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Magnetosphere – Ionosphere – Thermosphere coupling

NASA/J. Grobowsky

• Interaction between the
Sun and the Earth (not 
only magnetically) drives 
a multitude of physical
phenomena

• The MIT coupling and 
associated effects are
most pronounced at high
latitudes.



Plasma instabilities in the ionosphere lead to irregularities at various scales. 

Some of phenomena in the ionosphere affect technological systems, such as 
the Global Navigation Satellite Systems (GNSS) or power grids.

Magnetosphere – Ionosphere – Thermosphere coupling

ESF, Echoes of Jicamarca radar 
(Woodman and Chau, GRL 28, 207, 2001)

Illustration of irregularities 
affectinng GNSS signals. 
Ahmed, W. A. et al. Proc. SPIE 10425, 
104250A, 2017 

Gradient drift instability

I Polar cap patches
have two edges,
i.e., strong plasma
density gradients.

I The trailing edge
is instable to the
gradient drift
instability.

I the GDI creates
small scale-scale
plasma density
structures.

L. B. N. Clausen (UiO) MTR Jan 2016 6 / 13Evolution of the Gradient Drift 
Instability
Gondarenko & Guzdar 2004



EISCAT – radar, Superdarn, Optical studies, TEC receivers

(Svalbard: Ny Alesund, Longyearbyen, Hornsund; Skibotn; Antarctica)

Cluster, Swarm, ACE etc.

IONOSPHERE

How to study the ionosphere?



Arctic – sounding rockets



Langmuir probes – m-NLP system

NORSAT1 - satelliteSpace simulator at UiO

m-NLP system for a cubesat



https://www.grandchallenge.no/

Arctic – sounding rockets



Arctic – sounding rockets

ICI-2 05. Dec 2008, 1037 UTC

Spicher et al. JGR 120, 10959, 2015



Arctic – sounding rockets

ICI-2 05. Dec 2008, 1037 UTC

Spicher et al. JGR 120, 10959, 2015



Spicher et al., JGR 121, 10446 (2016)

Growth rate of the inhomogeneous 
energy-density-driven instability (IEDDI)

Arctic – sounding rockets

ICI-3 03. Dec 2011, 0721 UTC

EISCAT 
results



Jin et al, SWSC, 2014

Polar cap patches – ground based observations

Edges of polar cap

patches are associated

with higher values of

sigma_phi scintillation

indices

All-sky-imager and GISTM data from Svalbard / NYA – Jan 13, 2013



Polar cap patches – ground based observations

Jin et al, SWSC, 2014

When a PCP enters

auroral oval the

structuring is largest. 

All-sky-imager and GISTM data from Svalbard / NYA – Jan 13, 2013



All the three Swarm satellite are equipped with a 
set of six instruments:

Absolute Scalar Magnetometer (ASM)
Vector Field Magnetometer (VFM)
Star Tracker (STR)
Electric Field Instrument (EFI)
GPS Receiver (GPSR)
Accelerometer (ACC)

Swarm – long term in-situ monitoring



Spicher et al. GRL 42, 201, 2014

Polar cap patches detected by Swarm

Swarm passes, 29 Dec. 2013LYR ASI



• Detect edges by 
finding the average
background density
inside the patch
proper

• And searching for 
when the
foreground drops to 
within 30% of that
level

Polar Cap Products



Time duration of patch observations
(tp) in each MLAT/MLT bin
normalized by the time spent by the
Swarm satellite (tS) in the respective
bin, i.e., P ≡ tp/tS. Results for (a and c)
Swarm A and (b and d) Swarm B.
Data for 9 Dec 2013 – 1 Aug 2016.

Polar cap patches - statistics

Spicher et al. JGR 122, 3837, 2016



Patch occurrence rate (number of patches normalized by the number of hours, hPC, spent by the satellite in the polar cap above
|MLAT|=77∘) observed by Swarm A (blue) and Swarm B (red). (top) The Northern Hemisphere (NH) and (bottom) the Southern 
Hemisphere (SH). The black horizontal lines highlight local wintertime taken between both equinoxes, and the vertical cyan and 
orange dashed lines mark local winter and summer solstices, respectively.

Spicher et al. JGR 122, 3837, 2016

Polar cap patches - statistics



An example of the parameters during one full orbit from the South to the North. The equatorial ionosphere 
show smooth variation in the early morning (10 LT), while the ionosphere at high latitudes shows 

irregularities. 

Jin et al., JGR 2022

IPIR – Ionospheric Plasma Irregularities by Swarm

	 Data,	Innovation,	and	Science	Cluster  
 

Swarm-IPIR	Description	of	the	Pro-
cessing	Algorithm	
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An example of the parameters during one full orbit from the North to the South. The equatorial 
ionosphere is characterized by plasma bubble (density depletion region) during premidnight morning 

(22 LT). The high-latitude ionosphere is characterized by polar cap patches and auroral blobs. 

IPIR – Ionospheric Plasma Irregularities by Swarm

	 Data,	Innovation,	and	Science	Cluster  
 

Swarm-IPIR	Description	of	the	Pro-
cessing	Algorithm	
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Density
• Rate of change of Density (ROD),

• Rate of change of Density Index in 10 seconds (RODI10s),

• Rate of change of Density Index in 20 seconds (RODI20s),

• filtered Ne fluctuations in 10 seconds (Delta_Ne10s),

• filtered Ne fluctuations in 20 seconds (Delta_Ne20s),

• filtered Ne fluctuations in 40 seconds (Delta_Ne40s),

• Ne gradient in 100 km scale (Grad_Ne@100km),

• Ne gradient in 50 km scale (Grad_Ne@50km),

• Ne gradient in 20 km scale (Grad_Ne@20km),

• Ne gradient near the edge of a polar cap patch 

(Grad_Ne@PCP_edge). 

TEC
• Rate of change of TEC (ROT), 

• Rate of change of TEC index (ROTI).

IPIR index 
++ IBI, PCP, foreground, background densities, IPIR index, etc.

IPIR: ca. 30 entries, 1Hz data ROD : time derivative of the electron density: 

!"#(t) = ()(* + ∆*) −()(*)
∆*

We use 2Hz Swarm data for accounting for small scale 

fluctuations, ∆* = 0.5 1)23451. 

RODI10s (RODI20s) is the STD of ROD in a running 

window of ∆* = 10 (20) : 

!"#6 t = 1
( − 1 8

9:;<=∆</?

9:;<@∆</?
!"# tA − !"# ?

where !"# is the mean of !"# tA :

!"# = 1
( 8

9:;<=∆</?

9:;<@∆</?
!"# tA
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High-Latitude Plasma Irregularities Observed by Swarm 

Satellites: Statistics from the Swarm IPIR Data Product 
Yaqi Jin, Chao Xiong, Andres Spicher, Lasse Clausen, Guram Kervalishvili, Claudia Stolle, Wojciech Miloch 
1Department of Physics, University of Oslo, Oslo, Norway 2Helmholtz Centre Potsdam, GFZ, Potsdam, Germany 

Figure 3. Climatology of plasma irregularities in MLAT/MLT coordinates using data from 
the LP (A) and GPS (B).   

Irregularity parameters from Swarm  

Summary 
i The Swarm IPIR dataset can well reflect the high-latitude ionospheric irregu-

larities.  
i Similarities and differences between TEC and Ne parameters at high latitudes:  

 The spatial distributions of Ne and TEC are similar. 

 RODI are more confined in the central polar cap, while ROTI are located both in 
the polar cap and along the auroral oval.  
i The irregularities show clear solar cycle and seasonal variations in both hemi-
spheres. 

Typical observations at high latiutdes  

Climatological Spatial Distribution The IPIR concept  

Swarm Datasets 

References 

i Level 2 data, TECxTMS_2F: GPS TEC data, 
upon availability (data might also be  deri-
ved from Level 1b (RINEX) GPSX_RO_1B da-
ta).  

i Level 1b Plasma products, EFIx_PL_1B, 2Hz data 
from EFI; mainly Ne, but also Te. 

i Level 2 data, IBIxTMS_2F: Ionospheric Bubble In-
dex (IBI) for equatorial regions.  

i Polar Cap Products (PCP): detecting and cha-
racterizing polar cap patches in the polar caps.  

i Level 2 data, FACxTMS_2F: Field Aligned Current 
(FAC), for detecting the boundaries of auroral zo-
nes. 

i Other products: e.g., MAGx_LR_1B Product. 

Figure 2. An example of the derived irreg-
ularity parameters from Swarm A on December 21, 2014. (a) The GPS TEC map in the 
Northern hemisphere in a MLAT/MLT coordinate system.  The Feldstein auroral oval is 
plotted in solid magenta curves. (b) The small-scale FAC derived from Swarm A (black) 
and the large-scale FAC derived from Swarm A and C (blue). The vertical green and blue 
lines show the equatorward and poleward auroral boundaries that are derived from the 
small-scale FAC. (c) The electron density (red), background electron density (bNe, cyan), 
two times the background electron density (2*bNe, magenta). (d) The rate of change of 
density (ROD, red), rate of change of density index in 10 s (RODI, black). (e) The electron 
density gradients (∇  ) in a running window calculated via linear regression over 27 (5) 
data points for the 2 Hz electron density data, which corresponds to a spatial scale of 100 
km (20 km) for Swarm. (f) GPS TEC from all available GPS satellites. (g-h) rate of change of 
TEC (ROT) and rate of change of TEC index in 10 s (ROTI). ROD, ROT, and ∇   are rectified 
to show their absolute values. The shaded regions present the dawn and duskside auro-
ral oval which are derived from the small-scale FAC data.  

Figure 1. The Swarm satellite.  

To develop a new high-level data product, the Ionospheric Plasma Irregularities (IPIR) prod-
uct that can characterize the ionospheric plasma irregularities and fluctuations by using 
measurements from Swarm satellites. 

Jin, Y., Spicher, A., Xiong, C., Clausen, L. B. N., Kervalishvili, G., Stolle, C., Miloch, W. J. (2019). Ionospheric plasma 
irregularities characterized by the Swarm satellites: Statistics at high latitudes. Journal of Geophysical Rese-
arch: Space Physics, 124. https://doi.org/10.1029/2018JA026063 

The data can be accessed through http://tid.uio.no/plasma/swarm/IPIR_cdf/. Data can be also taken from 
swarm website: https://swarm-diss.eo.esa.int/#swarm (IRR) 

Figure 4. The seasonal variations of the ionospheric parameters from the LP (red, left axis) 
and GPS (black, right axis). (a) The monthly averaged electron density and vertical TEC and 
(b) RODI and ROTI in the central polar cap (poleward of ±81° MLAT). 

x TEC onboard swarm (TEC, ROT, ROTI) x Langmiur probe (ROD, RODI) 
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x TEC onboard swarm (TEC, ROT, ROTI) x Langmiur probe (ROD, RODI) 

Climatology of plasma irregularities in MLAT-MLT coordinates using data from the LP (A) and GPS 
(B) from Swarm A. MLT noon is to the top and dawn is to the right. 

Jin et al., JGR  2019.

Climatology of plasma Irregularities

Seasonal variations of the ionospheric 
parameters from the LP (red, left axis) 
and GPS (black, right axis). 
(a) Monthly averaged electron density 

and vertical TEC.
(b) (b) RODI and ROTI in the central 

polar cap (poleward of ±81° MLAT).



Jin et al., JGR  2019.

Climatology of plasma Irregularities

nightside auroral oval. The plasma density (Ne, TEC) in the SH during 2014 is more disordered, where the
high‐density regions can be found in the early morning and postdusk. This may be due to the fact that the
data in 2014 are from July to December and Swarm uses ~131 days to complete observations for all local
time sectors. See video ms01 in the supporting information for the orbital coverage of Swarm.

Swarm only covers a certain local time sector during one month, but the coverage near the central polar cap
(poleward of ±81° MLAT) is very good. See videos ms01 and ms02 in the supporting information for obser-
vations and coverage of Swarm during each month. We therefore present the monthly averaged density and
irregularity parameters in both polar caps in Figure 8. In the NH, the monthly averaged Ne and TEC show a
well‐defined semiannual variation during solar maximum in 2014–2015, that is, high ionization during

Figure 6. From top to bottom, the spatial distribution of the (first row) electron density, (second row) vertical TEC, (third row) density gradient at 100 km scale, and
(fourth row) RODI and (fifth row) ROTI from 2014 to 2018 in the northern hemisphere. Each panel is presented in MLAT‐MLT coordinates such that noon is to the
top and dawn is to the right. The unit of each parameter is the same as the previous figures.

10.1029/2018JA026063Journal of Geophysical Research: Space Physics

JIN ET AL. 13



Jin et al., JGR  2019.

Climatology of plasma Irregularities

equinoxes and low ionization during winter and summer solstices. The seasonal variation becomes less
obvious when the solar activity is becoming very low after 2016 and the plasma density behaves more like
the annual variation with the high density during summer and low density during winter. The polar cap
ionosphere in the SH suggests annual variation with respect to local seasons, where Ne and TEC are
higher from August to April and they decrease to very low values near June solstices (local winter in the
SH). It is interesting to note the intersection of the NH and the SH data near the equinoxes (March/April)
when the NH and the SH have similar sunlight conditions and therefore similar ionization due to solar EUV.

Figure 8b shows the monthly averaged RODI (red) and ROTI (black). Surprisingly, RODI and ROTI in the
NH and the SH show different variations with respect to local seasons. In the NH, RODI and ROTI are high-
est from autumn equinox (September) to spring equinox (March) with a slight decrease near the winter sol-
stice. This variation is less pronounced when the solar activity becomes very low after 2016. The seasonal

Figure 7. The spatial distribution from 2014 to 2018 for the southern hemisphere.

10.1029/2018JA026063Journal of Geophysical Research: Space Physics

JIN ET AL. 1275



Kotova et al., SWSC  2022.

Climatology of plasma Irregularities



Kotova et al., SWSC  2022.

Climatology of plasma Irregularities

Auroral region / High latitudes



Kotova et al., SWSC  2022.

Climatology of plasma Irregularities

Polar cap



Creating models!

Progress Meeting #4| 23rd September 2021

Swarm + Ionosphere
Contract no: 4000130562/20/I-DT 

LP 2Hz
FP 16 Hz

IMFogram

FP 16 
Hz

Example model: Polar model of |GradNe@100km|

!"#$%&@100 = exp −1.9 + 5.341056 7 8107:; + 9.141056 7 <=>? +
+ (…) + 1.341056 7 CD<_F

6

F10781 81 day average of the F10.7cm solar flux, centred on the day to be updated
|MLAT| Absolute value of magnetic latitude (in degrees)
SYM_D The longitudinally symmetric disturbances to the terrestrial magnetic field perpendicular to 
the dipole axis

Models created for Ne, |Grad_Ne@100km|, |Grad_Ne@50km|, 
|Grad_Ne@20km|, and the IPIR index in the polar, auroral, mid-latitude and 
equatorial regions.



Antarctic stations



Antarctic stations – AGATA initiative

International effort in sharing data 
and establishing complementary
infrastructures in Antarctica. 

Alfonsi et al., Surv. Geophys. 2022

AGATA

The Antarctic Geospace and ATmosphere reseArch (AGATA) 
Programme Planning Group is a coordinated, worldwide 
effort to monitor, investigate and better understand the 
physics of the polar atmosphere and the impact of the 
Sun-Earth interactions on the polar regions.

AGATA will take advantage of existing and planned 
instrumentation in Antarctica, but also in the Arctic and 
satellite-based observations, and it will aim for coordinated 
research efforts and data exchange. 

This bi-polar perspective will allow the study of significant 
interhemispheric asymmetries in the atmospheric response 
observed in the polar region



Antarctic stations – AGATA initiative

nicolas.bergeot@oma.belucilla.alfonsi@ingv.it

https://www.scar.org/science/agata/home/

mailto:nicolas.bergeot@oma.be
mailto:lucilla.alfonsi@ingv.it
https://www.scar.org/science/agata/home/


Antarctica: Troll Research Station in Dronning Maud Land

Photo: NILU

8

fra britisk side gjentatte ganger 
gitt uttrykk for at man ville stille 
seg velvillig til et eventuelt norsk 
suverenitetskrav på det antarktiske 
fastlandet, men Norge valgte like-
vel å føre en tilbakeholden politikk 
i dette spørsmålet. 
 
Den direkte foranledningen for 
anneksjonen av Dronning Maud 
Land var rykter om tysk interesse 
for samme område. I desember 
1938 var polarforskeren og 
lederen for Norges Svalbards- og 
Ishavs-undersøkelser (senere 
Norsk Polarinstitutt) Adolf Hoel 
på reise i Berlin. Ved en tilfeldighet fanget han opp at 
en tysk ekspedisjon var på vei til Antarktis. Hoel forsto 
at det dreide seg om det samme området på Antark-
tiskontinentet som Norge hadde planer om å annektere, 
og underrettet Utenriksdepartementet. Fra da av skjedde 
ting raskt. Hoel skrev en redegjørelse om utforskningen 
av den sektoren Norge hadde i sikte. Den 5. januar ledet 

statsminister Nygaardsvold et møte hvor Hoel deltok 
sammen med utenriksminister Koht, flere andre stats-
råder, folk fra hvalfangstnæringen, folkerettseksperter  
og forskere. Resultatet ble at regjeringen raskt for- 
beredte en anneksjon, som fant sted den 14. januar 
1939, noen dager før den tyske ekspedisjonen ankom  
de samme områdene. 

Grytøyfjellet, 2695 m. o. h., i Mühlig-Hoffmanfjella, Dronning Maud Land. Foto: S. Tronstad. Norsk Polarinstitutt.

Troll Ionospheric Observatory: all sky imagers and GISTM receiver (as of 2022)



Skjæveland et al. JGR 2021

Ø Elevated scintillation indices are associated with flow shears at the edge 
of convection pattern during the substorm expansions phase.

Ø Similar behaviour in the NH conjugate point (scintillation data not shown).

Case study: 26-27 februar 2018

manuscript submitted to Journal of Geophysical Research: Space Physics 

 14 

noticeable at Bjørnøya, Jan Mayen, and about 25 minutes later in Longyearbyen. This indicates 270 

the expansion of the auroral oval and increasing activity, in accordance with the AE index. 271 

Indeed, at Jan Mayen the H component dips down to -1200 nT at midnight. The recovery takes 272 

about one hour with noticeable variations in the magnetic afterwards. In Greenland one can 273 

observe some disturbances after 23:30 UT, and they are more positive. At 02:20 UT, the H 274 

component dips down to -250 nT in Narsarsuaq. There are some fluctuations in the magnetic 275 

field on Iceland before midnight and a slight decrease to about -200 nT afterwards until 03:00 276 

UT with a short-time positive variation at ca. 01:05 UT. In the Faroe Islands it is rather quiet 277 

until just before midnight. After midnight, a slightly stronger magnetic field is observed, the 278 

aftermath of small variations, but at a lower frequency than the other stations. The stations in 279 

Antarctica show no activity until just before midnight, when there is a slight dip, with a 280 

subsequent slight increase. From midnight until 04:00 UT there are only small fluctuations. 281 

 282 

Figure 4. Variations in the H FRPSRQHQW�RI�WKH�(DUWK¶V�PDJQHWLF�ILHOG�DV�D�IXQFWLRQ�RI�WLPH�283 

between 22:00 UT February 26th and 08:00 UT February 27th. The magnetometer stations shown 284 

are: Longyearbyen (LYR), Bjørnøya (BJO), Jan Mayen (JAN), Leirvogur (LRV), Faroe Islands 285 



Case study: 26-27 februar 2018

Skjæveland et al. JGR 2021

DMSP satellites confirm 
strong variations in plasma 
density and velocity at the 
edge of the expanding auroral 
oval.

This is associated with highest 
levels of the phase scintillation 
indices.

(center) Data from SANAE-IV (South 
African research station) and Troll 
(Norwegian research station).
(left/right) data from DMSP satellite.



Case study: 10-11 May 2019

SANAE-IV and Troll

Ø Onset of the magnetic substorm
associated with ionospheric structuring. 

Observations by 
satellites in L1 point
and ground based
magnetometers

Alfonsi et al., Surv. Geophys. 2022



Case study: 10-11 May 2019

TrollAlfonsi et al., Surv. Geophys. 2022



Case study: 10-11 May 2019

TrollAlfonsi et al., Surv. Geophys. 2022



Case study: 10-11 May 2019

SuperDARNAlfonsi et al., Surv. Geophys. 2022



Case study: 10-11 May 2019

All sky imager and magnetic field data for the South 
Korean Jang Bogo Station
Ø Substorm onset at 12:20 UTC.
Ø Strong auroral emissions and ionospheric currents.
Ø Additional measurements of neutral winds – study

of auroral heating. 

Alfonsi et al., Surv. Geophys. 2022



Case study: 10-11 May 2019

SuperDARN

Ø Convection patters based on the radar network meaurments and model. 
Expansion during the onset and strong velocities..

Alfonsi et al., Surv. Geophys. 2022



Troll Observing Network – TONe: 2022-2033

Through the TONe project we will deploy an 
ionosonde to study the ionospheric structuring 
and its dynamics in great detail.

We also plan to install a magnetometer.

https://www.npolar.no/en/tone/

https://www.npolar.no/en/tone/


Ionospheric Observatory @ Troll 

GISTM: 
GNSS Ionospheric Scintillation and TEC Monitor      
(GPStation6) 

Imager #1

Automatic All Sky Camera Sony a7ii
Monitoring cloud cover
Monitoring aurora in true color

Imager #2

KeoSentry Imager : spectral filter camera for monitoring
spectral emissions (660.0 nm, 557.7 nm, 427.8 nm) 

Ionosonde
Digisonde / DPS4D
To operate from 2024/25



Opportunities for ECR…

• Data is there and there will be much more!

• There are new techniques for modeling and data processing
• Join our efforts!
• What happens now will «bring fruits» in 5 years.

• AGATA – it is a unique platform for collaborating within space science in 
polar regions; studying coupling between different layers of
atmosphere: research stays abroad, joint projects, capacity building, 
networking, and mentoring.

AGATA

https://www.scar.org/science/agata/home/
lucilla.alfonsi@ingv.it
nicolas.bergeot@oma.be

https://www.scar.org/science/agata/home/
mailto:nicolas.bergeot@oma.be


4DSpace concept, credits: ASC

Thank you!

Roadmap towards understanding 
and modelling of irregularities:
• Ground based instruments
• LEO satellite and rocket data
• Extensive statistical studies
• Physics-based space weather data 

product and models

=> Creating models and forecasting of 
ionospheric conditions and scintillations 
in the polar regions.

Polar ionosphere -> a roadmap for  ionospheric plasma irregularities

European Union's Horizon 2020 research and 
innovation programme (ERC Consolidator 
Grant agreement No. 866357, POLAR-4DSpace


