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Aim & Scope

DLR

» Showcase how ionospheric indices —
individually and in combination —
characterize the ionosphere’s state and
dynamics.

» Emphasize the role of space-based
missions and observations as essential
complements to ground-based
monitoring.

» Promote and communicate the
practical value of DLR’s ionospheric
indices for both scientific and
operational applications.

Images by Dmytro Vasylyev
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1. lonospheric Indices

Examples of ionospheric indices capturing processes at different spatial and temporal scales. DLR

Primary sensitivity

Typical spatial /

temporal scale

Dominant process or physical meaning

Sa . . Measures power fluctuations in received GNSS signal amplitude

. e . Sub-km plasma irregularities ~0.1-1 km . . Lo e 1
(Amplitude scintillation index) caused by diffraction from small-scale electron-density irregularities.

gp Small- to intermediate-scale ~0.3-3 km RMS variation of GNSS carrier phase; sensitive to rapid phase path

(phase scintillation index) irregularities ' changes caused by small-scale plasma structures. 2

ROTI Mesoscale TEC irregularities / ~1-30 km Quantifies short-term fluctuations in TEC, tracing travelling

(Rate Of TEC Index) TIDs along signal path ionospheric disturbances and plasma irregularities. 3

SIDX Rapid, flare-induced increase in ~1s1h Derived from near-real-time GNSS TEC measurements to quantify

(Sudden lonospheric Disturbance jonization in the sunlit alone sienal path sudden ionization enhancements caused by solar X-ray and EUV

indeX) ionosphere (mainly D/F region) gslgnalp flares. *

GIX / NeGIX / TEGIX (space-based) Regional GNSS-network ~30-500 km Characterize horizontal TEC gradients and their variability across

(Gradient lonospheric indeX) gradients ground networks, useful for regional disturbance monitoring.*

SAPOS / SWEPOS Local / regional deviations in ~30-500 km Easy-to-understand warning systems developed for

(national warning indices)

the positioning domain

navigation/positioning applications.

DIX / DIXSG
(Disturbance lonospheric Index)

Regional to continental TEC
gradients

~100-1000 km

Quantifies the potential impact of ionospheric perturbation events
on radio systems based on GNSS TEC measurements. >

W-index
(foF2 deviation index)

Continental / global foF2
variability

~100-1000 km

Quantifies ionospheric storm level based on logarithmic deviation of
logarithmic deviation of the F2 layer peak plasma density from quiet
reference conditions. ®
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1. lonospheric Indices
DLR

> DLR has developed and offers a set
of horizontal ionospheric indices g
£ . . W-index
OCUSIng on mEdlum'Scale - S/na//-s(_‘a/e /,‘,‘egLI/a['jtjeS ._. (100.0 £ 1000 km)

Representative Spatial Scales of lonospheric Indices

irregularities.
O | DIASG
» Two new Swarm-based indices (100.0 - 1000 km)
have recently expanded this . SAPOS/SWEPOS
framework. EEG = (30.0 - 500 km)
» Together, these indices e | C1X/NeGIX/TEGIX
complement each other and other (30.0 - 500 km)

existing indices, enhancing their
scientific and practical value.

o9

i i 3/ R {
> Iono:sphferlc researf:h, operational © b 1013+ 3 k)
monitoring, modeling & _ L
. . . Sa Large-scale structures —
— )
forecastmg. espgually during | SEEEESSNNNNEEC (1 .1 km). R B
geomagnetically disturbed 10-1 10° 10! 102 103

conditions — can benefit from

combined analyses. Spatial Scale (km)
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2. lonospheric Indices at DLR

Scheme of gradient construction

o 3
GNSS GNSS

v

/A5

Jakowski and Hoque (2019)
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1. Gradient lonosphere indeX (GIX)
GIX: ATEC/As —where As is the distance between piercing points per epoch

2. Sudden lonosphere Disturbance indeX (SIDX)
SIDX: ATEC/At —where At = t;-t, along the satellite tracks

Complementary indices designed to separate spatial and temporal ionospheric
perturbations using GNSS-derived TEC data.

GNSS-based approach offers:

- Dense data coverage over key regions

- High temporal resolution

- Flexible spatial/temporal scales adaptable to user or application needs

Fast computation and low-latency product generation

In GIX, the purpose is to reconstruct the “real” ionospheric vector out of the large
data sample of measurements between IPPs.

For a certain region, statistical metrics (e.g. mean, standard deviation, 95-
percentile) for the total ionospheric vector and components are determined.

For GIX, better azimuthal coverage than along-track approaches are an advantage.

DLR



2. lonospheric Indices at DLR
DLR

Scheme of definition of NeGIX and TEGIX with 1. Electron Density Gradient lonospheric indeX (NeGIX)
respect to Swarm/GNSS satellites
NeGIX — derived from in-situ Langmuir Probe measurements from Swarm satellites A and C.

e GNSS AT - 2. Total Electron Content Gradient lonospheric indeX (TEGIX)
/ LU C
TEGIX — based on GNSS Precise Orbit Determination (POD) measurements from Swarm

VTECa satellites A and C.

. TEGIX ~ \"TEC;_.\V'TEC\

% = » Both indices exploit the near-polar, parallel orbits of Swarm satellites A and C to
provide horizontal gradients over scales of 30 — 200 km.
A ey r
SWARM 45 ’(————) ':;.M y ne(A) -ne(C)
A / NEGIX / C NEGIX A1) > Data from the two spacecraft are combined with a latitudinal resolution of 0.5°,
SAC | increasing robustness and statistical reliability.
Y ¢ . _ T . . . .
€ ax | | orx - VTECe -TECce » Unlike existing Swarm indices, NeGIX and TEGIX provide gradient information in
' Ascac . ge o .
\hl both meridional (South—North) and zonal (West—East) directions.

\
‘ »  Publicly available Level 2 OPER products (TIX_TMS_2F & NIX_TMS_2F) via Swarm

Data Access / DLR-IMPC.
»  4-5 day latency.
>  Time resolution ca. 8 seconds.

Cahuasqui et al. (2025) — JSWSC Swarm 10-Year Topical Issue
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3. lonospheric Indices during perturbed conditions
Comparison GIX vs. SAPOS 195

DLR

St. Patrick’s Day Storm
March 17, 2015

60°N—-75°N

— XM e— PGIXV X e rGIXV Y

2015-03-17 12:00:00 UT G4 severe geomagnetic storm with
GIX gradients in scale 30 — 250 km

, _ , 10 B a Kp index of 8 and Dst of -223 nT.
TEC map Eastward gradient Northward gradient [ .
L /TT] | LT L /TT o N O - 5 Storm main phase 16 — 22 UT.

45°N—-60°N

SAPOS 195

0 GIX & SAPOS 195

=0 tow )
WW‘__H)E
; -20 & 195 — operational indicator of

| Py
p— & =30 . . . oy
u’ > _ 30°N—45°N . disturbed ionospheric conditions
e | IS _“ 2 S = t20 - impacting RTK/PPP accuracy in
0° 10°E  20°E 10°W 0° 10°E  20°E 10°W 0° 10°E  20°E 10 8
O | O | ::7@:&3%0 2 the German GNSS network.
0 10 20 30 40 50 -30-20-10 0 1'0‘20 30 L-IOE
TBCo ITECY ki " GIX and 195 show a great
0 2 4 6 8 10 12 14 16 18 20 22 24 correlation — ionospheric

UT (hours)

disturbed conditions have direct
impact on precise positioning
and navigation applications
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3. lonospheric Indices during perturbed conditions
Comparison GIX vs. NeGIX vs. TEGIX DLR

March 17, 2015 March 17, 2015
Swarm ascending orbit at 19:00 UT March 17, 2015 March 17, 2015 Swarm ascending orbit at 20:30 UT
Eastward gradient  Northward gradient 3650 Eastwarsd“;:‘iiscendi“g g‘;‘;%;;;g:ggegj Eastwarsd“;:‘iiscendi“g gzg;&:}’_ﬁ ?aigmUT Eastward gradient = Northward gradient 300
J “7 l " N J J“ " ; \ 30{ — NeGIX X ! 30{ — NeGIX X J -“' { L \ N J - { "“ ‘ N
60°N|./ 3/ | . [ il 1:_ 15 = ‘;E)?’I;} LT 18 = g)?’l;"x b “. } ;‘ \ b ;- ‘3“ 1 %
) / 100 7 E i s | Jeftd 1|7 ‘ 100 7
o g = '3 of = | ; =
(4] 0 e 3] () (6] g 0 s
2 I':': E -15 ! % -15 2 | .E
oy -100 PN | ~100
=30 =30 .
—200 30 35 40 45 50 55 60 65 70 75 30 35 40 45 50 55 60 65 70 75 30 35 40 45 50 55 60 65 70 75 30 35 40 45 50 55 60 65 70 7.5 ) ﬁ —200
\ 4 A vl Latitude Latitude 1 Latitude Latitude ‘ ° J i Y |
10°W  0° 10°E 20°E 10°W 0° 10°E 20°E =300 10°W  0°  10°E 20°E 10°W 0° 10°E 20°E -300
Eastvyarc{ ‘g'rvadlept lj:).;trl‘lwarﬁgrra‘dlgnt 35 St. Patrick’s Day Storm Eisgt}yarol ngevxdierult Ij::;t;w‘asgvl‘qrgdl‘gnt 35
I X'\ :3 I \ = March 17’ 2015 “ / ‘ \ 9 b ol =
10 7, G4 severe geomagnetic storm with a Kp index of 8 and Dst of -223 nT. e / A ( e | o L
o 3 Storm main phase 16 — 22 UT. g £ RS- o 3
= ; ] =
- . = | o B
<10 U GIX & NeGIX & TEGIX (spatial scales 30 — 200 km) v & | A =kl
-20 S -20
iz T

R o -30 Strong agreement is seen between the ground- and space-based indices, i e e e 30

especially for the meridional component.

Eastward gradient  Northward Northward gradient

> 30
g S S A\
> / ‘ 20 Differences may be due to their different technical definition and ¥/ | o M
60°N - . .. . vl . Y ot
10 % geometrical distribution of measurements. A~ s >>1 [10 %
> . > ] -
— 0 B — | 0 2
_— . _ ~10% A combined/complimentary use may provide insights into altitude ‘ -10F
Syl ;-,\ﬁ' ; 355 dependencies and extend coverage over oceans & remote regions. = >
Yk 0 55N st
<7 X e = ool 3 i
10 10°E 20°E 10°W 0° 10°E 20°E =30 10°W  0° 10°E 20°E 10°W 0° 10°E 20°E =30
16 Cahuasqui et al. (2025) — JSWSC Swarm 10-Year Topical Issue
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3. lonospheric Indices during perturbed conditions /_#7
Comparison GIX vs. SIDX vs. ROTI DLR

St. Patrick’s Day Storm
March 17, 2015

March 17-18, 2015

G4 severe geomagnetic storm with

60 460°-75°N - 60 A -7
40 - 40 - ‘31 ! a Kp index of 8 and Dst of -223 nT.
20 _\v//\\mw 20 ¥ o i Il Storm main phase 16 — 22 UT.
- - k —_ |1
S o= ; n © < o4
%4 60 445°-60° < 60 145°-60°N £ , |45°-60°N 0 GIX & SIDX < ROTI
O 40 - 5 D 2
= 20 ‘ | E AL E 21 At high-latitudes — strong peaks,
2 M s A ] = 1 Mo .
< 0- > v . g 0 - MAA small-scale changes, particle
m . °_AK©° 9 = o_ o i | T o_ o . . .
© 60 430°-45°N ek Tl& ig 30%-45°N - ohy x 4_307 45°N  __ pory precipitation.
il TP 56 T1 PV g 1 TTRPHe At mid-latitudes — strong peak
20 MM 0 A AN 1 - clearly demonstrating spatial
0 11— B I P S 0 gradients.
0 12 24 36 48 0 12 24 36 48 0 12 24 36 48
Hours past March 17, 2015 00:00 (UTC) At low-latitudes — GIX has
Nykiel et al. (2024) moderate gradients, while SIDX
and ROTI show no significant
variations.
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3. lonospheric Indices during perturbed conditions /_#7
Comparison GIX vs. SAPOS 195 vs. SWEPOS Monitoring

lonosphérischer Index 195 vom 17.03.2015 (076)
berechnet mit YWaSoftVirtuell 3.0

LGLN - Landesamt fiir Geoinformation und Landentwicklung Niedersachsen

@ St. Patrick’s Day Storm
o _ March 17, 2015
d ) é Strong 1
0S8 N — G4 severe geomagnetic storm with a Kp index of 8 and Dst of -
: - _ N 223 nT. Storm main phase 16 — 22 UT.
2 3 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 0 1 D GIX P —3 SAPOS |95 ——3 SWEPOS Ionosphere Mor“tor
MEZ : Mitteleuropdische Zeit (UTC + 1)

Date: 2015-03-17

GIX aligns well with existing indicators of disturbed GNSS
conditions, such as the German SAPOS and Swedish
SWEPOS networks.

40 4

mTECU km~!

GIX

30

201

It shows strong potential as a regional proxy and early-
warning indicator of ionospheric disturbances.

10

o] PR P P LN N

UT (hours)

Scaling and combined analyses will further enhance
) il T interoperability among different ionospheric indices.
SWEP®S .0 |
R e :‘I’: ﬁi VURRVAY
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3. lonospheric Indices during perturbed conditions /_#7
Comparison GIX vs. ROTI — Mother’s Day storm oL

Mother’s Day Storm

May 10-11, 2024
May 10 - 11, 2024

60 - 60°-75°N 34 60°-75°N
A 2 G5-level superstorm with a Kp index of 9 and Dst
29 19 of -412 nT. Storm main phase 17 — 3 UT (May 11).
g 0 7 e e D Tew P PR R RN S N KW S KRN ERW | e 0 il ==l — 08— — kR
£10
S 601 45°-60°N| E o'g 45°-60°N O GIX < ROTI
O =
d 0.6 A . 4 .. .
Li'—EJ 40 ﬁ 0.4 - Both indices characterize ionospheric
z 20 1 E 8-5 g perturbations but in a different manner.
>< O 7 | [ [t [ DENE O [UEM VRN NI JONE ol b RRA R OO0 | O ° 7 1 ! TG I PR AN SN OEEE SR Emni MEm hom hmm e o - -
® g5 spias & 10 - TR LT At hlgh-latltufies - str.or_1g peaks, small-scale
——GIXV-—GIXVes 8'2 changes, particle precipitation.
40 - .6 1
) 0.4 1 At mid-latitudes — strong peaks demonstrating
0 -m 0'0 i gy =g === == =0 = =B B8 |arger Spatial gradients.

12 24 36 48 0 12 24 36 48
Hours past May 10, 2024 00:00 UTC

o

At low-latitudes — GIX has a moderate peak,
and a weak peak is also detected by ROTI.

Figure provided by Grzegorz Nykiel
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3. lonospheric Indices during perturbed conditions
Comparison GIX vs. SAPOS 195 vs. SWEPOS Monitoring

lonospharischer Index 195 vom 10.05.2024 (131)
berechnet mit WaSoft/WaV?2

DLR

LGLN - Landesamt fiir Gecinfermation und Landesvermessung Niedersachsen

Mother’s Day Storm
May 10, 2024
4 POS® ' : N ] . .
e torate e G5-level superstorm with a Kp index of 9 and Dst of -412 nT.
] Storm main phase 17 — 3 UT (May 11).
) SerrerRREe
zl " !%l_lsl_lél l " 5 " 0 GIX & SAPOS 195 & SWEPOS lonosphere Monitor

MESZ : Mitteleuropaische Sommerzeit (UTC + 2)

cweUngestdrt —— geringe Stérungen = starke Stdrungen
Date: 2024-05-10

::_ T GIX aligns well with the German SAPOS and Swedish SWEPOS
B monitoring indices.

GIX E£7

mTE

“ 5 It confirms its strong potential as a regional proxy and early-
\=ﬂ 1 88 5 T 3 warning indicator of ionospheric disturbances.
o Scaling and combined analyses will further enhance
5 Gotaland (southern Sweden interoperability among different ionospheric indices.
TN
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4. Conclusions
DLR

» Complementary ionospheric indices capture processes
across different spatial and temporal scales.

» Joint ground- and space-based analyses improve
understanding of ionospheric dynamics and effects on
GNSS.

» Scaling relations between indices strengthen
interoperability and practical use.

» Indices as early-warning tools can complement national
systems in the navigation/positioning domain.

» DLR indices (GIX, SIDX, NeGIX, TEGIX) address medium-
scale gradients and have the potential to support near-

DLR Neustrelitz

real-time services. Thank you!
» NeGIX (NIX) and TeGIX (TIX) Swarm products are publicly Dr. Juan Andrés Cahuasqui
available via https://swarm-diss.eo.esa.int. Department of Space Weather Observations

Institute for Solar-Terrestrial Physics

> DLR IMPC provides operational and scientific products

. . Kalkhorstweg 53
via www.impc.dlr.de. alkhorstweg

17235 Neustrelitz, Germany
E-mail: Andres.Cahuasqui@dIr.de
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