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IN motion

Dynamo Processes in the Sun Earth System

systemic analysis




Space weather includes many disciplines of the
Physics
Solar physics
Studies on solar wind
Magnetospheric physics
lonospheric studies
Atmospheric physics
Geomagnetism
Magnetotelluric studies Geology
GNSS
Etc...




Summary

Space weather

Definitions
Sun Earth Links through dynamo processes

The main dynamo => Space weather project
Electric current systems associated to dynamo



Starting point
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Observation of the Sun : Sunspots

Hévélius
1642- 1644

They used a telescope
through an inversed wooden
globe inserted in a circular
width made in a shutter. They
observed the sunspot by
projection of its shadow on a
cardboard

(Machinae Celestis, 1673
Legrand et al., 1991)
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Observation of the Sun : sunspots
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Observation of sunspots

Figure of Father Scheiner
Motion of the sunspots

Scheiner : Priest Jesuit
mathematician working
at the university of
Ingolstadt
(near Augsburg)
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Solar Cycle of 11 years : Heinrich Schwabe 1859

Yearly Av eraged Sunspot Numbers 1610-2000
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Observation of the Sun : sunspots

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Observation of
sunspots today
Soho images




Generation of a sunspot

Solar dipole field lines are distorted
by the differential rotation of sun
=> magnetic loops which are sunspots
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Solar impacts on the Earth depend on 2
components of the solar magnetic field
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http://solarscience.msf.nasa.gov/dynamo.shtml

Twisting of the magnetic field
lines is caused by the

effects of the Sun’s rotation

The a-effect Diagram from L. Paterno, 2006
-—
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differential
| rotation —l
Differential rotation change in
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Ulysses First Orbit Ulysses Second Orbit
SWOOPS =

Spead [km s

® Oudward IMF

Inwards INV

Average Monthly
and
Sunspot Number

2002 2004

Jo Richardson, MIT




Improving of the classification of Legrand and Simon using Aa indices, SSC,
Solar events and empirical relation between solar wind and geomagnetic indices
By J-L. ZERBO et al. (Annales Geophysicae 2012)

Aa > 20 nT
IPlli.e;iurrer(;t allct1v1.t3:l Aa > 20 nT
Aa <20 nT 1gh speed sorar win Shock activity /SSC
Quiet magnetic activity streams CME
from coronal holes

All the other
cases are
classified in the
fluctuating
activity ~20%

2012/02/13 01:06
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Shock Actiwvity

Cloud Shock Activity
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POLOIDAL FIELD
5% of geomagnetic activity

High speed solar wind streams

91,

flowing from coronal holes

Legrand and Simon, 1989
J-L. Zerbo et al., 2012
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Solar Wind - Magnetosphere
Dynamo



The Solar wind magnetosphere Dynamo : Magnetic storm
Vs : Solar wind , Bi : interplanetary medium

In the frame of the Magnetosphere

E=-Vs x Bi

the components of the magnetic
field that are perpendicular to the
solar wind velocity are important

Component Bz of the interplanetary
directed toward the south

is a condition for a magnetic

Storm in the majority of the

Cases.

N
on




MAGNETIC RECONNECTION (Dungey, 1961)

Solar wind

IMF
©The COMET Program




Mirror point

Mirror point

Friedman, 1987

Motion of the electric particules in the
Earth magnetic field

There are precipitations of particules
In the auroral zone

Solar Radiations

Photo of the auroral zone




2001/09/25 21:42

MAGNETIC STORM OF MARCH 15, 1989
the auroral oval extends toward low latitudes
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External electric currents systems are complex

they involved

Sun, Solar Wind, Magnetosphere, lonosphere, Atmosphere

External electric currents << ANDUC“ON

Magnetotelluric soundings

GIC : Ground Induced Current => power failure
Use in prospection (Geology )

29



Aurora observed at
Rouen (near Paris)

On April 11 2001

During strong magnetic
storms, the effects are
observed at equatorial
latitudes

Picture of the By aurorae
observed on Jule 24, 1554 in
Germany and Switzerland
Legrand et al. 1991

The aurorae is at 100km height




Jean DORTOUS DE MAIRAN -17 33
Academician ->reign of the king LOUIS XIV
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Explained
the aurora

Aurora observed at Paris on May 13, 1869
(L’Atmosphere Flammarion )

Arc auroral observed by A.E.
Nordenskiold during his travel at
Behring on March 21 1879

Les aurores polaires Angot, Paris 1895
31




Coronal Mass Ejection

Billions tons of matter
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Solar wind(km/s)

Zerbo et al. , invited paper
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High s:peed solar wind
due to coronal holes
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IONOSPHERIC DYNAMO

19 %y

Rayons cosmiques

SPECTRE DES PHENOMENES ELECTROMAGNETIQUES frey.oner

Rayons X
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Infra-rouge
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IONOSPHERIC DYNAMO (Stewart 1882)

Motion of the neutral
atmosphere
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IONOSPHERIC DYNAMO / Neutral winds

Stratosphere Atmospheric Tides , Evans 1977
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Diurnal process
E Region of the
lonosphere
(90km< h< 150km)

= CURRENTS

S = FLOWS
58 —— MAGNETIC FIELD LINES

Vertical coupling
Stratosphere , troposphere
Atmospheric electricity
Earthquake
Etc...

Field to investigate  «




Sun Earth System

Images du satellite SOHO / NASA - ESA

Sunspot

Solar Radiations EUV, UV

Regular variation of the Earth’s magnetic
Field at Phu Thuy/ Vietham
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Solar flare affect directly the ionospheric
dynamo

Solar Flare -> Radiations X, EUV

Geomagnetic disturbance due to
A solar flare / black arrow
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Images du satellite SOHO/NASA
Curto et al.,JGR, 1994



Physics of the solar flare, PhD Curto 1992/ Curto et al. JGR, 1994

SUN

Radiation Radiation
regular during a flare
¢ O+AQ
!
Photoionization

ﬁ lonization lonization

regular during a flare
. Ne Ne + ANe
m Conductivity Conductivity
@l regular during a flare
7P o] c+Ac
O Ohm's law
z lonosphericcurrent  lonospheric current

regular during a flare
O J J+AJ
—_—

Ampere's law

—~  Magnetic variation Magnetic variation
m regular during a flare
< A B, -> Sq/Sr A B, -> Sq/Sr + Sfe

Sfe=ABz-AB1

[able 1. Main Processes and Related Models Used.

Source

Sun Processes

Models
regular radiation flux
flare radiation flux

Heroux et al. [1974]
Donnelly [1976]

lonosphere Processes

Equations
ion production rate
continuity equation
collision frequencies

Dymek [1989]
Dymek [1989]
Stubbe [1968]

Conductivity tensor (o) g, 05 O
? =|-04 Op 0

0 0 g

Ohm’s law J=o (E, +V,xB)

Models
Neutral composition
fon composition
Electric fields (Ep)
Neutral winds (Vn)
Electric current

Hedin [1987]

Oliver [1975]

Blanc and Amayemc [1979]
Bernard [1978]

Mazaudier and Blanc [1982]

Ground Level Processes

Ampere’s law AB = 2n/ 10f fjdz
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To analyze the ionospheric dynamo, it is
necessary to select carefully the magnetic
quiet days




Earth’s Dynamo




EARTH’S DYNAMO
Earth’s magnetic field known since more 2 millenaries
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Internal Earth’s dynamo -> Bp + Ba
Bp : main field , Ba : aimantaion field (Lithosphere)

Model of the terrestrial magnetic field IGRF
http://www.iugg.org/IAGA/iaga_pages/pubs_prods/igrf.htm



Dynamo

Sun

Solar wind
Magnetosphere

Atmospheric
wind
Ionosphere

Earth’s Dynamo
inside the Earth

Motions - V

Sun
Rotation and
convection

Solar wind

Atmosphere

Metallic core

Magnetic field B

Sun : 2 components
Dipolar
Toroidal = sunspot

Interplanetary medium
-> Bi

Earth’s
-> Bt

Earth’s
-> Bt

Order of Magnitude

rotation speed : ~ 7280km/h
at the equator

Dipolar component : ~10 G
Toroidal component : ~3-5 kG

speed ~ [ 400km/s to 1000km/s]
Bi~qq10nT

speed ~ 100m/s
Bt ~qq 10 000 nT

Indirect measurements
deduced from the Earth'’s
planetary magnetic field and
the secular variation
Velocity ~ qq km/year

Bt ~qq 10000 nT

This last dynamo is not considered for Space weather effects
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Space weather project:
Solar Dynamo /Sun and solar events

SUN
NASA website and NGDC website

WWW.Sspaceweather.com

LASCO/SOHO Catalog


http://www.spaceweather.com/
http://www.spaceweather.com/
http://www.spaceweather.com/
http://www.spaceweather.com/
http://www.spaceweather.com/
http://www.spaceweather.com/
http://www.spaceweather.com/

SOHO LASCO CME CATALOG

YEAR MONTH

1996 Jan || Feb || Mar || Apr (| Mav || Jun || Jul || Aug || Sep || Oct || Nov || Dec
1997 Jan || Feb || Mar || Apr | Mav || Jun || Jul (| Aug || Sep || Oct || Nov || Dec
19938 Jan || Feb || Mar || Apr (| Mav || Jun || Jul || Aug || Sep || Oct || Nov || Dec
1999 Jan || Feb || Mar || Apr || Mav || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2000 Jan || Feb || Mar || Apr | Mav || Jun || Jul (| Aug || Sep || Oct || Nov || Dec
2001 Jan || Feb || Mar || Apr (| Mav || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2002 Jan || Feb || Mar || Apr | Mav || Jun || Jul (| Aug || Sep || Oct || Nov || Dec
2003 Jan || Feb || Mar || Apr (| Mav || Jun || Jul (| Aug || Sep || Oct || Nov || Dec
2004 Jan || Feb || Mar || Apr || May || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2005 Jan || Feb || Mar || Apr | May || Jun || Jul (| Aug || Sep || Oct || Nov || Dec
2006 Jan || Feb || Mar || Apr | Mav || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2007 Jan || Feb || Mar || Apr (| May || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2008 Jan || Feb || Mar || Apr | May || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2009 Jan || Feb || Mar || Apr (| Mav || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2010 Jan || Feb || Mar || Apr (| Mav || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2011 Jan || Feb || Mar || Apr (| May || Jun || Jul || Aug || Sep || Oct || Nov || Dec
2012 Jan || Feb || Mar || Apr | Mav || Jun || Jul (| Aug || Sep || Oct || Nov || Dec
2013 Jan




Space weather project
Solar wind —magnetosphere dynamo

SPIDR data base
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Use of the SPIDR -> Solar wind parameters

Space Physics Interactive Data Ressource

National Geophysical Data Center (NGDC)

NOAA Satellite and Information Service

4

Tools and Guides | Metadata | Dashboard | Publications | SW Effects | User Profile

Interactive SPIDR Home
3 Data
Resource Data Access Steps >>>> (3) Data Basket
Controis Select Data from the Archive 1
User Status 3{\ The Space Physics Interactive Data Resource (SPIDR) is designed to allow a solar
' terrestrial physics customer to intelligently access and manage historical space .

Status Guest physics data for integration with environment models and space weather forecasts.
Usemame ,— SPIDR is a distributed network of synchronous databases and 100% Java middle-ware

servers accessed via the World Wide Web.
Password
Login

Forgot your password ?
Want fo contact us ?

Registered users can save their requests in
user basket. The registration is free, and we
vill use your user profile data only for
usage statistics

| Reqister_=»

Data Access Steps

! !(1] Time Interval & Sampling (Bl

lonospheric

» view

\Geomagnetic

Set a time interval using the
'Set Time Interval' link below
before downloading a
| dataset!
Find space physics resources based on metadata
v

Mol Tiaaa

labomeal 2@

-

SPIDR News

2012-03-13721:06:21

SPIDR 5.5.4.17 Released

Maintenance Release. Corrects some inconsistencies in the cataloging web service(s)
relative to stations/datasets that have varying names across cadences. For example, g
data uses 'AAA' for minute and hourly data, and 'AAA1' for yearly data. All cadences st
the frue station name now.

2012-01-26T20:12:22

SPIDR 5.5.4.14 Released

Maintenance Release: Includes some bug fixes for the RESTiul API catalog service. A
fraction of data sets were being omitted from the catalog service's XML output.
2011-10-05722:12:26

SPIDR 5.5.4 Released

Feature Release: Includes new DMSP dataset and interface for data from the McMurd:
around station.

Metadata Catalog

SPIDR Virtual Observatory
SPIDR Virtual Observatory includes inventory level XML metadata for SPIDR datasets
stations, Wiki pages describing space physics data, and SPIDR system user, installatic
administration quides

Help + Info

News about the SPIDR network and databases

Usaqe Information (4)
Wiki section describing SPIDR datasets, parameters, units of measure i



NECESSITY TO ANALYZE MANY PARAMETERS in order to
understand the magnetic field, TEC etc... observations

Sun
— Sunspot cycle, poloidal cycle
— Solar event
* Solar wind parameters V.B
— Solar wind magnetosphere dynamo

- AU and AL
— Auroral electrojets
* Dst->[Hsym and H asym]
— Ring current
* lonospheric parameters
* Earth’s magnetic field




Electric current systems
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Summary

* Space weather

— Definition
e Sun Earth Links through dynamo processes

— The main dynamo => Space Weather project
* Electric current systems associated to dynamo



There are very few measurements of electric

currents and many measuments of magnetic
flelds

We will use the magnetic data to approach the
electric currents

N

[ [
j=0o (E + VxB)

AMPERE ‘S LAW
VxB = j




*B=Bp+ Ba + Be +Bi

Bp : Main field (core)
Ba : Aimantation field (Lithospheére)

Be : field related to external sources | i
Bi : induced by Be Graine

(fer solide)

Manteau

Champ magnetique
dipolaire

Be : ionospheric and magnetospheric electric currents



The main field (Bp) changes very slowly : secular variation

The aimantation field is constant(Ba)

4

Transient variations of the Earth’s magnetic field are due to
external electric currents and are indirectly a measure of
these currents

AB = Be + Bi
Solar regular variation + Disturbance

Sq = <S> average of the variation of the quiet days



Electric current systems existing in the Earth’s environment
(Cole, 1966), Law Biot and Savart

D =DCF + DR + DT + DIl + DG
DCF : magnetic
(~ qq nT to 30 nT)
DR : magnetic disturbance due to the ring current
(~ qg nT to ~ 600nT)
DT : magnetic disturbance due to the Tail currents
(~ gq nT to 20 nT)
DI : magnetic disturbance due to the ionospheric disturbed
electric current (DPO, DP1, DP2, DP3, DP4, Ddyn)
(~gq nT to 2000 nT)
DG : magnetic disturbance due to electric currents flowing in the
ground related to external electric current systems (~30 % or
more ) cause of power failure
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Solar wind magnetosphere dynamo (Vs, Bi)
Electric currents in the magnetosphere

Z, Nord

Soleil
Y, soir

Interplanetary
Magnetic Field _

=" Plasma Mantle

Magnetic Talil

-
-"
.
-*
-

-
P
-
-
-
-
-
-

M t
Solar Wind agnetopause

Magnetopause Current
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lonospheric electric currents related to
The SWM dynamo and lonospheric dynamo

POLAR
WIND

KILOME TRIC

RADIATION

!
o
o
% AURORAL
61 ELECTROJET
@
o

\— DIFFUSE -
AURORA

MANTLE
AURORA

DAYSIDE
CuUsP

—>CURRENTS

v@l\\o\* mpFLOWS
oy ——MAGNETIC FIELD LINES
B

Field aligned current

Auroral electrojets

Precipitation of particles

Electric field

Auroral

Middle latitudes

Equatorial
latitudes

62



B=0 A Bz0
/]
Solar Wind /| Magnetosphere N—— P

/1 Magnetic Field 'Tail_Chnent_ :
y J @ B
11

SUN ——— 2
/]
/]
/]
/]
/]
y

Solar Wind
Magnetopause Current

Boundary

The Chapman Ferraro currents flow in the Magnetopause layer, the boundary between the solar wind and
the geomagnetic field. At the nose of the magnetopause the geomagnetic field pressure is balanced by the

dynamic pressure of the solar wind

~

7 2 Bi;.'[;
KiNmiV~ = —
2yu

dynamic pressure of the solar wind << geomagnetic field pressure

K is the correction factor for flow deflection in magnetosheath and compression of B. The order of
magnitude of the Chapman Ferraro current is ~ 30 nT (Gosling et al. 1990).
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IEF

Ring current

Dawn-dusk voltage drop difference

Particles follow trajectories from the tail of the
magnetosphere toward the Earth

}

In the region where the curvature and gradient of
the Earth’s ‘s magnetic field are strong, particles are
separated, the electrons are diverted to the morning
side and the ions to the evening side.

Formation of the ring current

The expression of the drift due to gradient and curvature and the resulting current is:
; Bx(bN)b
RET T
qo° q
J oo =NgV.>"*

This current is mainly carried by ions.

There is also an additional contribution of the magnetic moments of all particles:

M:—Nlmt Ilb Nelme‘/ﬂ_
2 B 2
jm:VXM

The ring current keeps the pressure gradient and the Lorentz force in balance.




Tail currents / 1972

= +5 min T = +30 min T = +1 hour

Nuiliet Time T = -30 min T

Proposed by Akasofu in 1972, the tail currents flowing at the boundary of the
plasma sheet are disrupted and deflected toward the Earth on the evening
side. These currents via Birkeland (field aligned current) be converted to a

westward electrojet
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Tail currents

MAY 31, 1978 ISEE-2

0- A -

Interplanetary
Magnetic Field

_ Tail Current

Bx \

—’M

A A\ ]
Or-lxll||l|||llll|lllllll
0800 0820 840 0900

T

Fig. 2. Magnetic field data from 2 surrounding the ~ 0830
UT magnetopause crossing on May 31, 1978. From top to bottom the
quantities plotted are the x, y, and z components (GSE coordinates)
of the field and the total field magnitude.

crossing of the magnetopause

Magnetic Tail
Plasma- \
sphere
foss i
I 7
Y Rasen¥— Neutral Sheet Current
_____ - "
v Eield-aligned Current
""""" Ring Current oo e oo Raa]
- 4 3
"""""" Magnetopause
Solar Wind
Magnetopause Current
Z .
View towards
the Sun
Nort
Lobe
18
Y
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Field aligned currents/1908

Interplanetary T S,
Magnetic Field — Tail Current

s, S : Neutral Sheet Current

IField-aligned Current

Solar Wind

Magnetopause

Magnetopause Current

: Birkeland, 1908

S You can reproduce the experience of Birkeland

Vj =Vljl +V11j11 =0

The closure of the magnetospheric current loops requires field aligned currents flowing into and out of the
ionosphere. The origin of the field aligned currents is near the equatorial edge of the magnetopause (regionl),
in the plasma sheet where the ring current is divergent (region 2) and at the magnetopause at high latitudes
in the dayside.




THE EARTH MAGNETIC FIELD

> N

Components of the Earth
Magnetic field

H : horizontal component
D : declination

Z: vertical component

I: inclination

X : Northward component
Y: Eastward component
Z: Vertical component




earth’s magnetic field integrated the effects of all current systems

Day to day variability of the Earth magnetic field

SSC mpP
Total Field L D pertubation
DCF Recovery Phase
30000 T T TN AT ST e T e el i e e O T
2 geeon Az ol ol sl ol ) el el L <G _f _fhue {0 ] e R MRS
= A - Ik [ I B & E 4 08 B I &
T a0 L - . _TranSieht Variatlo . Rl R
LT S hodnt T , " DR, DT,'D|'+ SRI N B T
38700 A
u} 3 =] 9 12 15 18 21 24 3 il Q 2 15 18 21 24 3 =} 9 12 15 18 21 249
23 Aug 2005-UT 24 Aug 2005 - UT 25 Aug 2005 -UT
SE00R = Up T LR R R I O b i P O
s amon o b ook oof o el Bl B B B W BBl B LK DD el lie
= [ 4 0 SR gl
T 3ss00 |- _D_Uy_h_ §R —————————— s . e _SR
For o o TReqular variation ! !
38700 S L SR B S
0 3 =} a 12 15 18 21 24 3 5] 9 12 15 18 21 29 3 5] 9 12 15 18
26 Aug 2005 -UT 27 Aug 2005 - UT 28 Aug 2005 -UT
20031028 14:24
Time variation of the H-component observed at Phu Thuv

(Hano1 — Vietnam) from 23 to 28% August 2005
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Interplanetary
Magnetic Field
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4 DYNAMOS IN

SUN
poloidal /toroidal

MAGNETOSPHERE
Solar wind
IMF

IONOSPHERE
Earth’s magnetic field
Neutral wind

EARTH
Motions of the core

CURRENT SYSTEMS

MAGNETOSPHERE
Chapman Ferraro
Ring current

Tail current

FIELD ALIGNED

IONOSPHERE
Auroral electrojets
Midlatitude currents
Equatorial electrojet

EARTH’s MAGNETIC
FIELD -> Transient
variations

Indices -> disturbances

Dst,

Aa, Kp, Ap
Km, Am
AU, AL

Equivalent currents

pp1, DP2,Ddyn

Sr <Sg>, Sg”




2009 : These d’Etat Frédéric Ouattara: Relation between the 2
components of the solar magnetic and Equatotrial lonosphere

Burkina Faso
2011: PhD of Hung Luu Viet on Telluric electric field in Vietnam

2012: PhD of Jean-Louis Zerbo on Solar activity, solar wind and
geomagnetism Burkina Faso

2012: PhD of Hong thi thu Pham on regular ionospheric dynamo
and long term variations in Vietnam

2014 : PhD of Alain Gnabhlou on long terme variations of
ionosphere in West africa, Burkina Faso

2014: PhD of Christian Zoundi on the Variability of TEC in West
Africa Burkina Faso

~ 20 papers

List given to Prof S. Radicella
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