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Space Weather!

Northern lights,
Auroral

PJM Public Service
Step Up Transformer

Severe internal damage caused by
the space storm of 13 March, 1988

This image shows Earth as itwould be seen from VIS, with an
image of the northern aurora superimposed on an image of the
Earth from March 25, 1996.

Space “storms” may cause
severe damage to, e.qg.,

power systems on earth! E




{ The Sun as the driver of Space Weather
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The Sun’s huge atmosphere, the

Eclipse Corona Aug. 11,1999
Iran(IAP-CNRS)/Lasco(SOHO)

processed and merged by Serge Koutchmy
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The Sun’s corona, well-known from
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The corona evaporates the “solar

Never seen before: the
,smoke clouds” near the
SRl Ry e Ly ' equatorial plane are due to
e : - .. - inhomogeneities in the solar
T S | . wind, which thus becomes
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Ty = T il

E Note further:
~ . The moving star field,
- Our milky way which the
. . sun traverses righ at

< AERristmas,
- A little comet plunging
_into the sun and evaporating

Christmas 1996: LASCO-C3 shows the sun (though occulted)
—as astar amongst othersiin its own galaxy, the milky way!
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~ Yohkoh SXT
- 3-5 Million K



Two types of corona and solar

EIT: 19.5 nm
1.5 Million K




The two states of corona and solar

The corona of the active sun (1998), viewed by EIT and LAS



The “quiet” Sun and its minimum
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LASCO C1/C2, on 1.2.

Sir, Y=
A model of the corona at activity minimum in early 1996 and its topology Rzl



The

he Sun is a spinning

g

“ballerina” model, according to Alfven, 1977.
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See the ballerina Sun

P . A )

magnetograph




The two types of solar

WINC
1.Fast wind in high speed streams

High speed 400-800 kms™
Low density 3cm’”
Low particle flux 2 x 108 cm™@ s™
Helium content 3.6%, stationary
Source coronal holes
Signhatures stationary for long times (weeks!),

all streams are alike.

2.Low speed wind of “interstream” type

Low speed 250-400 kms™
High density 10.7 cm™
High particle flux 37 x10% cm@ s
Helium content below 2%, highly variable
Source helmet streamers near current sheet,

at activity minimum
Signhatures generally very variable,

sector boundaries imbedded.



| The Sun as the driver of Space Weather

B-field outward

Ulysses observations of
solar wind speed and
maghnetic sector structure,
observed during a full
execliptic orbit around solar
activity minimum.




The corona as a “magnetic carpet”

TRACE makes us wonder: how fine are the magnetic structures? In other
words: what are the relevant scales of the basic physical processes?




The corona as a “magnetic carpet”




What makes geospace vulnerable? B,

Magnetic reconnection at
the frontside of the
magnetosphere occurs,
when the interplanetary B,
turns south, i.e.
antiparallel to the Earth’s

& intrinsic field.

Sidlicher Lobe Charged particles can now
penetrate from outer
space way down into the
polar ionosphere.



How to obtain B, south?
1. By Alfvén waves in high speed

Alfvén waves cause
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High speed streams - M-regions!

MAY, 1979

Alfvén waves occur usually in high speed streams. Their magnetic
excursions include B,-components which cause mild geomagnetic
effects, That’s the answer: the high speed streams are the “M-regions’!




DAYS IN SOLAR ROTATION INTERVAL
2 34 5 6

Often ignored: High speed
streams from coronal holes
(i.e. the inactive” sun) also
cause (moderate) activity:

They are the “M-regions”!

(L1 THLLI
S
T

Jan' 27

The “musical diagram” of geomagnetic activity,
sl cording to the scheme introduced by Bartels (1930

(preliminary indices to 1975 January 21 )




DAYS IN SOLAR ROTATION INTERVAL
2 34 5 6
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(moderate) activity:

They are the “M-regions”!
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The “musical diagram” of geomagnetic activity,
sl cording to the scheme introduced by Bartels (1930

(preliminary indices to 1975 January 21 )
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Often ignored: High speed

streams from coronal holes

(i.e. the inactive” sun) cause
(moderate) activity:

They are the “M-regions”

The “musical diagram” of geomagnetic activity,

KEY A = sudden

(preliminary indices to 1975 January 21 )
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1975

1976

|

@ y>500km s”!

@ Perihelion

v Fast forward shock
4 Corotating shock

HELIOS-2
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- Note: the caus€ of
ng geomagne

| — recurn - -
E - quiet U0
e — o~ 1LY bANYE S N S, 5

S e

HELIOS 1

S
v

A

the moderate,
ric activity is the

The solar wind stream structure,
observed by the Helios and IMP
spacecraft around the activity
minimum in 1976

The recurrent high-speed
streams which caused a
similar M-region pattern

With increasing solar activity
(in 1978), many transient
events destroyed any regular
solar wind structure



How to obtain B, south?

2. Here comes the the active Sun!

v i
B :

- Most dramatic effects;
“Coronal mass ejections”

B (CMEs)
F

 2000/02/27 00:18



ome CMEs are really




Some CMEs are
spectacular!

3 i |
Most big CMEs show a characteristic 3-part structure:
- bright outer loop,

- dark void
- bright inner kernel

T




There is a huge variety of CMEs
1998 /06/21 0013 UT

Here comes a “balloon-type”
CME, observed by LASCO-CI1

m ,ué: iiiaaal b A , , onJune 21, 1998.

\ \ \\\ | | ) It also shows the charac:ceristic

3-part structure:

- bright outer loop,
- dark void
- bright inner kernel

T T Ve

: | on finally take off!
It was the offsprlng of ar ti\ minence. It ran away at about the
slow wind speed, probably no shock was associated with it.




There is a huge variety of CMEs

Meudon Jbs ervﬂtm’y

18988—06—-09
9:49:00
S83.37nm

The filament had been
observed in H-alpha and
the K-line during its
complete journey across
the disk, before it finally
eruptéed and led to the
balloon type CME on June
21,1998




There is a huge variety of CMEs

June 21-22, 1998
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Fe XIV

Prominence top (C2+C3)
Fe XIV (prom)
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Prominence Tail (C2+C3) GOES C-class

Radio
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There is a huge variety of CMEs

This is what the
balloon-type CME
finally looked like!
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Properties of CMEs, 1979 to
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Properties of CMEs, 1996 to

- e CNOte the small number of siow

e tlf\]/lEs! The 'NCreased sensitivity of
e quern INStrumentation has
NOT increased the number of
slow, faint CMEs.

SOHO LASCO Jan-Jun1998 (351 CMEs)

in 100 km/s Interval

Fraction

oo we s | Istogram of apparent front speeds
SOHO LASCO 1996-1997-Jun1998 (640 CMEs) Of 640 CM ES’
observed by LASCO on SOHO

in 100 km/s Interval

Fraction

Apparent Speed [km/s]




The daily number of CMEs in 2 solar
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Fast CMEs drive interplanetary shock

A very fast interplanetary shock
wave, as seen by Helios in
1978

1200 2400 1200 2400

May 13 May 14 [UT]

These are typical CME products in the interplanetary medium:
no more 3-part structure,
- just shocked “sheath” plasma (compressed and heated),
~~ ——and sometimes “driver gas”

YE



How do ejecta and shocks

Shock velocity per distance

Local speeds of about 400 shocks, observed between 0.3 and 1 AU
by Helios from 1974 to 1986, compared to LASCO CME speeds.

Apparently, there is no significant deceleration beyond 0.3 AU.
It must occur closer to the sun!

e




The daily number of shocks in a typical solar

1976—-80: Averages from
Helios—1 and —2 data

o
&
Sun spot number

Shock rate per day

©
it

The daily shock rate, based on 400 shocks observed by the
Helios solar probes in 12 years.

The number of shocks noted by an observer in the ecliptic plane is
about 10% of the total CME rate. That means: every tenth CME shock
SN, hits the earth!

Further: the average cone angle of shock fronts amounts to about 1000°.

YE



Fast CMEs drive shock
waves way through the
heliosphere

Tp I
[*K] 10° i

-

| | , A very fast interplanetary

o Lt b L S e shock wave;, as seen by Helios
1200 2400 1200 2400 1200 L

May 14 [UT] May 15 N ]978

May 13

Results from correlations between CMEs and interplanetary shocks:
- an observer within the angular span of a fast (~400 km/s) CME
has a 100% chance to be hit by a fast shock wave, and vice versa:

- every shock (except at CIRs) can be traced back to a fast CME.

These shocks and the driver gases following them have a near
100% chance of becoming geo-effective.

Note: no such statement applies to

"MEs (and geo-effects)
and there are CMEs (and geo-effects) without flares.



CME-fIare relation, a hen-and-egg

X

Time separation between
flares and correlated CMEs

The simple but important conclusions from these studies:
Flares occurring their associated CMEs cannot be their cause, quite
logically.

Carrington was the first man who hapbened in 1859 to observe a flare and
also to notice the connection with the strong geomagnetic storm 17 hours

later. Note what the “father of space weather” noted at the end of his
report: E

= e




The “old” paradigm: the solar flare

A Paradigm of Cause and Effect

rapidly evolving solar magnetic field

reconnection (7)

" FLARE

rapid heating | particle acceleration

thermally driven solar storage and
MATERIAIr EJECTION. propagafion to 1 au

INTERPLANETARY SOLAR
SHOCK PROTON
DISTURIBANCE EV}IENT
GEOMAGNETIC POLAR CAP
'STORM ABSORPTION
| EVENT
AURORA




The modern paradigm

evolving solar magnetic fields
instability?, buoyancy? reconnection?

CORONAL MASS EJECIITION

low high ERUPTIVE  reconnection?

speed spTed PROMINENCE \

INTERPLANETARY SHOCK FL/IXRE
particle particle
- acceleration acceleration

|
CME directed CME from flare in
~ earﬂ'xward visible hemis. western hemis.
GEOMAGNETIC GRADUAL IMPULSIVE
STORM PROTON PARTICLE
AUROIRA ' EVFINT EVEINT
delay: 1-4 days minutes-day minutes

duration: days days hours

However, the very big events have everything: flares, radio bursts,
CMEs, shock waves, energetic particles, etc, within a few minutes.
——Causes and effects? Remain to be disentangled...
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Why does B, turn south in

A CME foop (covomel ploms)
2. ?ﬁm‘mce_ ccun‘fy

3. &0l promimence mat.
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Why does B, turn south in

When a flux rope passes an
observer, he may encounter
B, south fields at times

IMP/ISEE

The flux rope topology of a magnetic cloud in interplanetary
space.
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Why does B, turn south in

Magnetic polarity of sunspots Structure of fi 5 Flux rope type of magnetic clouds

N
E“W SEN

LH-helicity S @//Zg&ﬂ

M
w SWN
3

RH-helicity : \%\3\\

The topology and orientation of filaments and the magnetic clouds
eventually ejected from there were found to be consistent in most cases

i NWS

LH-helicity m

NES

RH-helicity _\%&@

The flux rope topologies of magnetic clouds in interplanetary space.
_All 4 types are observed and correspond well to their filament sources g%
————  Buttheir geoefficiency differs dramatically!

® -
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aoF ' H\VI ' ' It is not the shock wave per se that
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Bl nl %0 ' ' ' sheath and the magnetic cloud!
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Halo CMEs: a new quality from

| / S - Aclassical “halo” CME,
g observed by LASCO-C2
on 4.11.1998

g 199&,’11,/04 03 15 08

—WW
~ Towards or away from Earth? That knowledge would grant
e space weather predictions a new quality




.
Front or backside: a new quality from

A pressure wave (EIT
Wave) in the solar
atmosphere, pushed by a
flare on 7.4.1997.
It launched a halo CME
towards earth and caused
~a geomagnetic storm on
10.4.97.

long ago: “Moreton-waves .

ilar features had been seen
They are not the same!

In H-alpha, sim




Halo CMEs: a new quality from SOHO

The Halo CME of April
7, 1997, observed by
LASCO-C3

- a tremendc .
- the ,Bildzeitung

e

10, 1997, —




Halo CMEs: a new quality from SOHO
awi SCI-TECH

interactive STORY PAGE |

CHN com.
HOME
u.s.
WORLD

LocAL Solar flare heading toward

| WEATHER
SPORTS Earth
SCI-TECH
TRAVEL April 8, 1997
STYLE Web posted at: 11:09 p.m. EDT (0309 GMT)
SHOWRIZ
HEALTH (CNN) -- The sun has produced a
storm the likes of which scientists
have not seen before, according to a
NASA researcher.

The large flare of magnetic energy  Guugay zooooMr  (NASA)
is expected to hit Earth's upper
atmosphere Wednesday afternoon,
Search the according to Art Poland, senior scientist with the Solar and
net. Heliosphere Observatory (SOHO) at the Goddard Space
Center in Maryland.

SOHO is a relatively new NASA satellite that is pointed at the
sun.

EXPLORE

The solar flare was formed Monday when the sun generated a
giant shock wave of electrified gases called a coronal mass
ejection. SOHO photographs show "a flare going off; you see
a shock wave leaving (the sun), Basically, it's a tsunami going
across the surface of the sun," Poland said in an interview with
CNN.




The first halo CME observed by LASCO

The famous January 6, 1997, event,
(during an ISTP meeting...)

Although it was a really faint, slow, and unspectacular CME, it
caused most dramatic effects in geospace, but not before Jan. 11!
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The “Bastille event”, with all blows
and whistles: July 14, 2000.

The blgges are C < 'Ie,
observed by TRAC on July 14, 2000.

e

e



The “Bastille event”, with all blows
and whistles: July 14, 2000

The huge solar mass
~ejection on July 14, 2000,
observed by LASCO-C3.

Hak

2000/07/14 03487 ¢t - =

The “snow s"hower”mi-suzlmccelerated to extremely

high speeds during the ejection. They penetrate the instrument
LU walls and let the CCD scintillate.
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The “Bastille event”: its effects at

000:
le Europe!




The “Bastille 2000” events

X 5.7 flare: July 14,
10:24

Arrival of energetic particles at 1 AU:

10:38

Shock at 1 AU: July=1 5,

14:29

Travel time: 28

hours

Initial CME speed: >1775

km/s
«he Big Flare

1520

se for the lovers of

Syndrome:
' SO

| big flare, right in the middle of the

halo CME, |

k, right in time,

Aurora in Essen, Germany, on July 16, 2000 at

A classical ca N

lar disk,
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. a very fast
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The “Bastille event”: its effects on

14-16 July 2000: proton event & geomagnetic storm, Ap*=192, Dst min =-300 nT

-+ ASCA (Advanced Satellite for Cosmology and Astrophysics) - lost attitude
fix resulting in solar array mlsallgnment and power loss, satellite
probably lost

b Lgms, power panels

porary SW and other sensor

mitter power & Temporary

protons obscure solar

ation problems during MPE

GEO and LEO Satellite

-




How to predict travel times of halo

\/
We cannot measurte t g'speed towards the

1997/04/07 . ]
1628 - Trying to characterize a halo

CME:

Mfront . % . yse pairs of images from C2 andC3,
| determine speed of outermost front:
- determine maximum expansion

- - o speed

gg e . . also: minimum expansion speed

FlFA

h,te though: often the expansion speed

aries dramatically between the first

arance above the C2 occulter and
the outer edge of C3.

1997/04/07
17:21

11 e

e does NOT give

MPAs

' vel tim
at the tra tial geo- _efficiency!

Note th




Comparing predictions with

We have analyzed about 200 halo CMEs and their shocks at 1 AU, from
Observed travel time (hrs)

Jun. 01 2001

Shocks come too late ...

That’s too

40 60 80 100 120 140 160
Predicted travel time (hrs), from CME lateral expansion

Conclusion as of today:
___We have not yet found the optimum prediction tool...

e

YE



Research topics for the

. How to predict CMEs/fIares before they
occur? ) Y i




Research topics for the

Vplasmoid

plasmoid/filament

- How to predict CMEs/flares before they
occur? :




| Research topics for the

" . How to predict CMEs/flares before they
occur? , S -

- What is. the role of re.cd
trigger, sequel?

-

Formatlon topglogy
aves?




Research topics for the

- How to predict CMEs/flares before they
occur?

- Formation, topology, propagation, effects of
shock waves?




Research topics for the

- How to predict CMEs/flares before they

occur?

- Formation, topology, propagation, effects of

- How to predict geoeffectiveness?

shock waves?

Proton Flux :ré

n Flux

GOES Hp Electra
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SOHO - A Space Weather mission, after

The Solar and
Heliospheric Observatory
(SOHO), a bilateral space
project between ESA and
NASA has been observing

the sun continuously
since early 1996.

It has enhanced our
understanding
substantially.

It is continuously being
used by the professional

esa _ forecasters.
ISD VisuLab




The Solar Origins of Space Weather

For understanding Space Weather, we need new, dedicated
missions, plus young researchers to disentangle the unresolved




