' CENTEREOR// 4/
{@GS GEOSPACE STORMS -

/

/ /A A/
izl g 7 Z
/ / 4 //
/ / / / e 7
Vv /
“,/ / /

geomagnetic stor Wf

|

\

matina.gkioulidou@jhuapl.edu



mailto:matina.gkioulidou@jhuapl.edu
http://cgs.jhuapl.edu/




Who am |I?

* Physics major - turned ring-current modeler - turned NASA's Van Allen Probes
mission data analyst - turned instrument lead on NASA's Interstellar Mapping and

Acceleration Probe (IMAP) mission - turned project scientist of the IMAP mission

* Today | am wearing my Center for Geospace Storms (CGS) Data Analysis Section

Head

Yasm (Re)

Xasu (Re)

July 9, 2025 3

JOHNS HOPKINS

:C APPLIED PHYSICS LABORATORY



Lessons Learned

* Trying something new can lead you to something you never imagined you’d enjoy
doing.

* Just like NO model is perfect, NO Data is perfect either! If anything, it takes a LOT
of work to make it as good as possible.
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Magnetic Field Variations During Geomagnetic Storms

In 1916 Adolf Schmidt attributed the “main phase decrease” of the horizontal component ¢
the magnetic to the existence of a ring current.
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Inflation of the Inner Magnetosphere During a Geomagnetic Storm

Inflation of the Inner Magnetosphere during a Magnetic Storm

Lavrence J. CaHILL, JR.
University of California, San Diego, at La Jolla

A great magnetic storm commenced on April 17, 1965. Explorer 26 carried a moving mag-
netic observatory through the inner magnetosphere, L = 2 to L = 6, many times during the
development and recovery of the storm, The main phase was asymmetrical and was ap-
parently caused by the rapid growth of a large body of charged particles in the evening and
late afternoon quadrants. The recovery phase was more symmetrical and appears to be due
to inflation of the magnetosphere by a belt, centered at L = 3.5 on the equator, of charged
particles encircling the earth. The decay time constant of this belt was about 4 days.

25 30 35 40 45 50 55 60 65
L

Cabhill, [1966]
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Disturbance storm time (Dst) Index

= Dstindex is an index measuring the disturbance of the
horizontal component of the ground magnetic field (array of
equatorial magnetometers around the globe)

= Based on the Dst index variation, the evolution of a typical
geomagnetic storm is divided into:

= sudden commencement
= main phase
= recovery phase

Dst NETWORK
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HELIOPHYSICS SYSTEM OBSERVATORY
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Geospace storms are unique events
“Climbing mount improbable” (R. Dawkins)

« (Geospace (geomagnetic) storms are a
relatively rare occurrence and how they
unravel is determined by a confluence of
multiple factors across the Sun-Earth system

CME-driven shock

4
EMBEysheath -

GAMERA-Helio
simulation.

E. Provornikova

A. McCubbin (APL)

Magnetic field Bz component
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Space Weather Effects in Geospace and Beyond
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Textbook transport

Ring current

Solar wind: protons, Helium ions
lonosphere: OF
Energies of tens to hundreds of keV

Pressure

{CGS
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Storm time transport and acceleration with self-consistent
inner magnetosphere models

Producing storm-time ring
current pressures using models
with self-consistent electric
(lonospheric feedback and
shielding) and magnetic (force
balanced) fields, under steady
state convection, is a challenge.
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IN-SITU OBSERVATIONS OF MESOSCALE TRANSPORT IN THE PLASMA SHEET AND
INNER MAGNETOSPHERE

Superposed Epoch Analysis

= % 5

g . * Plasma Sheet (~10-

£ 20 Re from Earth):

= B

5 = Bursty Bulk Flows 3

. (BBFs).

< 15 . . .

& os = Dipolarization Fronts

o 29 (DFs),

= 1 2

= 13 - ® Inner Magnetosphere

g (inside GEO):

F‘C’\ 100 [ [ » [ [

Ay S O e = Energetic ion injections

.8 —60 —40 —-20 0 20 40 60
Runov et al., 2011 [JGR] Superposed epOCh i _mMinule_ssfrom dipolarization onset
analysis of dipolarization fronts and the associated ' . '
particle and BBF signatures in the plasma sheet, Motoba et al., 2018 [JGR]: Superposed
based on THEMIS data epoch analysis of dipolarization fronts

inside geosynchronous orbit based on
Van Allen Probes data
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Mesoscale Processes Are the Bridge Connecting the Local
and Global Nature of Geospace

Understanding geomagnetic
disturbances to the level of
predictability remains elusive,
because we still do not
understand the mesoscale
(1000 km to few RE in the
magnetotail, ~10s-100s km in
the ionosphere) processes

and their global implications.

{QCGS

AAAAAAAAAAAAAAAAAAAAAAAA
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Geospace is a complex system (multi-scale and multi-physics)
Tackling the “tyranny of scales”

» Because of collective cross-scale interactions in stormtime geospace, understanding and predicting space weather
requires models that treat geospace as a whole.

 Mesoscale processes are important because they lead to emergent global behavior.

+ A*“whole geospace model” must include two-way coupling to the lower atmosphere.

Magnetosphere lonosphere-Thermosphere Lower & Middle atmosphere
noon

30 1

Time: +84.25 [min]

20 A

10 A

-
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o
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Solar Wind
IMF: 5.0 [nT], 180.6°
Density: 5.0 [#/cc]

Speed:  400.0 [km/s] mldnlg ht

~0.1-300 Re 70-1,000 km 0-70 km
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A whole-of-geospace simulation of the May 2024 Superstorm

Storms are violent and dynamic disruptions of entire geospace
Time: 43260 - | | & ‘

» Basic process of magnetospheric convection (mass and magnetic flux circulation) is still poorly understood.

4(@ G S w JOHNS HOPKINS 7/9/2025 18
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t\llti\scélle \Atér/ 4pﬁer%os§ce Environment

0 to 2,000/000/krh Altitude

Treating and resolving /

critical mesoscale processes
to discover, understand and quantify
emergent cross-scale dynamics

Magnetosphere

!!\

AtmoSphere

lonosphere

Pressure

Expanded View of
lonosphere/Atmosphere

Electron density

Magnetic Field

Solar Wind C osss—— L ——

MAGE fulfills three
key requirements:

Describes
geospace as a
whole

Resolves critical
mesoscale
processes in all
relevant domains
Couples
geospace and
lower
atmosphere

¥
o\ >
MAG

Multiscale Atmosphere-Geospace Environment

. cgs.jhuapl.edu/
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The MAGE Vision

Multiscale Atmosphere-Geospace Environment
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« MAGE is a complex coupled model
for studying the geospace-
atmosphere system

- Describes geospace as a whole

- Resolves critical mesoscale processes
in all relevant domains

- Couples geospace and lower
atmosphere

« Roadmap of CCMC and OSS
releases

- Available for runs on request at the
NASA CCMC as of April 2024
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i 10950(0M ™) i | | Trappist-1h

GAMERA 4 '- iy | [Sciola]

Solves MHD
equations on
arbitrary hexahedral
grids (non-
orthogonal/singular
coordinates)

Upward FAC

Modern Fortran,

multiple layers of Jupiter : 7 (s
heterogeneous 600 900 1200 1500 1800

parallelism ng++ 2021] |

Standard (Athena) S e T =

MHD tests published G -

(Zhang et al., ApJdS /7 (- e e e 1] (1078 A/m?)
2019) AN e,

Multiple space
plasma applications
(Earth, Venus,
Jupiter, Saturn,
Mercury,
heliosphere)

Enables simulations
that would be
prohibitive unless
high-order numerics
and an adapted grid
were used
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Better models mean better physics
GAMERA: The highest-resolution ever global magnetosphere simulation
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Mesoscale processes with global effects:
Quantifying the contribution of BBFs/bubbles to storm-time ring current buildup
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7.5

Earthward

i

" -
[Taward] =" "

Hﬁg

=
= o ~1 Re
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- 2.5

- 0.0

=28
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= 50% of the net Earthward transport of plasma energy through the 6 Rg arc is contained within BBFs
= Serves as a lower bound of the total contribution of bubbles to the ring current

= Return flows (tailward flows within boxed regions) transport outward an average of 40% of thermal energy
transported inwards by bubbles

= |Important to consider when quantifying the net contribution of bubbles to the ring current, just considering
Earthward flows will overestimate

4><<C: G S JOHNS HOPKINS July 9, 2025 23
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What is the auroral manifestation of the multi-scale,
storm-time magnetospheric transport?

Mesoscale auroral forms: a manifestation of magnetospheric
processes and M-l coupling

Auroral streamers

« Statistically associated with the occurrence of fast flows and injections in the

nightside magnetosphere, as they have been locally observed by in-situ satellites.

 What governs the fate of a streamer is still unknown: sometimes they turn
into omega bands and sometimes their equatorward motion is stopped leading to
a larger scale west-east expanding auroral intensification, hypothesized to be
associated with fast flow braking and divergence as the injections move from the OmegaBiand ©

more stretched outer to the more dipolarized inner magnetosphere.
Giant undulations

» mirror of omega bands on the equatorward edge of the duskside auroral oval
observed during the early main phases of storms.

 How to they occur?

Omega bands

« a series of undulations on the morning auroral oval observed during the deep
main phase of geomagnetic storm, co-located with potentially hazardous
ground magnetic disturbances leading to geomagnetically induced currents.

 How do they occur?

Polar UVI observations of an auroral streamer  Schematic of a streamer formation

2013-03-17 10:30

0634 UT

POLAR VIS images
after Henderson et al. 2002

Global geospace simulations of Omega
bands after Sorathia et al. 2023

Early Injections and Undulations

SM-Y [Re]

Giant.undulations
Nov 9, 1998

o
ASI observed streamers (§) and GUs () 0.028 - m
g - o 2

Flux Tube Entropy [nPa (Re/nT)¥]

CM:X (R;II
DMSP/OLS imagery Global geospace simulations of Giant Undulations
after Henderson et al. 2010 after Sorathia et al. 2024
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Mesoscale processes with global effects

Dawnside Current Wedge (observations)
Stormtime electrojet: Dawnside wedge current system?

Repetitive feature during storms
] ; Tl (d)o0:3s5uUT (h) 00:35 UT A
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Midlatitude grqund dB skewed Model requirements: global magnetosphere, ring current, ionospheric
dawnward during strong storms outflow, plasmasphere, precipitation and thermosphere
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Mesoscale processes with global effects
Dawnside Current Wedge (simulations)
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» A dusk-biased ring current asymmetrically inflates the magnetotail.
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dawnside plasma sheet and into the inner magnetosphere, which creates &; §
multiscale enhancement of the AEJ = \ AN
5 6 7 8 9 10 11 12 13 14
| e— ] e —
4’((:6 S JOHNS HOPI -40 -20 0 20 40 -4 0 4 0 5 10 15 20 25

APPLIED PHYSICS LAB( Residual Field [nT] Equatorial FAC [pA/m2] Energy Flux [ergs/cm?]



Geospace |s a complex system

- Poorly
£ It is coupled strongly acrﬂss dem s and scales | ' constrained
e am\\ | “The tyranny of - initial &
= = e | scales” - boundary
=== e * | conditions
Characterizin
g and
predicting
this system
entirely from
first
_ _ principles is
fu’turec ~ ?:;\\3; ' | not posslble
e teveragmg\ f
. computlng e =
- powerof |
= tomorrow | | Credit: MAGE model simulation by CGS, animation
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,ChaIIQnge\s[n_\_gl\gbal geospace modeling from first principles

Huge dynamical range &
disparate physics
Heterogeneous |
supercomputer architectures
Scalable coupling for
interconnected, multi-
physics, multi-scale systems
New self-consistent physical
models & algorithms
Multigenerational integrated
~ teams of domain and

£ _ : computational scientists,
fu’turec 5= ?::xng' = T—— | research software engineers,
students & postdocs, project

: r‘,,;\fL r — 2
iy aw , i i managers
- computmg Ll | i
- power of _
= tomorrow | | Credit: MAGE model simulation by CGS, animation
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~ Challenges of data assimilation in global geospace

— = ‘ = e ?;;\

— = Use spacecraft constellations
= = = | — ﬂ and remote-sensing
=~ O Leverage better near-Earth
S =l = coverage
‘ g —— Leverage historical data
pa—— —_se = -  Improve model initial &

| boundary conditions

! ,\ - Rectify model

| incompleteness (i.e.,
supply missing physics)

- Develop new data

OutlookTor the \\ N =i P | ingestion/assimilation
fu’turec — %:\\g; i e = methods to achieve data-

— tevera e model fusion

- computlng i =
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- tomorrow ‘ Credit: MAGE model simulation by CGS, animation
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