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Introduction 4#7
DLR

lonospheric research and space based technologies such as telecommunication, navigation
and remote sensing require an objective measure of the ionospheric perturbation degree on
global scale.

Topic is addressed in ISWAT group G2B-04 (https://iswat-cospar.org/G2B-04)

Developing indices and related scales must consider the following criteria:

= Objective measure, free from instrumental impact
Global data coverage around the clock
Characterization of the state of the ionosphere in near real time
Robust approach, nevertheless, reliable and sufficiently accurate
Easy and fast computation and interpretation
= Pragmatic scale, certified and accepted by customers

Different perturbation indices for research and for technical applications possible

Indices and related scales require international acceptance (standardization)



https://iswat-cospar.org/G2B-04

Gradient lonosphere indeX (GIX) and A#y
Sudden lonosphere Disturbance indeX (SIDX) DLR

Attempt to separate temporal and spatial perturbations
N —— im by GIX and SIDX
wi®

GNSS | N5 Index approaches based on GNSS data
= Good data coverage over main application areas
» High temporal resolution (= 1s) possible
rec TEG | TECk » Data close to user needs

Fast computation, low latency of products

GIX: ATEC/As As: distance between piercing
points at t,

SIDX: ATEC/At  At=t,-t, atsatellite tracks

Jakowski, N. and M. M. Hoque (2019), Estimation of spatial gradients and
temporal variations of the total electron content using ground based GNSS
measurements, Space Weather, doi: 10.1029/2018SW002119




Sudden lonosphere Disturbance Index (SIDX)
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= SIDX - basic approach:
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Sudden lonosphere Disturbance Index (SIDX)

_ DLR
= SIDX - basic approach:
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SIDX response to solar flares may differ
from X ray classification due to spectral
dependence of ionization




SIDX Sept 6, 2017 — solar flare impact

SIDX [mTECU/sec]

North [m] East [m]

Height [m]

Application of SIDX In positioning

2017, DOY 249, area 30-70°N & 30°W-50°E

Berdermann et al. (2018) Space Weather, 16.
https://doi.org/10.1029/2018SW001933
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» Enhanced SIDX values
due to rapid changes of
lonospheric ionization
correlate with GNSS
positioning errors

» Rapid changes of

lonospheric ionization may
be caused by solar flares
and precipitation of
energetic particles

=) (etectable by SIDX

= Definition of a scale useful

for customers needs
numerous measurement

samples.
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SIDX Sept 7, 2017 — particle precipitation
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Gradient lonosphere Index (GIX) wmp GIXM + GIXV #
DLR

Vertical TEC data at N ionospheric piercing points (IPPs)
North No <N (N-1)/ 2 Number of different IPP links (dipoles)

r N: number of piercing points PP;and PP,

Cpij : Central point of dipole, location of the
VTEC! measured gradient vector

VTEC) As;;: distance between piercing points

GIXM = (VTECP) = —3P |VTECD|
VTEC; ! D
: measured gradient value between PP;and PP;

VTEClej: measured gradient component in East direction

\7TECy5-: measured gradient component in North direction

CP; East  GIXV =(VTEC')=2"- 2\/ (VTECxP)2 + (VTECy") 2
VTEC,  VTECY; X

a=atan ((VTECxP) / (VTECy"))




Distribution functions of GIXVx, GIXVy and GIXM A#y
on March 17, 2015 and May 22, 2015 at 18:00 UT DLR

lonospheric gradient vector: 4.8 mTECU/km

lonospheric gradient vector: 38.6 mTECU/km
Azimuth of ionospheric gradient vector: 181.1°

Azimuth of ionospheric gradient vector: 187.3°
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» |[ISWAT G2B-04 initiated a ,,Coordinated lonosphere Study on Scales and Indices” (CISSI)

» Goal: comparison of different index approaches at disturbed and quiet periods (reference)




Propagation of perturbations on St. Patrick’s Day storm 4#7
at March 17, 2015 DLR
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Comparison of GIXV and ROTI over Europe on A#y
St. Patricks storm day DLR

March 17, 2015 18:00 (UTC)

Cf. Nykiel, G. et al. Relationship between GIX,
SIDX, and ROTI ionospheric indices and GNSS
precise positioning results under geomagnetic
storms. GPS Solut 28, 69 (2024).
https://doi.org/10.1007/s10291-023-01611-5

0 10 20 30 40 50 -04 -02 00 02 04 00 02 04 06 08 1.0
VWTEC (mTECU/km) ROT (TECU/min) ROTI (TECU/min)

» GIXV indicates mid- to large-scale gradients in midlatitudes (50-500km)

» ROTI focuses on indicating small to mid-scale perturbations (here high
latitudes)




GIXM /GIXM95 scaling for GNSS positioning
Sample day: March 17, 2015 DLR
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GIXM scaling adapted to GNSS positioning approach (195)
Sample days: March 17 and 18, 2015

lonospheric Index 195 (SAPOS)

=
>

100

i 18 Kﬁarch

19 March

20 March

DLR

{17 march 721 M;r;h
Sweden Sweden 50 1 $SC
Swepos BNAEE | Swepos E 0 :
Gotaland ,J"\f W Gotaland x -50 + \/.\,-m_,/‘w
g -100 +
& -150 -
! J| : 0 08 o I7I g ) |I IH'! I1I |I‘ ‘| ‘1 I|7I l‘ ‘l ; I1J o 01 02 03 04 05 DGI 0‘7 DEI OIS 10 11 12 |I3 14 1'5 I|5 1‘7 I|B 19 I?D 21 I?? 23 - i Rewve phasel
01 02 03 04 05 06 07 08 09 10 2 13 5 16 8 19 20 21 22 23 -200 Maln Phase 'y >
-250 - ' . . '
lonosphérischer Index 195 vom 17.03.2015 (076)

berechnet mit WaSoftVirtuell 3.0

LGLN - Landesamt fiir Gecinformation und Landentwicklung Niedersachsen

Perturbation Germany

lonospharischer Index 195 vom 18.03.2015 (077)
berechnet mit WaSoftVirtuell 3.0

LGLN -L. fur i ion und L
16

Perturbation Germany

GIXM on March 17 and 18, 2015

N extreme SAPOS ., | extreme SAPOS
severe Hannover severe Hannover
B Bottom left: March 17, 2015
’ moderate moderate

IS

2 3 465 6 7 8 91011121314 16 16 17 18 19 20 21 22 23 0 1
MEZ : Mitteleuropaische Zeit (UTC + 1)

lonospheric Index 195 (SAPOS)

2 3 46 6 7 8 9 101112 13 14 16 16 17 18 19 20 21 22 23 0 1
MEZ : Mitteleuropiische Zeit (UTC + 1)

ungestort geringe ke Starungen

Bottom right: March 18, 2015

-~ ungestart geringe Storungen starke Storungen 2
20
18
o 18 GIXM g GIXM
S 16 { degree of Mid-Europe - degree of Mid-Europe
B 14 | Perturbation  Lat: 45-60°N £ 14 {perturbation Lat: 45- 60°N
‘é- extreme Lon:05 - 25°E g 12 extreme Lon:05 - 25°E
TR ———————— — — — —_— e ————— e —— — — —¢
5, |severe £ 10 {severe
= [C
° 0 ___ o S84 _
é 6 moderate E § {moderate
g . .
g, 54 Dst values not suited to estimate the
g quiet [ quiet . .
2 2
; N perturbation degree of the ionosphere
0 2 4 6 8 10 12 14 16 18 20 2 24 0 2 4 6 8 10 122 14 16 18 20 22 24

Universal Time / hours

Universal Time / hours




GIXM comparison with 195 from SAPOS

Sample days: May 10 and 11, 2024 DLR
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GIXM comparison with 195 from SAPOS
Sample days: May 10 and 11, 2024
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Forecast of perturbation propagation using GIXV
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astward gradient ___ Northward gradient [l Early detection of the propagating ionization front
Y TTTIANG Y /T " strength see color scale
X s » velocity =~55m/s *
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Summary and conclusions ‘#7
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» GIX indicates spatial TEC structures over a selected area in near real time
with high temporal resolution 1s < At

» SIDX indicates rapid change rates of TEC over a selected area with a time
resolution At depending on the sampling rate of measurements (At > 1/0.1Hz)

» Two different perturbation scales suggested

» For science (use ionospheric parameters, solar wind relationships, comparative studies)
» For applications (adapted to customer needs, easy and understandable use by customers)

» Customers are mainly interested in forecasts — two options to warn users:
» |lonospheric observations at high latitudes used to estimate strength and dynamics of perturbation
» Relationships between solar wind and indices are used to estimate dynamics of perturbation

» Close dialogue with user community required
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Contact:

Dr. Norbert Jakowski
Kalkhorstweg 53
D-17235 Neustrelitz
Germany

Email: Norbert.Jakowski@dIr.de
Web: http://impc.dir.de
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lonosphere from space

Data SIO, NOAA, U.S. Navy, NGA, GEBCO
Image I1BCAD
® 2011 Cnes/Spot Image

Electron density reconstruction at DLR
for July 23, 2011, 14:00 UT

Thank you !
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