers)

EPN Cantral Burazu Near-Real Time Products Latency : ~7'10 mln .

ROB Natwork

Tima Transfar

Atomium

Vartical Total Elactron Content (VTEC) astimated in Near Raal-tima (NRT) avary 15 minutes from EUREF Parmanant Natwork (EPN) GPS data.

Mora...

. .
Dynamic . )

® Dynamic product: intaractive product which allows viewing VTEC maps at differant apochs a5 a movie. {4-5 sac to load). .
Static

® Static product: statistics to compara tha ionosphara at 2 givan epoch with raspact to tha 15 pravious days.

TUTORIALS
GPS, GLONASS, GALILED, ...
How GNSS Works Dynamic Static

Positioning & Timing
VTEC DOY 151 15:15-15:30 UTC
GNSS Natworks
Coordinate Systams
Atmosphars
tonosphera

Tropozphera



http://www.gnss.be/

Products available on-line
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http://www.gnss.be

AzOUT IONOSPHERIC MAPS DATA A N D P RO D U CTS

Who we are
Contact: jono@oma.be
Projacts
= |[ONOSPHERIC MAPS

RESEARCH®ROZ Last lonospheric Events
Antarctica ® 22/05/2012 : lonospharic activity dua to CME impact {mora hers)
g 12/04/2012 : lonospharic activity due to CME impact {(mora hers) ™

16/02/2012 : lonospharic activity dua to CME impact {mors hars)
lonosphara

12/02/2012 : lonospharic activity dua to CME impact {(mora hars)
08/02/2012 : lonospharic activity dus to major CME impact (mora hars)
27/02/2012 : lonospharic activity due to CME impact (mora hars)
22/01/2012 : lonospharic activity dus to major CME impact (mors hara)

Time Transfar

Atomium

EPN Cantral Bureau Near-Real Time Products

RO Natwork Vartical Total Elactron Content (VTEC) astimated in Near Real-tima (NRT) avary 15 minutes from EUREF Parmanant Natwork (EPN) GFS data.

namic
Dy ® Dynamic product: intaractive product which allows viewing VTEC maps at differant epochs as 2 movia. (4-5 sac to load).
Static
® Static product: statistics to compara tha ionosphara at a givan epoch with respact to tha 15 pravious days.
TUTORIALS

GPS, GLONASS, GALILED, ...
How GNSS Works Dynamic Static
Positioning & Timing

VTEC DOY 151 15:15-15:30 UTC
GNSS Natworks et 1 15 st T T b 1 19181858 U7
Cooardinate Systams ¥
Atmasphars
tonasphera
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http://www.gnss.be/

Products available on-line

2012-03-09 (day 069) from 12:00 to 12:15 UTC

| SRl

Last map time: 2012-03-05 12 ¢ h 00  min

Days backward: 1/4 v

Refresh

Layers opacty
VTEC: 1
Variance:

Ani ¥

2012-03-09 from 12:00 to 12:15 UTC

‘Play‘ ‘ =

Lon -2.56 - JN il Mouse position
Lat :38.62 Ly ‘ : Out of map
VTEC: 53.4 TECU . =

Interactive VTEC maps.
Movies.
VTEC at a given location
Back in time.
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Royal Obsarvatory of Sslgium
GNSS Research Group

Who we are

Projacts

RESEARCHOROE
Antarctica
Troposphars
lonosphara

Time Transfar

Atomium

GPS, GLONASS, GALILEO, ...
How GNSS Works
Positioning & Timing
GNSS Natworks
Coordinate Systams
Atmosphars

tonasphera

Tropozphera

Products available on-line

IONOSPHERIC MAPS

Contact: jono®oma.be

Last lonospheric Events

22/05/2012 : lonospharic activity dus to CME impact {mora hers)
12/04/2012 : lonospharic activity dua to CME impact (mors hers)
16/02/2012 : lonospharic activity due to CME impact (mora hars)
12/02/2012 : lonospharic activity dua to CME impact {(mora hars)
08/02/2012 : lonospharic activity dus to major CME impact (mora hars)
27/02/2012 : lonospharic activity due to CME impact (mora hars)
22/01/2012 : lonospharic activity dus to major CME impact (mors hara)

Near-Real Time Products

Vartical Total Elactron Content (VTEC) estimated in Near Razl-tima (NRT) avary 15 minutes from EUREF Parmanant Natwork (EPN) GPS data.

Mora...

® Dynamic product: intaractive product which allows viewing VTEC maps at differant apochs a5 a movie. {4-5 sac to load).

® Static product: statistics to compara the ionosphara at a given epoch with respact to tha 15 pravious days.

Dynamic

VTEC DOY 151 15:15-15:30 UTC

TEC o TECL

http://www.gnss.be

DATA AND PRODUCTS
= |IONOSPHERIC MAPS

= DYNAMIC
= STATIC


http://www.gnss.be/

Products available on-line

VTEC DOY 069 12:00-12:15 UTC Median VTEC last 15 days 12:00-12:15 UTC
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Products available on-line

VTEC DOY 069 12:00-12:15 UTC Median VTEC last 15 days 12:00-12:15 UTC
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Statistical products

Prediction :

Median of the VTEC
for the 15 previous
days.



Products available on-line
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http://www.gnss.be

AzOUT IONOSPHERIC MAPS DATA A N D P RO D U CTS

Who we are
Contact: jono@oma.be
Projacts

= |IONOSPHERIC MAPS

Last lonospheric Events

Antarcticz

22/05/2012 : lonospharic activity dus to CME impact {mors hers)

g 12/04/2012 : lonozpharic activity dua to CME impact (mors hers) =
16/02/2012 : lonospharic activity dus to CME impact {mors hars)

lonosphars

12/02/2012 : lonospharic activity dua to CME impact {mora hars)

08/02/2012 : lonospharic activity dua to major CME impact {mora hara) -
27/02/2012 : lonospharic activity due to CME impact {mora hers)

22/01/2012 : lonospharic activity dus to major CME impact (mors hara)

Near-Rea Time products = |IONOSPHERIC EVENTS

Vartical Total Elactron Content (VTEC) estimated in Near Razl-tima (NRT) avary 15 minutes from EUREF Parmanant Natwork (EPN) GPS data.

Time Transfar

Atomium

Mora...

® Dynamic product: intaractive product which allows viewing VTEC maps at differant apochs a5 a movie. {4-5 sac to load).

® Static product: statistics to compara the ionosphara at a given epoch with respact to tha 15 pravious days.

GPS, GLONASS, GALILED, ...
How GNSS Works Dynamic Static
Positioning & Timing

VTEC DOY 151 15:15-15:30 UTC
GNSS Natworks

T 1 s 19158 0T

Coardinate Systams

Atmosphars
tonosphera

Tropozphera

TEC o TECL



http://www.gnss.be/

Products available on-line

Cantact: ioro@oma. ba

A first major solar flare aoccurad tha 05/02 /2012, followsed by two other major flares the 070372012 at 00:24 UTC and 01:14UTC {source

www.sidcbal. As a consaguence, tha Earth’s ionosphers wa, Europae was disturbed during 4 pericds :

(13 07 103 /2012 from 05:30UTC to 21:30UTC (peak at noon],
(2} 081023 /2012 from O07:00UTC to 10:30UTC,
(2} 08103 /2012 from 13:00UTC to 21:00UTC,
(4} 09703 /2012 from 07:00 UTC o 19:30UTC.

Time-series extracted from
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7 T the NRT maps
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2} Morthern part of tha map (top)
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Comparison with other ionospheric models

International Reference lonosphere
NASA model iri.gsfc.nasa.gov
IRI 2012 [Bilitza et al. 2011]

Empirical climatological ionospheric model

CODE Final GIMs - IONEX
Bern ftp.unibe.ch
[Schaer et al. 1998]

Post-processing of GNSS data (5-6 days) ~

~280 GNSS stations (GPS+GLONASS)
2.5°x5° - 2h
Spher. Harmonics. (n,m=15)
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Comparison with other ionospheric models

International Reference lonosphere
NASA model iri.gsfc.nasa.gov
IRI 2012 [Bilitza et al. 2011]

IRI
Very smooth

CODE Final GIMs - IONEX
Bern ftp.unibe.ch
[Schaer et al. 1998]

CODG
Slightly smooth

180" 210° 240" 270° 300"  330° 0 30° 60° 90° 120° 150" 180"



Comparison with other ionospheric models

| |
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Comparison with other ionospheric models
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18/01/2012
14:00 UTC

22/01/2012

Comparison with other ionospheric models
A (ROB-CODG)
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Products
under
development



F2 Critical frequency = foF2

lonospheric F2 layer ~ 300-400 km.

Medium Frequency (0.3-3MHz)
High Frequency (3-30MHz)

e

Transmitter

Applications : Aviation, amateur radio ....

< foF2 = Reflexion
> foF2 = Refraction



F2 Critical frequency = foF2

NRT-VTEC ROB maps NRT-foF2 ROB maps

- D W H OO N ®

NRT — FoF2 each 15min. on a 0.5°x0.5° grid



F2 Critical frequency = foF2
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Study of the GPS Signal/Noise

L1 and L2 Signal to Noise Ration (SNR) = S1 S2 observables RINEX
observations files

S1/S2 in dB-Hz for the two GPS frequency.

e L1=1575.42 MHz
e L2=1227.60 MHz 3000 'YPe!!
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Study of the GPS Signal/Noise

L1 and L2 Signal to Noise Ration (SNR) = S1 S2 observables RINEX
observations files

S1/S2 in dB-Hz for the two GPS frequency.

e L1=1575.42 MHz
e L2=1227.60 MHz 3000 'YPe!!
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Study of the GPS Signal/Noise

L1 and L2 Signal to Noise Ration (SNR) = S1 S2 observables RINEX
observations files

S1/S2 in dB-Hz for the two GPS frequency.

 L1=1575.42 MHz
e |2=1227.60 MHz 3000| TYPe!! Solar Radio Burst
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Study of the GPS Signal/Noise

Frequencies emitted by the Sun 24-09-2011

24-Sep-201
B ey

Ssssissississisessssssssss ok iseianissssen ane
— GOES 0.54 A x10%

GOES 1-8 A x10"

— Sag. Hill 410 MHz
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Sag. Hill 2695 MHz

.....
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Study of the GPS Signal/Noise

13:1:0t0 13:1:3

-20



Conclusions and perspectives

NRT-VTEC ROB maps each 15min. (0.5°x0.5°). Latency 7-10 min.
Use of EPN NRT GPS data from ROB [& BKG] NTRIP Broadcaster.
Products available on gnss.be

Densification of NRT GPS stations in Northern Part of Europe.
Products under development (S/N, foF2).

ROB NRT IONEX will be also provided.

jono@gnss.be



lonospheric monitoring from EPN NRT GPS data

P, — P|+ DCB® + DCB, = 40.3[ f12 - 12 )STEC

1 2

Zero-difference phase-smoothed (P, and P,) code observations

lonosphere




lonospheric monitoring from EPN NRT GPS data

P,— P+ DCB*+ DCB, = 40.3[ f12 — 12 jSTEC

1 2

DCBS : estimation from CODE analysis centre [Schaer et al. 1998]
Rapid IONEX (IONosphere map EXchange).

3
%

lonosphere




lonospheric monitoring from EPN NRT GPS data

P,— P+ DCB*+DCB, = 40.3[ f12 — 12 jSTEC

1 2

DCB, : estimation using a priori ionospheric models (Rapid IONEX)

3
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lonosphere




rercent

Recelver Differential Code Biases

1 1
P, — P, + DCB* +DCB, |= 40.3 - ——5 [STEC
1 fz
2009 -25 to 45ns 45 ns
128 TECu
“*1 290 IGS stations
. DCB (ns)

-35 30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45

Rec. DCB(ns)



Recelver Differential Code Biases use in NRT

1 1)

f2 f2

STEC

r

P, — P, + DCB*+ DCB, |= 40.3[

1 Global lonospheric Maps (GIM) of VTEC
(5°x2.5°x2h, 2-9 TECu) '

O CODE rapid products (~ 24h)
1 ~120 globally distributed stations
1 GLONASS and GPS constellations

60°

30°

-60°
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Recelver Differential Code Biases
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Comparison with other ionospheric models
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F2 Critical frequency = foF2

Davies, 1990:
VTEC
T =
NmF?2
g
% : NmF2
; Scaled IRI 2012
VTEC
| T =
z foF22 x 1.24x107°
Number density N
From Stankov et Warnant, 2009 foF2 : F2 critical _frequenc_y In MHz_
T . lonospheric slab thickness in m
VTEC : Vertical Total Electron Content in e/m?

NmF2 - Maximum electronic concentration in e/m3



# stations

European Permanent Network (EPN)

= Continuously observing GNSS stations since 1996

* Presently: ~ 250 stations over Europe

» NRT : Presently ~ 120 stations
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EPN (European Permanent Network)



