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This talk first reviews the main features of Current
Physics-based 3D MHD Models (CorHel , BATS-R-
US, CESE-MHD) and their recent results,

Then presents our data-driven study for solar

wind and active region by using SIP-CESE MHD
model,

Finally, outlooks the important numerical issues

in numerical space weather modeling from the
Sun to Earth for future research.
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Outline:

e Solar storm and effects
e Current Physics-based 3D MHD Models
e Data-driven models for solar wind & active region

* Brief summary and Future Avenue
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Solar Storms SIL@%L§ flares, coronal mass ejections (CMEs),
and solar proton events. They can lead to extreme space
weather conditions on the Sun and in the solar wind,
magnetosphere, ionosphere, and thermosphere that can
influence the performance and reliability of space-borne and
Fround-based technological systems and that can affect human
ife and health .

The movie schematically
illustrates solar storms from
the Sun to the Earth’s space.
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Examples: 'I%ife%g’ct§of space weather amy include:

o Soar can S P e Satellite anormalies
" Brag Hfects e Astronauts may
suffer from
_energetic radiation
* Disruption in GPS
navigation systems
- * Massive disruptions
~in electric power
distributed systems

: 'Tele-c:n:':mm unicaktion
Cable Disruption

mage Credit: L J_ Lanzerotti, Bell Laboratories, Lucent Technologies, Inc.
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®Interrupted WAAS
service (Wide Area
Augmentation System )

Courtesy Sydsvenskan Bild. @ Failure of a power

Power Outage in Southern system in Sweden (Courtesy I1. Swahn, 2003)
Sweden, October 30, 2003 Transformer oil heated 10

Doherty P, Coster A J, Murtagh W. Space weather effects of degrees! GIC=173A
October—November 2003. GPS Solutions, 2004, 8: 267-271



Stages of Space weather development viewed through the lens of meteorology

1) Social impacts 7) subjective analysis

2) visual observations 8) objective space weather forecasting

3) and 4) instrument observations and 9) numerical space weather prediction
synoptic images 10) Storm tracking (STEREO

5) and 6) real-time predictions based
on advection of static structures

etc)
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Monitoring ability+Physics process+ Numerical modeling

Siscoe G. Space weather forecasting historically viewed through the lens of meteorology. In: Space
Weather Physics and Effects. Berlin Heidelberg: Springer, 2007
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Numerical modeling of solar storms plays a crucial
role in reducing or avoiding loss caused by space

weather.

Here we focus our attention on the recent developments of
the 3D physics-based solar storm modeling from the

52‘.'r'(tf’u1rrpél?it Physics—Based MHD models

2.1 CORHEL in CISM
2.2 BATS-R-US in SWMF

2.3 SIP-CESE in SWIM
2.4 etc

Our focus is on the MHD modeling from the Sun to the
Earth, excluding geospace models such as magnetosphere,
lonosphere, mesosphere, atmosphere, etc
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The Center for Integrated Space Weather Modeling (CISM), led by Boston
University, developed a loosely coupled frameworks for space weather

prediction. In this general framework, the coronal and heliospheric
model is described as “CORHEL” for Corona-Heliosphere.

€ CORHEL consists of
coronal models (MAS) +
=3 — Heliospheric model
e | et (ENLIL/MAS-H)

& Now, CORHEL has been

" T transitioned from research into

operation and provided

Heliospheric Model Choices:

[ [5] oo vaiaion Ml fOrecasters with 1-4 days’ lead

(White Light, EUV, X-rays,

coronal holes) time.
Observational Validation (In Situ
e Linker, J.A.: 2011, A next-generation
model of the corona and solar wind.
A flow chart of the key components of CORHEL. Technical Report 2009 AFRL-OSR-VA-TR-

2012-0199
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Coronal code : MAS (Magnetohydrodynamics around a sphere)

Domain: [1 Rs, 30 Rs] X[- /2, r/2] X][O, 2rt]

Equations: resistive MHD equations in spherical coordinates with volumetric

heating

€ Input: synoptic map of photospheric
magnetic field+Parker solar wind solution

9 Gird: staggered meshes, so that
Div(B)=0 is satisfied to within round-off
error.

€ Scheme: an upwind scheme inrand &
directions + a pseudospectral method in ¢
direction.

€ Outputs: flow and mag parameters at
~30Rs to provide some input to helioshperic
models: ENLIL or MAS-H.

447
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Lionello R, et al. ] Comput Phys, 1998,140: 172
Mikic Z, et al. Phys of Plasma, 1999, 6: 2217
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2.1 CORHEL in CISM: heliospheric models (ENLIL)

@ Input : use the output of coronal model MAS and some ad hoc
specifications

€ Equations: Time-dependent conservative MHD equations in a
spherical geometry

€ Scheme: flux-corrected transport (FCT) or TVD schemes.
€ Domain: [20-30Rs, >1AU]x[-60° ,60° ]x[0° ,360° ].
€ Output : solar wind or CME’s solution from the Sun to Earth

http://www.bu.edu/cism/

Odstrcil, D.: 2003, Adv. Space Res. 32, 497-506.
Odstrcil, D.: 1994, JGR 99, 17653.

Odstrcil, D., Pizzo, V.J.: 19993, JGR. 104, 28225
Odstrcil, Riley & Zhao, JGR, 2004, 109, A02116
Odstrcil, Riley & Zhao, JGR, 2005, 110, A02106
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2.1 Application to studying CMEs
Lionello et al. (2013) studied the propagation of an ICME from 18 Rs to

Evolution of the scaled density ( pr?)

Time history of local plasma variables at 1 AU

Lionello,R. et al., 2013 ApJ 777(1), 76.



Smng-Sheeley-Arge—Enlil Cone Model Transitions to Operations

*8 Google *J wsa+Enlil - Goog...| first operational ... | *§ Internet Explorer d Pr. boundary conditi.

WSA-Enlil Solar Wind Prediction

Description: Latest ambient model run
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About the Model

Shown above is the most recent run of the "Ambient” version of the Wang-Sheely-Arge (WSA)-Enlil model of the solar wind. The sun constantly emanates an outward wind referred to as the solar wind. The sun's 27 day rotation (as seen from Earth) imparts a spiral appearance to structures in
the solar wind. Even on a ‘fair weather’ day, there are variations in the denslty and speed of this wind. Knowing when these wind and density structures will arrive in advance is important because they produce geomagnetic storms and can pump up the Earth's radiation belts, creating problems
for satellites. While the fair-weather model is useful, the full utility WSA-Enlil is realized when run in its Coronal Mass Ejection (CME) or

About the Plots

The top plots shows solar wind density and the bottom plots show solar wind velocity. The circles on the left are a view from above the North Pole of the Sun and Earth, as if you are looking down from above. The Sun is the yellow dot in the center and the Earth is the green dot on the right.
Also shown are the locations of the two . The "'wedges’ in the center are essentially a side view, with north at the top and south at the bottom. The graphs on the right show the model predictions for density and velocity at the specific locations of Earth and the two STEREO
spacecraft. The yellow vertical line is in sync with the movies on the left, so you can see how the values of density and velocity correspond to particular solar wind structures.

NOAA's National Weather Service
This product is produced by the Space Weather Prediction Center located in Boulder, CO.
For assistance, contact

Pizzo, V., G. Millward, A. Parsons, D. Biesecker, S. Hill, and D. Odstrcil (2011), Wang-Sheeley-
Arge—Enlil Cone Model Transitions to Operations, Space Weather, 9, S03004
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Space Weather Now
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MRER § Publications / Presentations | ] Study of small-scale plasmo...| 197 The Astrophysical Journal,
I8 =&

S
.
© @ 68

Site Map

Support

Abof

weatner Lenter

ceweather.usu.edu

arth's may

Sample iPhone

SpaceWx Main Menu SpaceWx Main Menu . SpaceWx LASCO C2 uscocz  Information

LASCO C2 Coronagraph
Image Information

U/ J Data Source

Solar Images 5 . A SOHO
and Indices ST
Instrument

o A L LASCO G3
- About the LASCO C2 Coronagraph

Y
lonosphere and Image.

Thermosphere
2010/05/05 10:54




o GMA 2 2 BATS-R-US-in SWME
Space Weather Modeling Framework (SWMF) at the Univ of Mich
http://csem.engin.umich.edu/tools/index.php

The SWMF integrates numerical models of Solar Corona (SC), Inner
Heliosphere (IH), and other components into a high-performance

coupled model, based on The Block-Adaptive Tree Solarwind Roe-
type Upwind Scheme (BATS-R-US) code

layered architecture (left) &
components’ structure (right
P iright)

Toth, G., et al. (2005), Space Weather

Physics Module

Layer sis Module Modeling Framework, JGR, 110,
Coupler between Component 1 and Component 2 Al 22 26

Toth, G, et al.: 2012, Adaptive

numerical algorithms in space

weather modeling, JCP, 231, 870
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BEMHD in Cartesian BSC Domain: [1,25]Rs; IH domain:

. . . 20, >1AU
coordinates with various [ ]

volumetric heating terms BNumerical Scheme: BATS-R-US

A TVD-Roe type numerical scheme with
__ slope limiters of second and third order
'r*—:r‘Jr V. (pu) =0, accu racy

—e TV |puu+ ![-.,_p+§b J _BB| - _BV.B.

o BGrid system: 3D block-adaptive grid +
5r+ V- (uB—Bu)——uV-B, “supercell” approach to avoid

de _ 1 50
E+ V- [u [[’ +p+ Eb

) -u -HH} iRy singularity near polar region.

Hinput: Synoptic map of
photospheric magnetic field

Houtput: the solution from the
Sun to 1AU or beyond
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Manchester IV et al.(2014, PPCF) simulated the 13 May 2005 CME

by initiating the CME with superimposing a magnetic flux rope in the
streamer belt.

(N B |
i hp) WO oiky — 0O = M

The structure of the CME 64 h later Time history of the CME as it passes the Earth

Manchester IV, W. B., et al. Plasma Phys. Control. Fusion 56 (2014) 064006
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The SIGMA weather group at the
Key Laboratory for Space Weather

application

( MHD-NLFFF |

of the CAS has developed a Space CIEDSE )
Weather Integrated Modeling [ i moae |\ s modd_
(SWIM) system with layered l;_.wimfﬁfgn oic
structures "

execution

The numerical Schme is
based on the space time

Conservation Element
and Solution Element

(CESE) method

caleulation

) [
C n ‘ p

| initial condition _.I‘
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I. Solar-InterPlanetary AMR CESE Model (SIP-CESE MHD Model)

Feng et al., ApJ, 2007, JGR, 2009; Hu et al., 2008, JGR; Feng et al., APJ, 2010,
2011; Sol. Phys. 2012; Zhou and Feng, JGR, 2012, Feng et al. 2014, CPC, etc

P Grid in the solar corona

» Scheme: Space-Time conservation

Oy, e 0Gm Ol

T s = o p——" f L
ot * o ca Ay + o P

By Gauss‘s divergence theorem on space-time
conservation cell Vxyzt we have

S(V) is the boundary of a _3__" R Je.
space-time region Vxyzt

which leads to the implicit solver of nonlinear

Projection of space-time
cell onto space domain

equations.
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DI: According

to Reynolds transport theorem

It

-‘.c Fk S { 1 ;J o J

) i A -
‘ / Uyyy dv —+ %’ [ ,,f-na Ty T Gl iy —+ h graTl= ) ds — / Tlrr dv
? ! :; 7k

alo n n
|tz — / — 5{: (frnne + Gmny + hyane)ds + / M dv
J 1t o -

S(Viir ) 1 ijlk
J

The rate of change for the total amount of a substance in a fixed spatial cell V
equals to the combination of : (i) the flux of that substance across the boundary
S(V) of the cell, and (ii) the integration of the source term over the fixed cell.

The conventional finite volume methods concentrate on the evaluation
of the right side. Some time integration solves the ODE above!

OURS is the space-time
4D volume integration
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-« SIGMA D Grid System from the Sun to Earth space (Feng et al.,
WERTIER B0 —APJ, 2010; 2011, Solar Physics, 2012)

The advantages of this grid
system are removal of polar
singularities and easy parallel
of the (theta,phi) directions

gesiile
CREH

Six-component Grid

Feng et al., ApJ, 2010

Two-component: Yin-Yang
Grid by: Kageyama, J. Earth
Simulator, 2005

Feng et al., Ap], 2007, JGR, 2009; Hu et al., 2008, JGR; Feng et al., AP],
2010, 20115 Sol. Phys. 2012; Zhou and Feng, JGR, 2012
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GPU accelerated with CPU/GPU CLUSTER
A) Coordinate transform (Feng et al., Solar Physics, 2012)

Refinement criterion of the
curl of magnetic field

4

Left Cell f ;" Right Cell

I 4 7

() Quadrangular
frustum H)erami

d
By
X




“w SIGMA 2.3.3 Simulating Nov 4 1997 CME event
wEATHERGROP————————— — — -
Numerical results at 1AU 3D view of the initial coronal magnetic field.

Field lines of the CME are shown in color to
Illustrate the magnetic field strength. The color
contours are the radial magnetic field strength

on the solar surae. Zhou, Feng, JGR, 2012

Use flux rope to
mimick the CME

Evolution of radial
velocity

Pt : ! . E
06-Mov 07 -Mov 05-MNow 09-Mow 10-Mov
Mow 06-10, 1927

Comparison with WIND
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€4 Now 3D MHD modeling can reproduce the large-scale solar wind
structures by using synoptic map of line-of-side photospheric
maghnetic field and can basically describe the variation trends of
CMEs’ propagation with mimicked CME model such as flux rope
since there is no sound mechanism or available module for
eruption process .

@ The physics-based MHD models are transitioning from research-
oriented study to operational use.

@1t is difficult to capture the transitions for solar wind at solar
maximum and CMEs’ evolution with reasonable accuracy

€ There is a promising but long way to quantitatively match the
observed IMF and to make forecasting with a lead time of one to three
days.
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By data-driven modeling, we mean to use continuously time-
varying solar observations as input to drive models to produce
solar wind background and reproduce eruptive process of
solar active region, instead of using one instanteous cadence
of observation as input!

The idea is to Let data & MHD tell us what is going on ?

REF: Feng et al., ApJ(2012), SolPhy(2012); Yang et al., JGR(2012);
Jiang, Feng et al., 2012, ApJ(749, 759), SolPhy; 2013 ApJ(769);
Jiang & Feng, 2013, ApJL(771); Feng et al., CPC, 2014
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3.1 Data-driven Solar Wind Model: From 1Rs to 1AU

Solar wind is rather than of steady state, but physically dynamic
corresponding to the solar rotation, solar mass flow and solar
magnetic field evolution. In fact, solar wind is constantly time varying.

Currently, we use the global photospheric mag field maps generated
by the solar surface flux Transport (SFT) model for long-term

synoptic data or Time Interpolation for short-term synoptic data as
Input to drive our CESE-MHD solar wind model.

Result: Improved, high quality “snapshots’ of the Sun’s global

magnetic field as the input to drive our 3D numerical global
coronal AMR-CESE-MHD model




i ﬂmﬁwmodel
Combine long-term synoptic data such 1 Carrington rotation ( 27
days’ data from WSO, MDI/SOHO), with SFT model to get the
snapshot of magnetic by considering differential rotation Q(¢) &
meridian flow v(9)

(1) Differential rotation

(2) Meridional flow | ‘ | a ifsin h

B 100 o p[1 a(. BY 1 B
e~ () 6)B. sin0]+—| —~ 9 [sing % C115(6,4t
a0, Rssinﬁaﬁ[v( P ]+R§Lin689(sm 89j+sin29 a(f} (8:4:1)

SFT-evloving synoptic maps from 2008-07-01 to 2008-08-11

The SFT model (Yeates, ApJ, 2010)
describes the time evolution of radial
component of large-scale photospheric
magnetic field, which accounts for known
flows in the solar photosphere with
differential rotation & meridian flow.

Heliolatitude




NS Time Interpolation

Use consecutive synoptic maps of GONG (6-hour), HMI/SDO (1-
day) to achieve the snapshot of magnetic field

_ (t_tZ)(t_ta) (t_tl)(t_tS) (t_tl)(t_tZ)
R N (s e Gy R L e A A

Time-interpolated synoptic maps from 2008-07-01 to 2008-08-11

(]
T

=
=
£
5
2
w
T

This kind of data processing method is aimed to provide snapshot of
global magnetic maps
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As usual, obtain 3D E&Qp@ﬂur@ackground before the period
investigated. Based on this steady-state, our data-driven procedure

starts!

Synoptic Evolution Wind Background

Maps

E MHD Solver
Volume Heating
Magnetic Field Splitting
Time Evolving

Interpolation
Evolving Synoptic Characteristic
Maps Projection BC

Initialize 3D code with background solar wind obtained , Evolve
synoptic maps (SFT or time interpolation) for specified period with

time-dependent boundary conditions at 1Rs

-
-
e
2.
—
o
et
~
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* GONG consecutive 6-hour synoptic maps as input

e Can be continued with more synoptic map input

_ _ Heliospheric Current
Simulated Coronal Brightness Sheet: Iso—surface of

B_




~w SIGMA

WEATHER GROUP

Contours at 1AU

Number density radial speed
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Temperature Br
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Compared with OMNI Data at 1AU

Radial speed

Number density

Vr(km/s)

b n [e7]
(] (o] o
o o o

%]
o
(=]

2008-07-05

2008-07-05 2008-07-19

2008-08-08
Date

2008-07-05 2008-07-19

2008-08-03 0 =008-07.05
Date

2008-07-19 2008-08-09
Date

Temperature
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In brief

With continuously observed magnetic field data as

input, our model can be able

1. to simulate long-term evolution of solar wind
(several Carrington rotations or even longer).

2. togive solar wind parameters from corona to
1AU, by providing time-dependent structures of
the solar wind.

High time-cadence resolution magnetic field data
will achieve high agreement with observation
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Evolutions and Eruptions

Understanding how the coronal magnetic
fields erupt to produce flares and coronal
mass ejections (CMEs) is fundamental to
solar physics and crucial in space weather
forecasting

Based on our models & the booming data
provided by SDO, a realistic 3D evolution
process for an eruption event from all over
its formation to disruption can be produced

This kind of study can lead.to underst in
ow the erup%%ns are trlggereg ano?aﬁvegn



I Why full MHD

The plasma beta changes with height: the non-force-free effects in
the two beta regions which sandwich the mid-corona

Under condition beta<<1

Plasma Beta Model ( (}ﬁl'}", 2""1}

Nonlinear Force-Free Coronal Magnetic Fields

>1

N “Noniforce:free

=

T

(VxB)xB =0 m V x B aB
V-B =0 B -Va )

used for coronal & active region
mag field reconstruction

the unknown boundary conditions
on the field and velocities

Magnetic vector field | i )
measurement in Full set of MHD is more

hotosph s e ) . .
i ks e I VTT ‘wtable since coroa is not
force-free verywhere
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Full set of MHD Equations
Driven by pre-eruption time-
sequence data of vector

magnetograms for active
region with HMI/SDO

D
/)—V ==Vp+I xXB+pg+V - (vpVv),

Dt
{‘B
(?— =V x (vxB),

ot
or
E-I—V(TV) =2-IV-v+0.
Finest grids match the magnetogram (e.g.,
0.5 arcsec for HMI data); coarsest

resolution~4 arcsec By AMR technique
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»Simulation confirms the
general picture for eruption
mechanism: overlying closed
flux (white lines) , reconnected
and opened, followed by the
rapid rising of the sigmoidal
flux rope

» basically good resemblance
with AIA observed

Jiang, Feng and Wu, AplL, 2013,
771:130; AplJ,2014, 780:55

Yellow and Cyan lines are the core field

lines, expand/erupt
White lines: field lines overlaying the
sigmoid, reconnected/open

- | MHD Simulation

2011-09-06T22:17:09.572 2011-09-06T22:20:35.77Z 2011-09-06T22:22:21 582 2011-09-06T22:24:21 582
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Quantitative analysis of
the 3D magnetic field: free '
3 energy and magnetic X Understand the

helicity, distribution of formation of ARs
coronal currents, etc. . "
the energy building

1
Topology study of the 3D up process, and how
magnetic field, search K the eru ptions are

critical topology elements: : : triggered and
Null, BP, QSL, Flux Rope,

' IC: initial condition
1 BC: boundary condition

In brief: We can simulate the initiation process for the eruption
event, as supported by observations

This MHD process for active region can be used for the evolution
study of the solar eruption from the Sun to Earth.

Ref: Jiang & Feng et al 2012, ApJ; 2013, ApJL:ApJ,2014



# SIGMA sIP-CESE- MHD model : CME evolution from the Sun to Earth

HEHIIEIIHIHI' £ By ;xfr | MHD Simulation

=_Numerical results
from active region
MHD model +
55?0131' wind model

driven by observed
Oodata (HMI/SDO. GONG data)

taking images that span at
least 1.3 solar diameters in
multiple wavelengths nearly
simultaneously, at a
resolution of ~ 1 arcsec and
at a cadence of 10 s or better.

2011-09-06T22:00:09.572 2011-09-06T22:00:03.572

ATA-304 He |l ATA-94 Fe XVIII
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There is tremendous progress in the physics based models!

€ Data-driven model seems promising to self-consistently combine

eruption model and background model to avoid the ambiguity of
eruption mechanism!

€ Modeling and predicting solar storm is extremely challenging:
A) Disparate spatial and temporal scales!
B) Diverse and complex physical systems!
C) Limited observations!

@ Verification, validation and continuous testing are all required!
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€ To incorporate the new findings of coronal heating/solar
wind acceleration, and the initialization process of CMEs
into physics-based models.

@ To design different data assimilation methods to improve
the prediction accuracy

€ Numerical schemes and computers have to keep up with
the computational needs of the increasingly sophisticated
models.

@ To facilitate input/output as well as in-situ visualization
of massive data during calculation

All these above considerations will help the physics-based
models to better track and predict the propagation of the
solar storms from the Sun to Earth.
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Thank you for your attention

Special thanks goes to all our

organizers of SOC & LOC for the
meeting
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