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Advances in research of equatorial plasma depletions

enabled by the Swarm missions
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Equatorial plasma irregularities
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*  Major event (“convective storm”) in space physics 1000 - o’ 4
o Magnetic field/ionosphere/atmosphere E
interaction = "
o During geomagnetic quiet and disturbed times o 800
o Initiation and growth processes under research 3
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Equatorial plasma irregularities

* Major event (“convective storm”) in space physics
o Magnetic field/ionosphere/atmosphere
interaction
o During geomagnetic quiet and disturbed times
o Initiation and growth processes under research

» Affecting radio wave propagation
o Disturbance / Loss of GNSS signals

Eos, 2016
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Equatorial plasma irregularities

Swarm C 12/2013 - 03/2024

e SAails T SN

Major event (“convective storm”) in space physics
Magnetic field/ionosphere/atmosphere
interaction
During geomagnetic quiet and disturbed times
Initiation and growth processes under research

Affecting radio wave propagation
Disturbance / Loss of GNSS signals

Systematic signatures in the magnetic field

Number of detections of irregularities in the magnetic field (IBI)
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Swarm observations of plasma irregularities

Swarm, 07-Mar-2015, UT: 21:06 - 21:24
* |nsitu data — at about 450 km Plasma Density (N,) —eatC

e Multi parameter, high-precision

N x10° [em™)

MFA Il [nT]
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VTEC [TECU]

VROT [TECU/s]
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Swarm observations of plasma irregularities
Swarm, 07-Mar-2015, UT: 21:06 - 21:24
* Insitu data — at about 450 km - Rlagma Danaity, (M) kPt S
«  Multi parameter, high-precision T o s oo e o oo weeees e et e e e

* Complements remote sensing methods
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Swarm observations of plasma irregularities

Swarm, 07-Mar-2015, UT: 21:06 - 21:24

* Insitu data — at about 450 km mocmoneocmnn Ko<
*  Multi parameter, high-precision (c) Monthly IBP index with F10.7 c.m. = 160 s.f.u.
° Complements remote sensing methods Pacific America Atlantic Africa India Pacific
Lo i : E
* stable and long-term (> 10 years) Dee Sib
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Determining the location of the dynamo source

Field-aligned Poynting flux (Sy)

S|

* F-region winds act as the dynamo

source
EPD * E-region conductivity acts as the
‘ . load
“~” * Well centred within a symmetric
2 ionosphere
Expected

Rodriguez-Zuluaga et al., EPS, 2022; SciRep, 2019.
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Rodriguez-Zuluaga et al., EPS, 2022; SciRep, 2019.

SWARM >

Determining the location of the dynamo source

Field-aligned Poynting flux (Sy)

=
'

1e5 2014-05-02 23:25:30 Lon.=16.5°

nlem™3] o

6E , [mV/m]

Expected Observed

6B, [nT]

* Observations: Swarm mainly observes uni-directional Poynting flux

S| [UW/m?]
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Determining the location of the dynamo source

Field-aligned Poynting flux (S) 30°N
o
30°s 8
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+ * Observations: Swarm mainly observes uni-directional Poynting flux o as — e
o * IGRF/IRI/MSIS: Depending on season, conductivity is not symmetric Ebe | ‘)\50 | (-fﬁ?"\“: J
© ° |
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Rodriguez-Zuluaga et al., EPS, 2022; SciRep, 2019.

Determining the location of the dynamo source

Field-aligned Poynting flux (S )

|
o
N

Expected

mlat equivalent
o
o

o
[

* Observations: Swarm mainly observes uni-directional Poynting flux
* IGRF/IRI/MSIS: Depending on season, conductivity is not symmetric
(meridional winds expected to be the cause)
» The dynamo source may be off-equator
* Cornell physical model: meridional winds determine the “separatrix”

SWARM

DISC*

1Poynting flux
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Co-located observations of plasma depletion and GPS observables

Swarm C 12/2013 - 11/2016

Occurrence rate of loss of GPS signal Plasma irregularities (total count of positive IBl index)

Xiong et al., Space Weather, 2016; AnGeo, 2018.
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Xiong et al., Space Weather, 2016; AnGeo, 2018.
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Co-located observations of plasma depletion and GPS observables

GPS loss occurrence for depletions > 10 x10 m3
(For steep plasma density gradients)

Swarm 12/2013 -11/2015

GPS loss occurrence for depletions < 10 10! m-3
(For shallow plasma density gradients)

Swarm 12/2013 - 11/2015

. : . 5 1800 l ' -
EPI depletion depth > 10.10** m™ EPI depletion depth < 10-10** m™
Loss of GPS signal for at least 1 channel - 1600 + Loss of GPS signal for at least 1 channel y
Tracked GPS signal less than 4 channels Tracked GPS signal less than 4 channels
Loss of GPS signal for all channels i . 1400 Loss of GPS signal for all channels 2
94.7% 95.9% g
’ i 1 £1200
1 £ 1000
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1§ 800
47.5% 3
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200 r
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Stolle et al., Space Weather, under review, 2024.
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Statistical model of occurrence of irregularities

Monthly IBP with F10.7 = 80 sfu
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Stolle et al., Space Weather, under review, 2024.
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Statistical model of occurrence of irregularities: validation
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Solar Radio Flux [F10.7, sfu]

GRACE Ne: 2002 — 2017, +20°mlat, 18-04LT,
F10.7 >80, Hp30< 3

A forecast for a binary event by a probabilistic model is
better the larger the area, A, under the ROC curve is:

300 L ;
200§ RERH L 120
R . | TR LAk . GC=2A-1 Good: GC= 1 Bad: GC=0
‘ | . | z |
+ : : T + + ; 60
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
Year / GC a” ANE) =043
— CHAMP GRACE2 ~—— SwarmA/B/C —— F10.7 P GC ANe <2e] 05cm'3) 0.10
/ GC (ANe > 20105cm3) = 0.76
ROC. CORVE (a) GRACE [18-04 LT], GC = 0.425 (a) RACE [18-04 LT], GC = 0.099 \5) GRACE [18-04 LT], GC = 0.762
V0= 'PERFECT CLASSIFER P e O a 1.0 - s 1.0 - »
& o .. I -~ 5 ] prst ™ i
w08 O 08 - o® ,/ O o8 4 ‘// 8 0.8 '
& 9 j °® /’ Q 0.02 & 3 /’
- @ : s @ ¥ v’ g I 3
g 04" O 06 - P g D ] Y te B o5 IHEKSS=0.62 2
E = E 3] 6 -
3 o ! {/ IS o, 7 HEKSS=0.09 5 ] o
;0-‘*‘ 2 04 |H&/K§ =0.33 2 o4 ,./ 2 o044 : ///
= I == 1 = 1
(2 g i s B ; / a i | 2
3 o2 7] 7 8 bz 0 82 4 y’
o) ] g 1 2 ]
G F = ] all ANe & ] shallow ANe s i steep ANe
- 0 T — 0 T 0.0 0.0 - 0.0 =
0.0 02 oy 0.6 0.8 10 T L | LEN L 200 Rt Axh [EL NN EL BN (L ANE KRR I | | ESLINLANL I IS S N N S B B N N N S S R | | BRI FRJE R BELIEL L SN N S A A |
FALSE POSITINE RATE 0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 06 0.8 10 00 02 04 06 08 10
False Alarm Rate False Alarm Rate False Alarm Rate
LEIBNIZ INST I'l'l';';tz “:@‘ : . . . m.
“'“07,';:;.';*;;gIAP Swarm 10 Year Anniversary & Science Conference 12 April 2024 15 Lelbni é
Association



/
/

22

G b |
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®¥ swarm DISC*
Zakharenkova et al., Space Weather, 2023; COSMIC-2, Wan et al., JGR, 2018; Swarm A,
year 2021, F10.7 = 75 sfu , ANe > 0.6¢10°cm3 2013-2017, Kp < 3, ANe > 0.5¢10°cm™3
a) Post-sunset EPBs (19-00 MLT) b) Post-midnight EPBs (00-05 MLT) - .
Dec it i S e sl v s B L i Merer B Deg 4—itis R e Ty i 15 4 - (a) Occurrence of EPDs 20 30 (b) Amplitudes of EPDs
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Pre-midnight Swarm/CHAMP statistical model (IBI)  Post-midnight
F10.7 = 80 sfu Swarm Charlie 19.01.14 21.99 UT
6 . e .
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25 SWARM
®¥ swarm DISC*
Zakharenkova et al., Space Weather, 2023; COSMIC-2, Wan et al., JGR, 2018; Swarm A,
year 2021, F10.7 = 75 sfu , ANe > 0.6¢10°cm3 2013-2017, Kp < 3, ANe > 0.5¢10°cm™3
a) Post-sunset EPBs (19-00 MLT) b) Post-midnight EPBs (00-05 MLT) - .
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Summary A
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» The Swarm mission convinces with its multi-parameter suite of high-

precision instruments, its constellation and long time operation! 1000 -

» The mission has lead to characterising equatorial plasma depletions
and their effects in multiple disciplines

Altitude (km)
o]
=

¥ o

20:00 21:00 22:00
Local Time 1998/11/03
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Summary

SWARM >

1200
» The Swarm mission convinces with its multi-parameter suite of high-
precision instruments, its constellation and long time operation! 1000
» The mission has lead to characterising equatorial plasma depletions E
and their effects in multiple disciplines =
v 800 -
o
-
Remaining targets: < 800
* Explore seeding mechanisms of plasma irregularities in combination |
with low-inclination orbit satellites and remote sensing data, such as,
the role of upward propagating atmospheric gravity waves 400 < o
|? :
20:00 21:00 22:00
Local Time 1998/11/03
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Summary

» The Swarm mission convinces with its multi-parameter suite of high-
precision instruments, its constellation and long time operation!

» The mission has lead to characterising equatorial plasma depletions
and their effects in multiple disciplines

Altitude (km)

Remaining targets:

* Explore seeding mechanisms of plasma irregularities in combination
with low-inclination orbit satellites and remote sensing data, such as,
the role of upward propagating atmospheric gravity waves

* Forecasting ionospheric scintillation related to these depletions on
GNSS or radar applications at ground and space.

20:00 21:00 22:00

Local Time 1998/11/03
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