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Space weather from Sun to Earth

Causal chain from Sun to Earth, and its geoeffects on ground.



Physics of Space Weather

Solar Wind-Magnetosphere-lonosphere
Coupling System

Plasma Plasma Plasma partially
ionized)

Physical discription:

* magnetohydrodynamics, for large- and meso- scale plasma in interplanetary space and magnetosphere;
o electrostatics, for ionosphere;



The Space Weather Modeling Framework

Space
Weather

[Toth+, 2005]

global MHD model



Geospace Model Products

Geospace Global Geospace Ground Magnetic _
Geomagnetic Activity Plot Perturbation Maps Geospace Magnetosphere Movies

" GEOSPACE GEOMAGNETIC ACTIVITY PLOT

NARHETIC PERTURBATIONS DVER THE POLES PRESSURE

Geospace delta B, Polar (fixed LT) : 2018-09-29 01:11:00 UTC Geospace Magnetosphere Cut Planes, Pressure (nPa) : 2018-09-29 03:51:00 UTC
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Noon-Midnight Meridional Flane

« Solar wind from ACE/DSCOVR, mapping to 32 earth radius ahead of the magnetosphere;

* 5010 60 minutes advanced warning; Details, see: https://www.swpc.noaa.gov/products/



PPMLR-MHD Model

o 3D ideal MHD equations;

» (Cartisian coordiante;

« MUSCL, or PPMLR numerical scheme;

« Up to third order in space;

« finite volume method (FVM);

* Rusanov+HLL type Riemann solvers,
characteristic method;

mixed GLM for divergence B cleaning;
embeded with an electro-static ionosphere;
fully MPI parallelization.

magnetic field lines and plasma flows in magnetosphere from a
simulation during a typical northward IMF condition.

 original version [Hu, et al., 2007];
« Jovian magnetnosphere [Wang, et al., 2018];
« extended version for earth’s magnetosphere [Guo+,2015; 2016]



Electrostatic lonosphere

 infinitely thin spherical shell;

« field-aligned currents near a radial distance .
of 3 earth radius

J||=V><B-b

 FACs flow into ionosphere;
» Poisson equations

\VAE (Z . V@) = —j” sin / o

 convection speed

Z [Re]
(=]

u=ExB/B°

» Perdeson and Hall conductivities:

lonosphere



lonospheric Conductivities

Hall and Pedersen conductances [Robinson+, 1987]:

40E  _1pp
Y, =——=F/
P 16+ E%2 F

S =045E085%

E is the average energy in keV and F is the
energy flux in ergs/cmz2 s.

diffuse electron precipitation:

F=n,yE/m,, E =KkT,

discrete electron precipitation[Knight, 1972]:
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Comparison with Other Models

BATS-R- GUMICS-4 LFM OpenGGCM PPMLR-
UsS (GAMIRA) MHD

MHD equations ideal, con- ideal, con- ideal, resistivity, resistivity,non- ideal, con-
servative, servative, semi- and conserva- servative,
By, + B; B, + B; conservative,B, tive B, + B;
+ B,
Riemann Solver Roe& Roe& Water-bag beam Rusanov HLLD,
HLLE HLLE Characteristics
Spatial and time  2/2 1/1 8/2 4/2 2(3)/2
accuracy
Grid Cartesian, Cartesian, distorted, stretched Cartesian,static,
static, dynamic, cell- spherical, static, Carte- not refined
block- refined not refined sian,static,
refined not refined

Coordiantes GSM GSE SM GSE GSM



Products of Our Global MHD Model

 |arge-scale structure of magnetosphere: bow shock, magnetopause, and
other interested regions, virtual spacecrafts;

e Ground Magnetic Perturbation Maps: a global or local view of magnetic
perturbation due to varitions of ionospheric current, field-aligned current,
and magnetospheric current;

« Geomagnetic Index Plots: Kp, Dst, AE index.



CME eventS On 12 01 2024 Courtesy of Shen Chenlong

(E) STEREO/COR2-A SOHO/LASCO C2 ( ,) STEREQ/COR2-A (h) - SOHO/LASCO C2° *
2023/11/28 01:38UT-01:23UT g 2023/11/28 01:42UT-01:30UT . g 2023/11/28 22:24UT-21:53UT 2023/11/28 22:24UT-22:12UT
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(1) STEREO/COR2-A - SOHO/LASCO C3 STEREQ/COR2-A ( I) . SOHO/LASCO C3
2023/11/28 01:38UT-01:23UT 2023/11/28 01:42UT-01:30UT . 2023/11/28 22:24UT-21:530T 2023/11/28 22:24UT-22:12uUT

~

Tt

No.Event Initial Time Longitude Latitude Half Width Height Initial Speed Tilt Angle
(UT) (*) () (*) (Ro) (km/s) ()
CME-1 2023-11-27T720:53:30 -14.5(+5) -3.2(45) 30.48(+£10) 6.13(£2) 901.57(450) 48.0
CME-2 2023-11-28T00:38:30 -23.0(+5) 29.0(45) 29.29(+10) 9.47(+2) 1184.15(450) -50.0
CME-3 2023-11-28T21:38:30 -2.0(£5) -7.0(%5) 35.42(+10) 11.34(£2) 1374.25(£50) -60.0




Solar wind near Earth
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Observed Auroras

Beijing suburbs (~ 40° lat) Mohe, Heilongjiang Province (~ 53° lat)
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MHD Evolution of magnetosphere

t = 0 Mins

30 30

20 20

10 10
2 o
s 0 & 0 20
5= M~
A0 -10
20 -20
-30 -30
o0
-50 40 -30 20 -10 0 10 20 -50 -40 -30 20 -10 0 10 20
X axis X axis
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P1. Large-scale structure - magnetos
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P1. Large-scale structure - virtual spacecrafts

GOES16

Geotail

607 T T T
i g/?'iB

Trajectories of Geotail, GOES 16 and THEMIS THA
A/B in GSM coordinate during the time.
red: observation; blue: simulation

* 2022-04-10 case



Y axis

P1. Large-scale structure - bow shock position
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P1. Large-scale structure - magnetopause position
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P2. Ground Magnetic Perturbation Maps
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P3. AE(AO/AU/AL) index

observation
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P3. Kp Index

20235 12H1H4am-2H7am

obs. sim.

time
4-6 am

4

3.667

4
6.667

7-9 am
10-12 am

6

weg
weg
weg
wey
wey
weg
weg
weg
weg
wet
wdzt
wdzt
wdtT
wdtt
wdot
wdot
wde
wdg
wdg
wdy
wdy
wda
wdg
wdg
wdg
wdy
wdg
wdg
wdg
wdg
wdTt
wdT
wezt
wett
wetrt
weQt
weQT
weg
weg
weg
wey/
we/
weg
weg
weg
weg
wey

5.667 4

13-15 pm

4.667 5

16-18 pm

5 5.667

19-21 pm

(818

5 5.667

22-24 pm

NEFkpFE &Y = Mk pFE £X

=1

e $3 53 FRK P FE BN e

5.333

5.333

0-3 am

4 4.333

4-6 am

MLAT: 50 - 60 degree



P3. Dst index

1. All the MHD currents in the
magnetosphere
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An empirical Dst model

Bo-llllllrlrrll
T Dusk to Dawn Down fo Dusk
Time-dependent equation for Dst: sl
dDst*/dt = F(E) —a Dst* ="
where s, M _".
R R e R
Dst* = Dst — @ 20 nT Ey (mV-m")
F(E 0 E;<0.5 m
E)=1-1.5x10-2 (E,—0.5) E, >

a=3.6x10"°s71, b = 0.2 nT/VeV cm=3
> nT/VeV cm replaced by the MHD

contribution in the next.
[Burton+, 1975]
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Dst* index
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Summary

An extended version of PPMLR-MHD model has been preliminarily used in the application of space
weather forecasting, e.g., the gemagnetic indices.

The ground magnetic perturbation is shown as a consequence of geomagnetic events, by integrating
the effects of the ionospheric current, field-aligned current, and magnetospheric current;

Geomagnetic indices at mid- and high- latitudes, e.g., Kp, AE/AO/AU/AL, are plotted by analyzing
the average effects of the geomagnetic perturbation at different latitudes.

Dst index can be simulated after the cooperation with a developed empirical model for ring current.
Inner magnetosphere model is needed for a physical performance of Dst index prediction.
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