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Abstract This paper reviews scientific advances achieved by a North-South network between 2006 and 2016. These 
scientific advances concern Solar Terrestrial Physics, Atmospheric Physics and Space Weather. In this part A, we introduce 
knowledge on the Sun-Earth system. We consider the physical process of the dynamo which is present in the Sun, in the 
core of the Earth and also in the regions between the Sun and the Earth, the solar wind-magnetosphere and the 
ionosphere. Equations of plasma physics and Maxwell's equations will be recalled. In the Sun-Earth system there are 
permanent dynamos (Sun, Earth's core, solar wind - magnetosphere, neutral wind - ionosphere) and non-permanent 
dynamos that are activated during magnetic storms in the magnetosphere and in the ionosphere. All these dynamos have 
associated electric currents that affect the variations of the Earth's magnetic field which are easily measurable. That is 
why a part of the tutorial is also devoted to the magnetic indices which are indicators of the electric currents in the Sun-
Earth system. In order to understand some results of the part B, we present some characteristics of the Equatorial region 
and of the electrodynamics coupling the Auroral and Equatorial regions. 
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Introduction 
This paper presents the results obtained by a North-South research network. This paper is composed of 2 parts A and B. Part A 

presents a tutorial and part B the results obtained in the various scientific fields explored. 

This network was constituted and structured within the framework of international projects based on the deployment of 

measurement instruments in non-equipped countries and particularly in Africa. First we will present the main projects and what they 

have contributed. Then we will introduce the results of this article. It was in Vancouver in 1987 during the symposium of the 

International Association for Geomagnetism and Aeronomy (IAGA) that the members of the Interdivisional Commission of Developing 

Countries (ICDC) requested a campaign of measurements on the Equatorial Electrojet  be organized. This campaign took place from 

1992 to 1994 and named the International Equatorial Electrojet Year (IEEY). At that time there was not yet internet and there was 

therefore no site dedicated to this experiment. Mazaudier et al., (1993) described the instruments deployed in Africa mainly on West 

Africa. Amory-Mazaudier et al., (2005) described the results obtained during the IEEY. This project led to the defense of 10 PhD and 

made it possible to structure the North South research network GIRGEA (Groupe International de Recherche en Géophysique Europe 

Afrique http://www.girgea.org).  

In 2005 the GIRGEA was involved in the International Heliophysical Year (IHY) http://ihy2007.org. 

“The IHY project was suggested in 2001 to celebrate the 50th anniversary of the International Geophysical Year (IGY). 

‘‘The objectives of IHY 2007 are: 

1. – To understand the processes and drivers that affects the terrestrial environment and climate; 

2. – To provide a global study of the Sun-Hemisphere system outward to the heliopause; 

3. – To foster international cooperation in space science now and in the future; 

4. – to communicate the unique scientific results of the IHY to the scientific community and to the public.’’  

(Extract from Harrison et al., 2005) 

The IHY project promoted the participation of developing nations in the international global studies of the Sun–Earth System. A 

specific initiative is the ‘‘United Nations Basic Space Science Initiative (UNBSSI) http://wwwoosa.unvienna.org ’’. It was based on 

the tripod concept: instruments, observation and education (Kitamura et al. 2007). Low-cost scientific instruments are deployed all over 

the world (magnetometers, GPS receivers, radio telescopes, VLF receivers, and others) and particularly in Africa. The most widely 

deployed instruments in Africa during the IHY project were GPS (Amory-Mazaudier et al., 2009) and magnetometer 

www.serc.kyushu-u.ac.jp/magdas/MAGDAS_Project.htm 

 The GPS Network deployed over Africa for the IHY combines different networks of GPS receivers: 

IGS: http://igscb.jpl.nasa.gov, International Geodesy System, 

AMMA: http://www.amma-international.org, Analyse Multidisciplinaire de la MoussonAfricaine, 

SCINDA:www.fas.org/spp/military/program/nssrm/initiatives/scinda.htm, Scintillation Network Decision Aid, 

As part of the IHY project, the GIRGEA network expanded to Asia and defined a project for Vietnam that led to the defense of 

6 PhD (Amory-Mazaudier et al., 2006) 

In continuity with IHY project, the International Space Weather Initiative project (http://ww.iswi-secretariat.org), from 2010 to 

2012, continued the deployment of scientific instruments in countries requiring measurements and focused research on the impact of 

solar events on new technologies. In 2012, at the end of the ISWI project, the participants decided that ISWI would now be a research 

network under the umbrella of United Nations with an annual meeting of the steering committee in Vienna. 

The IEEY project has been important because it showed that it was possible to develop high-level research in Africa in less 

developed areas at the time. The IHY project was fundamental for two points: 1) to globalize the research of the Sun-Earth system, 

allowing many young scientists to make a career in science and 2) to break the walls between the different disciplines of Sun and Earth 

physics, so solar  physicists and  physicists of  the magnetosphere,  ionosphere and  atmosphere  had worked and trained together young 

scientists. The ISWI project brought together fundamental research and applications in particular through the use of Global Navigation 

Satellite System (GNSS) for research. 

This article reviews the results obtained during the various projects presented above. It consists of 2 parts. This first part is a tutorial 

that presents some knowledge about the Sun-Earth system useful for understanding the results. The second part brings together results 

on Climate and Atmospheric Sciences, Solar Terrestrial Physics, Space Weather and Capacity Building.  
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Part A: Tutorial 
Introduction 

In this section we will present some physical properties and processes of the Sun-Earth system useful for our review. In some areas 

only a description of morphology will be given with references to useful works to further explore the subject. Our network has been 

interested in the study of the dynamical and electromagnetic phenomena on a large scale. We will focus on the description of the 

physical process of the dynamo which allows understanding in a systemic way the solar terrestrial system, and presenting the four main 

permanent ones: Solar dynamo, Terrestrial core dynamo, Solar-wind magnetosphere dynamo and ionospheric dynamo.  We will also 

present the associated electrical currents and magnetic indices developed to understand this complex system. We will more detail the 

physics of the ionospheric plasma and of the induction that are useful to understand the equatorial phenomena. Figure 1, from Paterno 

(2006), summarizes the mechanism of the dynamo that will be used in this section. The starting points are a movement and a magnetic 

field. 

During the last two decades, the physics of the Sun and the solar wind has advanced considerably with the SOHO and ULYSSE 

satellites. It is now possible when analyzing observations at the level of the Earth to know the state of the Sun using the databases built 

by solar physicists. As part of the International Heliophysical Year project (IHY), it was possible for ionosphere physicists to familiarize 

themselves with and use commonly solar data. 

1.1 Solar Dynamo  
We will only recall here few essential elements necessary for our 

study; to deepen the subject please consult the site 

http://solarscience.msf.nasa.gov/dynamo.shtml  
 It is well known at the present time that the Sun has: 

1. a solar magnetic field which has two components: a 

poloïdal component (~10 G) and a toroidal component (~3-

5 kG) 

2. That it rotates on itself with a different velocity between 

the pole (~31 days) and the equator (~27 days) and this 

differential velocity creates the sunspots (toroïdal magnetic 

field). 

The dipolar component of the solar magnetic field, Bpol, is 

considered as the primary magnetic field, with the motion of the 

rotating Sun, Vrot. Within this magnetic field, it is a dynamo. The 

discovery of sunspots is attributed to Galileo Galilei and Thomas 

Hariot around 1610 (Casanovas, 2006). Schwabe (1843) discovered 

the sunspot cycle (presented on figure 2) and Hale et al., (1919) 

discovered the poloidal component of the solar magnetic field.  

The two components of the solar magnetic field are anti-

correlated and they do not produce the same events. The sunspots, 

which are known for more than 4 centuries, are the main source of 

the solar flux received on Earth. The poloidal magnetic component 

acts more on the solar wind. Figure 3 presents the complete solar 

cycle, at the top panel on the upper and lower edges of the figure we can see the alternation of blue and yellow colors corresponding to 

the change in the poloidal field direction, every 11 years. At the center of the top panel there is the famous butterfly diagram 

corresponding to the sunspot cycle. The middle panel shows the variation of the dipole field and the bottom panel the variation of the 

toroidal field (sunspot cycle). It is observed that the poloïdal field is maximal when the sunspot cycle is at the minimum and vice versa. 

Before the International Heliophysical Year, very few physicists of the ionosphere knew the poloidal component of the solar 

magnetic field. All the studies were conducted with the sunspot cycle which is of course very important for the ionosphere and whose 

effects are more visible. 

We shall see in the remainder of this section how these two components of the solar magnetic field are to be known for our systemic 

study on Sun Earth system, see the reviews on solar cycle and geomagnetic activity by Legrand and Simon (1989) and  Simon and 

Legrand (1989). 

 
Figure 2 :  Sunspot cycle 

Figure 1: Schematic representation between plasma motion 
and magnetic field [after Paterno, 2006]. Comments by 
Paterno ‘A motion v across a magnetic field B induces an 
electric field vxB, which produces an electric current 
J=σ (E + v×B) via Ohm’s law where σ is the electric 
conductivity and E an electric field. This current produces 

in turn a magnetic field JB µ=×∇ , where μ is the 
permeability. The magnetic field creates both electric field 

E through Faraday’s law tBE δδ−=∇  and Lorentz force 
J×B which reacts on the motion v. 
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1.2 Terrestrial Core Dynamo   
The Earth’s magnetic field can be thought of as a huge 

cocoon, protecting the Earth planetary surface from cosmic 

radiation and solar wind charged particles bombardment. Without 

it, life as we know it would not exist.  

About 94% of the total Earth’s magnetic field, the so-called 

main field is generated by the terrestrial core dynamo. The 

remaining 6% corresponds partly to the time varying magnetic 

signature of electrical currents generated by the solar-wind 

magnetosphere and ionospheric dynamos, and partly to the 

signature of the magnetization of geological materials in the 

lithosphere – the rigid outer part of Earth, consisting of the crust 

and upper mantle. This magnetization corresponds either to the 

fossilization of the geomagnetic field at the time of deposition of 

geological materials (remanent magnetization), or results in the 

amplification of the present geomagnetic field (induced 

magnetization);  

In this section, we briefly recall basics on the terrestrial core 

dynamo, responsible for the main field. Its intensity is in the 

range of 30,000 to 60,000nT at the Earth surface, and its time 

variations have periods in the range of few years to hundreds of millions of years, the low period cut-off resulting from electromagnetic 

field filtering by the conductive mantle.  

It is generated at depths greater than 3000 km by a self-sustaining dynamo associated to the convection movement of molten very 

conductive materials – mostly iron – in the outer liquid core. This movement is driven by the cooling of the planet that results in 

convective motions associated to heat transfer from the center of the planet outwards on the one hand, and to upwards motion of light 

materials released by core materials crystallization at the surface of the inner solid core on the other hand. It satisfies Maxwell’s 

(electromagnetic field) and Navier-Stockes’s (core material convection) equations, coupled through the Lorentz force, i.e. the force 
exerted on conductive material moving through magnetic field force lines. It is now well accepted that the outer core tangential 

flow results from the geostrophic balance between the Coriolis force and the force of the pressure gradient, for the time scales of the 

historical secular variation, can be considered as-geostrophic. The analysis of the main field and of its secular variation makes it possible 

to get information on the motions at the surface of the outer liquid core, and on its evolution since the beginning of systematic 

observations at the end of the nineteenth century. 

The magnetic field is fully described by an appropriate set of three elements selected from: Northerly intensity, X, the Easterly 

intensity, Y, and the vertical intensity, Z (geographical axis); the horizontal intensity, H, the total intensity, F, the inclination angle, I, 

measured from the horizontal plane to the field vector, positive downwards, and the declination angle, D, measured clockwise from true 

North to the horizontal component of the field vector. The magnetic equator corresponds to the points where I=0. 

Outside the conductive Earth, the main field of internal origin is the negative gradient of a magnetic potential V that satisfies the 

Laplace’s equation. This potential, and accordingly the elements of the main magnetic field, can be described in terms of a sum of 

spherical harmonics which each satisfy Laplace equation. This is, in particular, the case of the International Geomagnetic Reference 

Field (IGRF) that is an internationally agreed and widely used mathematical model of the Earth’s magnetic field of internal origin. Each 

constituent model of the IGRF is a set of spherical harmonics of degree n and order m, each of them being associated to a Gauss 

coefficient. The higher the degree n is, the smaller the spatial wavelength and the more rapid the decreasing with the distance to the 

Earth is. Spherical harmonics developments are the generalization to spherical geometry of Fourier development in 2-D situations. 

Figure 3 : Top  panel: the magnetic butterfly diagram in grey scale (the original figure is by D.H. Hathaway, NASA/MSFC), where white 
(black) represents positive (negative) field; Middle panel: solar polar region field (between ±550 and the poles) observed by Wilcox 
Solar Observatory (WSO) at Stanford; bottom panel: sunspot number of the same three cycles 21 to 23 using data from NOAA NGDC. 
The poloidal field of bipolar MCs shows a cyclic reversal of the same periodicity with the solar magnetic cycle,  (Li et al., 2011) 

 

Figure 4 : The core dynamo:  Horizontal intensity H (nT) at 2010.0 
from IGRF model (IGRF-11 model), middle panel Inclination I 
(degree) and bottom panel: total intensity F  (from Macmillan 
and Finlay, 2011) 
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The first IGRF has been ratified by the International Association of Geomagnetism and Aeronomy (IAGA) in 1969, and has been 

revised and updated every five years since then. The constituent of the IGRF models extend to spherical harmonic degree 10 up to and 

including epoch 1995.0; thereafter they extend to degree 13 to take advantage of the availability of excellent satellite data (see 

Macmillan and Finlay (2011), and reference therein for further details). Figure 4 presents global maps of selected magnetic elements, 

based on IGRF for 2010.0.  

The order n=1 IGRF Gauss coefficients are at least ten time larger than those for orders n>1. The n=1 component corresponds to the 

so-called dipolar field that would be generated by a magnet located at the center of the Earth, and tilted with respect to the Earth’s 

rotation axis. Since, in addition, the n=1 component is the one with the slowest decay with distance to the Earth’s centre, the Earth’s 

magnetic field can be properly approximated by the n=1 IGRF dipolar field. 

 
Figure 5 : Solar radiations 

1.3 Sun-Earth’s Connections  

1.3.1 Regular radiations 
The Sun emits continuously many radiations, which are shown in 

figure 5. The UV, EUV and X radiations are the primary source of 

the ionosphere by the photo ionization.  

1.3.2 Regular solar wind 
Figure 6 shows the solar wind, which compresses the 

magnetosphere (cavity of the earth's magnetic field), at the front and 

stretches it at the rear. The regular solar wind is a constant stream of 

coronal material that flows off the Sun at a speed of about 300-

400km/s. It consists of mostly electrons, protons and alpha particles 

with energies usually between 1.5 and 10 KeV. The Earth’s magnetic 

field acts as a shield for solar wind. However, there are regions of the 

ionosphere that are directly connected with the interplanetary 

medium and this the solar wind flow. The solar wind carries part of 

the solar magnetic field towards the Earth. The magnetic field in the 

solar wind is called interplanetary magnetic field (IMF). 

 

1.3.3 Solar disturbances related to radiations (solar flare, 

solar burst…) 
A solar flare occurs when magnetic energy that has built up in the 

solar atmosphere is suddenly released. Radiation is emitted across 

virtually the entire electromagnetic spectrum, from radio waves at the 

long wavelength end, through optical emission to x-rays and gamma 

rays at the short wavelength end. The solar flare reaches the earth in 8 

minutes (speed of the light), there is no interaction with magnetosphere. The 

ionizing radiations of the solar flare (X, UV, EUV) create a strong increase of 

the ionospheric ionization and disturb the Global Navigation Satellite System by 

adding a delay. Figure 7 shows a picture of a Solar Flare and figure 8 shows its 

effect in the Earth’s environment. In the E layer the solar flare increases the 

electric conductivity and as a consequence increases ionospheric electric 

currents (section 3 of tutorial) and the Earth’s magnetic field associated to these 

ionospheric electric currents (section 4 of tutorial). The signature of the solar 

flare on the magnetic field is visible and is called a crochet, see Curto et al., 

(1994a, 1994b).  

 

Figure 6 : Solar wind source (Amory-Mazaudier et al., 2017) 

 

Figure 7 : Solar Flare  (SOHO data) (Amory-
Mazaudier et al., 2017) 
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1.3.4 Solar disturbances affecting the solar wind (CME, HSSW, CIR …) 
The Coronal Mass Ejections (CMEs) are due to powerful magnetic 

explosions in the Sun's crown, which project the ionized plasma into 

the interplanetary space, and the associated neutral gas by collision. 

The CMEs carry billions of tons of material. The relaxation of the 

plasma, initially compressed by the high pressures existing on the 

surface of the Sun, increases its volume to a greater extent than that of 

the Sun in the relatively dense interplanetary space. A gigantic plasma 

bubble moves away at supersonic speed from the Sun at over 300,000 

km / h, opening the lines of force of the solar magnetic field. At its 

arrival in the vicinity of the Earth after three to four days, the gigantic 

plasma bubble interacts with the Earth's magnetic field, and produces 

northern and southern lights, geomagnetic storms, disrupts radio 

communications, satellites and electricity distribution systems. 

Figure 9a illustrates the phenomena of CME. Occurrence of CME is 

maximal with the maximum sunspot cycle, see Gopalswamy (2010). 

HSSW, CIR: High-speed solar-wind streams flow from solar 

coronal holes; the fast solar wind interacts with slow wind streams 

producing regions of enhanced magnetic field strength and particle 

density that are known as co-rotating interaction regions. Figure 9b, 

from Legrand (1984), illustrates the solar wind flow from a coronal 

hole, in black on the figure. The coronal holes are recurrent and occur 

near sunspot minimum when the poloïdal component of the solar magnetic field is maximal. HSSW can last for several days and input 

as much energy as a storm driven by a coronal mass ejection (Kavanagh and Denton, 2007). The occurrence of fast solar winds is 

maximal during the descending phase and the minimum phase of the sunspot cycle 

In this section we have presented some definitions concerning the main solar events affecting the solar wind, which are the CME 

and the HSSW. CME and HSWW may be causing magnetic storms that severely disrupt the terrestrial environment. Gonzales et al., 

(1994) have defined criteria for classifying magnetic storms based on solar wind parameters and the magnetic index Dst which will be 

presented in the magnetic indices section. 
 In the work presented in Part 3 ‘Solar Terrestrial Physics’ and Part 4 ‘Space Weather’ we have systematically used solar databases 

such as the LASCO catalog on the CME (https://cdaw.gsfc.nasa.gov/CME_list/),  to develop case studies. 

 
a 

 
b 

1.4 Ionosphere and Atmosphere  
Figure 10 from Rishbeth and Gariott (1969), on the left side, presents the different layers of the Atmosphere and on the right side the 

different layers of the Ionosphere. The layers of the atmosphere are defined by changes in the gradient of temperature. The Troposphere 

0- 11 km is the region where meteorological phenomena take place. The Stratosphere 11- 30 km is a region of high turbulence. The 

mesosphere 30-80 km is the region where the solar UV radiation is completely absorbed by ozone. Finally the thermosphere 80- 600 km 

is strongly ionized by the X and EUV solar radiations. Above 600 km there is the exosphere which is a region where the collisions are 

infrequent and where the particles follow ballistic orbits and are governed only by the electromagnetic forces. 

The Ionosphere is the ionized part of the atmosphere due to the absorption of the UV, EUV and X radiations It is organized in 

different layers of altitude called D, E, F1 and F2.  

Region D is between 50 and 90 km and coincides with the mesosphere. Its ionization is due to the ionization of nitrogen monoxide 

(NO) by solar UV radiation, X-rays and, essentially at night, the capture of an electron by oxygen molecules O2. The layer D is thus 

 

Figure  8 : Effect of a solar flare on GNSS signal  (Amory-
Mazaudier et al., 2017) 

Figure 9:  CME and HSSW, a) A CME starting from the Sun and arriving near the Earth and b) Coronal holes in black with (from 
Legrand 1984) 
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composed of positive ions NO +, negative ions O2

- 
(mainly at night) and electrons. In fact, these ions evolve in part by the formation of 

aggregates gathering the original ions and water molecules. 

The E layer, located between 90 and 150 km, comes from the ionization of the oxygen molecule (O2) and the molecule of nitrogen 

(N2) by the EUV photons and, to a lesser extent, by the X-rays. Layer E disappears rapidly at night, the density decreasing by 2 or 3 

orders of magnitude, except when the high-altitude structure of the neutral winds leads to the formation of sporadic E-layers from 

meteoric ions and (ii) at high latitude where the auroral activity and the precipitation of energetic electrons maintain high densities. In 

the E layer, electric currents are created by dynamo effect of the atmosphere. 

 

 

The Region F, created mainly by EUV radiation, extends from 

150km to the exosphere. During the day, it has two layers (F1 and 

F2). The layer F1 is situated between 150 and 200 km approximately. 

The layer F2 extends beyond 200 km and in the exosphere and is the 

only one to survive at night, due on the one hand to the long time 

constants of the reactions that control the losses of ions and electrons. 

On the other hand, the transport of the plasma along the force tubes 

of the earth's magnetic field which partially empty the 

magnetospheric reservoir in favor of the higher ionosphere. 

The equation of continuity gives the rate o change of electron 

concentration as the sum of the gain by production (q) minus the loss 

by destruction l(N)and minus the change by transport div (NV) as we 

consider that the transport processes results in a net drift velocity. 

 

)()( NVdivNlq
t

N
−−=

∂

∂
   (1)  

1.5 Ionospheric dynamo and its associated electric current systems  

1.5.1 Ionospheric dynamo 
We consider a stationary regime to write the equation of motion in the form: 

0===
dt

Vd
mgmF r

r
r       (2)  

This gives the following two equations for each species (i) of ions and (e) for the electrons: 

( ) ( ) ( ) ( )eieieniiniiii

i

i VVmVVmBVEekTN
N

gm −−−−×++∇−= νν
1

0  (3a) 

( ) ( ) ( ) ( )ieeieneeneeee

e

e VVmVVmBVEekTN
N

gm −−−−×+−∇−= νν
1

0  (3b) 

In these equations, the physical meaning of the various terms is as follows: 

- Force of gravity:     gmP
rr

= ,   

- Force of pressure:    )(
1

NkT
N

Fp ∇=
rr

 

N and T are respectively the concentration and the temperature of the charged particle 

- Force of Lorentz:   )( BVEeF nen

rrrr
×+±=  

Where e is the elementary charge, the sign "+" for the positive ions and the sign "-" for the electrons, and B  and E  are the electric 

field and magnetic field vectors. 

- Collision forces:
cF
r

 = ( )niini VVm
rr

−ν   or ( )eieie VVm
rr

−ν  or ( )neene VVm
rr

−ν  or ( )ieeie VVm
rr

−ν   

Express the effect of collisions with neutral particles and ions (ni) and electron (ne) or between ions and electrons (ie), m is the mass 

and velocity of the charged particle, ν the collision frequency between a charged particles with the neutrals (n) or other charged particle.  

In the perpendicular direction to the Earth’s magnetic field and below the altitude of ~160km, gravity and pressure gradients can be 

neglected in front of the other forces. The equations of motion for ions and electrons are reduced to: 

( ) ( )⊥−⊥=×⊥+ nViV
in

mBiVEe i

rrrrr
ν  (4) 

( ) 0=×+ ⊥ BVEe e

rrr
 (5) 

 In the perpendicular direction, the neutral atmosphere drives the ions through the lines of the Earth's magnetic field and thus creates a 

differential velocity between the ions and the electrons and as a consequence electric currents.  

The expression of the electric current density is :  

�� = ������			� − ��			��      (6)  

 

 
Figure 10 : Ionosphere and Atmosphere after  

 [Rishbeth and Gariott, 1969] 
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It can be expressed also as: 

�� = ���		� + ��				� × �		��      (7)  

Where σ� is the conductivity tensor, E		�  the electrostatic electric Field, V�				� the neutral wind and  B		� the terrestrial magnetic field. It is 

important to recall here that the absorption of the UV solar radiation in the mesosphere produces the atmospheric tides which propagate 

from the middle atmosphere to the E region and which are an important component of the motions of the neutral atmosphere V�				�  in the E 

dynamo region. Figure 11, from Evans (1978), presents the mechanism of propagation of migrating atmospheric tides generated in the 

Stratosphere (Chapman and Lindzen, 1970). In addition to migrating atmospheric tides, there are non-migrating tides generated by 

atmospheric convection in the troposphere (Hagan and Forbes, 2002; Hagan and Forbes, 2003) which also influence atmospheric 

movements at the altitudes of the dynamo E region of the Ionosphere. 

In the F region (above 160 km), the motions of the ions and electrons in the perpendicular direction to B  are equal and are only due 

to the Lorentz force ��				� = ��				� = �		�×�		�

��    .       

In the direction parallel to the Earth’s magnetic field, the equations of motions for the ions and the electrons are : 

 ( ) ( ) ////////

1
0 dnniiniii

i

i VVVVmkTN
N

gm +=−−∇−= ν  (8) 

( ) ( )
eN

J
VVVVmeEkTN

N
gm

e

dnneeneee

e

e
//

//////////

1
0 −+=−−−∇−= ν  (9) 

Where V�//is the atmospheric motion , V!//is the velocity of ambipolar diffusion  under the influence of pressure gradient and gravity , 

J//				� the current parallel to the lines of the magnetic field, Ne Is the density of the electrons and e is the charge of the electron. Below 180 

km, the ambipolar diffusion velocity can be neglected.  

The ionospheric electric currents flowing in the E layer (100-150km) are at the origin of the regular variations of the Earth’s magnetic 

field:  to deepen the subject please read Richmond (1995). 

The ionospheric electric currents (Ampere’s law) produce ground magnetic field variations and these ground magnetic variations are 

used to determine ‘Equivalent electric current system’. We speak of equivalent electric currents because these currents are deduced by 

inversion of the terrestrial magnetic field data and this requires a model for the circulation of the electric currents. 

 

 

1.5.2 Sq and EEJ 
The ionospheric dynamo has two associated equivalent electric current systems which are: 1) the Sq current system (Chapman and 

Bartels 1940) and 2) the Equatorial Electrojet EEJ (Chapman 1951).  

For the Sq equivalent current system, one considers that the currents circulate in an infinite plane layer above a flat earth. For the 

EEJ current it is assumed that the current model is a ribbon. Figure 12 shows the equivalent electrical currents Sq and EEJ. These 

currents linked to the existence of the E region circulate on daylight side of the earth. 

1.5.3 The inospheric currents induce currents in the Earth 
The ionospheric currents associated to the equatorial electrojet, hereafter denoted as SR

E, can be roughly modeled in the dayside 

hemisphere by a quasi-linear concentration of currents flowing in the ionospheric E-layer along the dip equator. In order to ensure the 

divergence free condition for these currents, closing currents should exist, making it essential to deal with these currents when studying 

the induction phenomena associated with the equatorial electrojet.  

1.5.3a The Maxwell’s equations 
Let be the magnetic induction related to the ionospheric SRE currents, Bi be the magnetic induction related to the induced currents 

that flow in the conducting solid Earth, and B be the total induction. 
ei BBB
rrr

+=  satisfies Maxwell’s equations: 

 

 

Figure 11 : Atmospheric tides (Evans 1978 
 

Figure 12 :  Equivalent electric currents Sq and EEJ 
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µ=×∇  (10a) 

t

B
E

∂

∂
−=×∇

r
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 (10b) 

( )BvEJ
rrrr

×+= σ  (10c) 

0. =∇ B
rr

 (10d) 

0. =∇ J
rr

 (10e) 

where E
r

 is the electric field, J
r

 the density of volume current, and  v
r

 the linear speed of rotation of the Earth at the equator.�� is the 

electrical conductivity of the medium, and µ its magnetic permeability, which we assume to be uniform and equal to that of a vacuum. 

The space is referred to an Oxyz Cartesian frame defined with respect to the Sun, where Ox and Oy are horizontal axes positive 

northwards and eastwards respectively, and Oz the vertical axis positive downwards.  

Consider the case of homogeneous conductive domains. Taking the curl of equation (10a) and substituting (10b) and (10c), gives: 

( )







××∇−

∂

∂
=∇ Bv

t

B
B µσ2       (11a)  

Similarly, taking the curl of equation (10b) and substituting (10a) and (10c) leads to: 

( )







×

∂

∂
+

∂

∂
=∇ Bv

tt

E
E µσ2       (11b)  

1.5.3b Induction by the diurnal variation 
The SR

E currents can be described as a system of constant intensity and fixed geometry. Such a model provides a relevant first-order 

model for studying induction at equatorial latitudes, since the SR
E day-to-day variability can be neglected in such studies, except perhaps 

at times close to local noontime (see, e. g., Ducruix et al., 1977; Vassal et al., 1998). 

In this limiting case, tB ∂∂ /
r

 and tE ∂∂ /
r

 are zero, and the Earth rotates below a current system that is fixed with respect to the Sun. 

The linear speed of rotation of the Earth, v
r

, lies along the y axis and: 

t

B
vBv

∂

∂
−=××∇ )(      (12)  

Where vv
r

= . Consequently, the source term for the induction reduces to   
t

B
v

∂

∂
r

µσ    in equations (11a) and (11b).  

Equations (11a) and (11b) then reduce to: 

( )BvxB ×∇⋅−=∇ µσ2      (13a)  

02 =∇ E
r

      (13b)  

Induced electric fields are therefore the signature of magnetic induction B
r

 gradients in the east-west direction. They are 

consequently expected to be negligible, if not zero, close to the noon meridian where ∂[y×(B×y)] / ∂y ≈ 0, and are likely to be the 

signature of closing currents which are, in fact, associated with B gradients in the y direction. Furthermore, the differential operators 

present in the equations (13a), (13b), and (11a) only involve derivatives with respect to space. The magnetic induction, B
r

, and the 

induced electric field, E
r

, therefore have the same time dependence. Moreover, since 
ei BB
rr

<< (Ducruix et al., 1977), the ionospheric 

SR
E currents together with the related magnetic and induced electric currents variations have the same time dependence during a given 

day. All of these variations would then have the same day-to-day variability. 

Ducruix et al. (1977) made numerical simulations with a model that is oversimplified and probably not very realistic as far as the 

geometry of the ionospheric return currents is considered. Their results gave a clear numerical confirmation of the two basic results we 

deduced from the Maxwell equation: that the induced electric fields correspond to the east-west gradient in the magnetic field, and that 

their intensity is proportional to that of the magnetic SRE variation. 

1.5.3c Induction by the irregular variations 
During disturbed magnetic situations, the ionospheric currents flowing in the electrojet and related to the irregular magnetic 

disturbances, are homogeneous over a wide range of longitudes and fluctuate temporally with time constants in the order of a few 

minutes to a few tens of minutes. The source term related to ( )Bxvx
rrr

∇  is then negligible compared to that related to tB ∂∂ /
r

, and, as a 

first approximation, one can consider that the current system does not move with respect to the Earth. Equations (13a) and (13b) then 

reduce to the classical induction equations for a conductive body in a time-varying electromagnetic field: 

t

B
B

∂

∂
=∇

r
r

µσ2       (14a)  

t

E
E

∂

∂
=∇

r
r

µσ2       (14b)  

At night time, the Tikhonov-Cagniard’s plane wave approximation holds, and so does the magnetotelluric interpretation.  

During daytime, however, the equatorial electrojet exercises considerable control over the transient electromagnetic field at the 

Earth’s surface. Given the latitudinal extent of the equatorial electrojet (see e.g., Fambitakoye and Mayaud, 1976; Doumouya et al., 
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1997), the plane wave approximation no longer holds for frequencies smaller than a few cph, such that interpreting daytime 

electromagnetic observations must take into account the actual distribution of ionospheric currents at equatorial latitudes. 

The variation of the E-W current density with latitude has been studied for decades. Surface magnetic data clearly shows that the 

equatorial electrojet ionospheric equivalent currents are symmetrical with respect to the center of the jet. Various symmetrical models of 

distributions of ionospheric equivalent currents have been proposed: 

a 1-dimensional symmetrical distribution of E-W ionospheric currents scaled by its latitudinal extent and its intensity at the center: 

m

paxIxI )1()(
22

0 −=     (15a)  

where 0I  is the current density at the center of the electrojet, ap the ‘half-width’ of the electrojet and x the distance to the center of the 

electrojet. Chapman (1951) considered uniform (m = 0) and parabolic (m = 1) distributions of current. Fambitakoye (1976) showed that 

quadratic models (m = 2) account fairly accurately for the magnetic effects observed at the Earth’s surface. Fambitakoye and Mayaud 

(1976), and then Doumouya et al. (1997) used this latter model to characterize the day-to-day and seasonal variability of the equatorial 

electrojet and found that ap was of the order of 300 km.  

a cosine distribution with ‘half-period’ ac: (Hutton, 1972) 

)2cos()( 0 caxIxI =       (15b)  

a gaussian distribution scaled by a ‘standard deviation’ ag (Peltier and Hermance, 1971) 

)2exp()( 22

0 gaxIxI −=     (15c)  

These three distributions do not differ significantly when they are close to the center of the electrojet, provided the ap, ac, and ag 

values are consistent. With a realistic 300 km ap value and appropriate ac (320 km) and ag (140 km) values, the calculated error remains 

less than 10 per cent for distances to the center of the jet less than 250 km (see e. g., Vassal et al., 1998).  

The cosine model corresponds to ionospheric currents extending towards infinity in the N-S direction, and therefore does not 

account for the effects of the limited latitudinal extent of the equatorial electrojet. In contrast, the polynomial and gaussian models 

correspond to ionospheric currents of limited latitudinal extent, and are therefore likely to provide more realistic models of the 

electromagnetic field associated with the equatorial electrojet. 

Peltier and Hermance (1971) solved the induction problem for gaussian distributions of currents. Vassal et al. (1998) and Luu Viet et 

al., (2014a) (see Part B section 2.8) used their results to study the electromagnetic field for a realistic gaussian electrojet above a 

stratified conductive medium. Their results showed that the equatorial electrojet gives rise to a source effect in the magnetotelluric 

impedance that depends both on the distance to the center of the electrojet and on the distribution of conductivity in the crust 

 
Figure 13:  the magnetosphere and the electric current systems in the magnetosphere 
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1.6 Solar wind magnetosphere dynamo and its associated electric current systems 

1.6.1 The solar wind-magnetosphere dynamo 
The solar wind magnetosphere dynamo converts the movement of the solar wind into electrical energy transmitted to the 

magnetosphere. Two main physical processes are invoked for this transfer: 1)   the viscous interaction between solar wind and 

magnetosphere (Axford and Hines, 1961) and 2) magnetic reconnection (Dungey, 1961), this second mechanism is much more effective 

than the first mechanism. 

 The interplanetary electric field  �#			�   is given  by the following expression: 

��			� =  − �$%						�    ×  ��&'							�       (16)  

Where  V()						�   the solar wind and B*+,								� the interplanetary magnetic field. 

1.6.2  Solar wind magnetosphere dynamoand its associated electric  current systems in the 

magnetosphere 
Figure 13 presents the topology of electric currents in the magnetosphere associated to this dynamo. There are the currents flowing 

on the magnetopause at the front of the magnetosphere which are also called Chapman Ferraro currents. There are currents flowing in 

the equatorial plane of the magnetosphere at a distance of few terrestrial radius called ring current. There are currents in the tail of the 

magnetosphere and finally the electrical currents aligned along the terrestrial magnetic field also called Birkeland currents. The 

Chapman Ferraro electric currents circulate in the magnetopause which is a layer between the solar wind and the terrestrial magnetic 

field. In this region the pressure of the geomagnetic field is balanced by the dynamic pressure of the solar wind (Chapman and Ferraro, 

1931). The ring current is driven by gradient and curvature drifts in the plasma sheet, with an additional contribution from the magnetic 

moments of all the particles. The ring current keeps the pressure gradient and the Lorentz Force in balance. In the magnetosphere the 

movement of the particles which is converted into ring current is a temporary dynamo internal to the magnetosphere existing during 

geomagnetic activity. It was Störmer (1907, 1911 , 1913),  at the beginning of the second century, who first studied the trajectories of 

particles and the formation of the ring current under the action of the earth's magnetic field. Akasofu (1972) proposed that 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. The field aligned currents proposed by Birkeland (1908, 1913). 

These currents connect the magnetospheric electric currents to the ionospheric electric currents. The closure of the magnetospheric 

current loops requires fields aligned currents flowing into and out the ionosphere. The field aligned current were detected by satellite by 

Amstrong and Zmuda (1970). 
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Figure 14 :  Ionospheric electric currents 

1.6.3 Solar wind magnetosphere dynamo and its associated electric current systems in the ionosphere 
The auroral zone is a complex area from the point of view of dynamics and electromagnetism. It is a zone of coupling between the 

interplanetary medium, the magnetosphere, the thermosphere and the ionosphere. Figure 14 presents the most important parameters at 

high latitudes: 

1) the field aligned currents closing in the E region of the Ionosphere 

2) the magnetospheric convection electric field transmitted to the auroral ionosphere via the lines of the magnetic field 

3)  the precipitation of particles increasing the ionospheric conductivities in the auroral zone, 

as a consequence there are strong electric currents flowing in the E region of the ionosphere. These currents are called auroral 

electrojets. 

In turn, these strong electric currents transmit impulse  J� × B		�  and heat to the auroral atmosphere through Joule heating - = .�.�	� 
 and create a thermal expansion of the atmosphere and disturbances in the circulation of the thermospheric winds. 

As our studies concern more the equatorial zone, we will present the physical processes of the auroral zone influencing the low 

latitudes in the paragraph 1.8.4.: Electrodynamics coupling between the high and low latitudes. 

1.7 The magnetic indices  

1.7.1 Magnetically quiet and very quiet 24-hour and 48-hour intervals 
Two activity classifications of days are currently used.  

The first one aims at identifying the quietest and most disturbed days of the month. It was proposed by Johnston (1943), and is based 

upon Kp indices. The second one aims at selecting days that are magnetically quiet or very quiet. Introduced by Mayaud (1973), this is 

based upon aa indices. 

As each month they compulsorily determine 5 quiet and 5 disturbed days., when using quietest and most disturbed days, one should 

keep in mind that it may happen that during very active periods a selected quietest days is definitely not a quiet day, and that on the 

contrary during very quiet periods a selected most disturbed days is in fact a quiet day.  

Classification of days as deduced from Kp indices 

The identification of the quietest and most disturbed days of each month is made on the basis of three criteria: 

• The sum of the eight values of Kp;  

• The sum of the squares of these values; 

• The greatest of the eight values of Kp.  
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According to each of these criteria, a relative "order number" is assigned to each day of a month, the three order numbers are 

averaged and the days with the lowest and the highest mean order numbers are selected as the five quietest, the ten quietest (Q-) and the 

five most disturbed (D-) days. 

As already mentioned, it should be noted that these selection criteria give only a relative indication of the character of the selected 

days with respect to the other days of the same month. As the general disturbance level may be quite different for different years and 

also for different months of the same year, the selected quietest days of a month may sometimes be rather disturbed or vice versa. In 

order to indicate such a situation, selected days which do not satisfy certain absolute criteria are marked as follows: 

• a selected "quiet day" is considered "not really quiet" and is marked by the letter A if for that day Ap > 6, or 

marked by the letter K, if Ap < 6, with one Kp value greater than 3 or two Kp values greater than 2+. 

• a selected "disturbed day" is considered "not really disturbed" and marked by an asterisk if Ap is lower than 20. 

• Classification of days as deduced from aa indices 
The identification of the quiet 24-hour intervals is made firstly on the basis of the mean value of aa which must be lower than 13 nT. 

Then, each individual aa value of the day is represented by a weight p (see Table 1 ). A day with a mean value of aa < 13nT and for 

which the sum of weights p, Σp is higher than, or equal to 4 is a quiet day; if Σp is lower than 4, the day is a really quiet day. 

The same rules are applied to select the 48-hour quiet or really quiet intervals, with the same limit for the aa mean value (13 nT) and 

a limit for Σp equal to 6. One must note that in these intervals every local day (0 h to 24 h in local time) is really quiet, at any longitude.  

Table 2: Correspondance between Kp and Ap 

1.7.2 Global magnetic disturbance :  

Aa, Am/Km, Ap/Kp  
The 3-hour planetary indices aim at characterizing the 

geomagnetic activity intensity at a planetary level, on the basis of the 

magnetic activity observed at subauroral latitudes, that is sensitive to 

the different magnetospheric current sources. 

The Kp index was first introduced in 1949. It has since been 

derived back to 1932 and the present data series is homogeneous and 

continuous from 1932 onwards. Because of the historical context 

when Kp was introduced, the Kp network is heavily weighted 

towards Western Europe and Northern America, where respectively 

seven and four out of the thirteen stations are located; only two 

stations are located in the Southern hemisphere and none in Eastern 

Europe or Asia. Kp behaves as K, and it is therefore not linearly 

related to the activity. Computing averages of the activity requires 

an index that is linearly related to the activity. The ap index was therefore introduced few years after. It is expressed in “ap units”: 1 ap 

unit ~ 2 nT. Any ap index is deduced from the corresponding Kp through a one to one correspondence table (see table 2): there is thus 

only 28 possible ap values. The well known, but generally not properly known, ap index is the daily average of ap; it is expressed also in 

ap units. 

The am index is derived from K-indices measured at a network of subauroral latitude geomagnetic observatories evenly distributed 

in longitude in both hemispheres. In each hemisphere, stations are gathered in longitude sectors. For each 3-hour interval, hemispheric 

indices are computed as the weighted average of the K-equivalent amplitudes in the corresponding sectors, and am is the arithmetic 

average of the two hemispheric indices. The am index is expressed in nT. The present data series is homogeneous from 1959 onwards. 

An extensive regression analysis of am and solar wind data enabled Svalgaard (1977) to show that any am index is somehow a measure 

of the energy state of the magnetosphere during the corresponding 3-hour interval.  

The 3-hour planetary “aa” antipodal activity index was introduced in order to provide a very long series of geomagnetic activity 

indices, homogeneous from 1868 onwards. The aa index is a weighted average of the aK equivalent amplitudes from two almost 

antipodal stations, one in Western Europe, the other in Eastern Australia. The aa index is expressed in nT. 

For further details on Kp, aa, and am indices, refer to Mayaud (1980), Menvielle and Berthelier (1991) or to Menvielle et al. (2011).  

1.7.3 Magnetic indices related to electric field or current systems: Dst/ SYM-H, AU and AL 
Magnetic field measurements are very common, while measurements of electrical currents in both the ionosphere and the 

magnetosphere are rare. And therefore the variations of the magnetic field are interpreted in terms of electrical currents, as we have 

previously reported for equivalent electrical currents Sq and EEJ. 

Historically, variations in the magnetic field have been used to construct magnetic indices that allow one to approach certain electric 

currents in the magnetosphere and in the ionosphere. 

The northern Polar cap magnetic index is representative for the magnitude of the Northern trans-polar convection electric field 

which drives the transpolar part of the ionospheric two-cell current system (Stauning, 2012). As a result, increasing PCN values can be 

interpreted as increasing dayside merging solar wind electric field (see, e.g., Hanuise2006). 

The auroral activity AU, AL and AE indices monitor the magnetic activity produced by the auroral electrojets that are mostly related 

to the magnetosphere-ionosphere coupling through the field-aligned currents: AU monitors the intensity of the electrojet flowing 

eastward in the Magnetic Local Time (MLT) afternoon sector; AL monitors that of the electrojet flowing westward in the MLT morning 

sector; AE=AU-AL, AL being negative, is a global indicator that is currently used in substorm activity studies. 

T able  1:  the weights p attributed to the aa indices for quiet      

and very quiet day determination. 

p 0 1 2 4 6 

aa <17 17<aa<21 21<aa<28 28<aa<32 >32 

Kp ap Kp ap Kp ap 

  0o 0 0+ 2 

1- 3 1o 4 1+ 5 

2- 6 2o 7 2+ 9 

3- 12 3o 15 3+ 18 

4- 22 4o 27 4+ 32 

5- 39 5o 48 5+ 56 

6- 67 6o 80 6+ 94 

7- 111 7o 132 7+ 154 

8- 179 8o 207 8+ 236 

9- 300 9o 400   
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Figure 15 : The Dst index 

The Dst index monitors the axi-symmetric part of the 

magnetospheric currents, including mainly the ring current, but also 

the magnetopause Chapman-Ferraro current. It is calculated by 

using magnetic stations of low latitudes located however outside the 

equatorial electrojet. It presents a positive phase during the 

compression phase of a magnetic storm and this is due to the 

electrical currents of the Chapman Ferraro type which circulate on 

the magnetopause. During the main phase and the magnetic storm it 

presents a negative signature value of the ring current which 

develops in the equatorial plane of the magnetosphere (Figure 15). 

The SYM-H index is mostly similar as the hourly ‘Dst’ index, but 

derived from a different set of stations, and with the advantage of 

being a 1-minute index. 

The ASY-H index aims at monitoring the asymmetric part of 

the low latitude geomagnetic field, in particular during geomagnetic 

storms. The asymmetric disturbance field has usually been 

attributed to a partial ring current. However, it may also be 

interpreted in terms of the effect of a net field-aligned current 

system flowing into the ionosphere near noon and flowing out near 

midnight. 

The reader is referred to Menvielle and Marchaudon (2006) and 

Menvielle et al. (2011), and references therein for a complete description of geomagnetic indices, and of their physical properties. All of 

the information concerning these indices can also be found on the websites: http://isgi.unistra.fr/, and/or  

http://wdc.kugi.kyoto-u.ac.jp/ 

1.8 Characteristics of the Equatorial Ionosphere due to B horizontal 

1.8.1 Equatorial Fountain 
At the magnetic equator the terrestrial magnetic field is 

horizontal and the plasma is therefore pushed upwards under the 

effect of the Lorentz force. At higher altitudes the gradients of 

pressure and gravity influence the movement of ions and 

electrons (�/// ∶ ambipolar diffusion drift) s, and it is in this way 

that the equatorial fountain represented by figure 16 is formed. 

1.8.2 Equatorial Electrojet EEJ 
Observations show that the amplitude of the horizontal 

component of the magnetic field, H, at very low latitudes, is 

greater than that of the magnetic field at middle latitudes .This is 

due to the existence of a system of currents, called the Equatorial 

Electrojet (EEJ), which flows eastward along the magnetic 

equator in a latitude band of about ±3° on both sides of the 

magnetic equator. Figure 17, from Jacobs (1990), shows the 

equatorial electrojet. The increase of the ionospheric electric 

current at the magnetic equator is due to an increase conductivity 

related to the geometry. Indeed at the equator the magnetic field B is horizontal. 

 

Figure 16 : Equatorial Fountain 

 

Figure 17 : Equatorial Electrojet EEJ (Jacobs, 1990) 
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1.8.3 PRE and plasma bubbles 

The drift of the electric field BxE
rr

produces an upwardly directed 

vertical velocity which causes the ionospheric layers to rise during 

the day. This velocity is due to an electric field directed towards the 

east during the day. The vertical velocity is directed downwards, at 

night this is due to an electric field directed towards the west which 

produces a descent of the ionosphere towards the lowest altitudes. 

However, it is observed that between 18.00 and 19.00 LT, the electric 

field increases before reversing and thus creates a strong increase in 

vertical speed. Figure 18 from Fejer et al., (1991) presents the 

vertical velocities observed at Jicamarca in Peru. This phenomenon is 

called 'Pre Reversal Enhancement', PRE. This figure represents the 

vertical speed measured by the Jicamarca radar for the 3 seasons 

(equinox, summer and winter) and for different values of the 

magnetic index Kp 

The strong increase in vertical velocity just after sunset causes a 

rapid rise of plasma in region F. However, after sunset and in the 

absence of ionization, the electron density in the F1 region at 

altitudes lower than 180 km drops rapidly as the loss reactions are 

rapid. On the contrary, the much longer time constants of the 

recombination reactions in the F2 region at altitudes above ~ 250 km 

result in a small change in electron density, which therefore retains 

much higher values than those of the F1 region, often 2 orders of 

magnitude. The low-density plasma of the so-called "layer" F1 region 

is thus located below the "heavy" plasma of high density and the 

interface between these two media of different density is subject to a 

type instability Rayleigh - Taylor which  creates  the “Equatorial 

Plasma Bubbles", EPB (Kelley, 2009). This instability leads to the 

formation of very large amplitude irregularities in the ionospheric 

plasma which affect the electromagnetic signals and cause 

scintillations on the GPS signal (Basu and Basu, 1981), the 

appearance of spread F on the ionograms (Abdu et al., 1981; Abdu et 

al., 1983) and "plumes" on VHF radar observations (Woodman and 

La Hoz, 1976). 

1.8.4 Electrodynamics coupling between high and low latitudes 
There are many current systems that affect the auroral zone (Troshichev and Janshura, 2012; Stauning, 2012). In this part we 

consider only those which extend towards the lower latitudes. 

Two main mechanisms are invoked to explain the magnetic disturbances, associated to auroral phenomena and observed at low 

latitudes during magnetic storms: 

1) the prompt penetration of magnetospheric convection electric field (PPEF) 

2) the ionospheric disturbance dynamo electric field (DDEF) 

 

 

The first mechanism was first revealed by its magnetic signature (Nishida, 1968) and then modeled for the first time by Vasyliunas 

(1970, 1972). The physical process is the transmission at low latitudes of the electric field associated with magnetospheric convection. 

The peculiarity of this physical process is that it is observed simultaneously all over the globe. The equivalent current system associated 

with this physical process is the current DP2. It is composed of 2 current cells. It is shown in figure 19a. 

 

Figure 18 : Average vertical plasma velocities at Jicamarca 
during the equinox (March-April, September-October), 
winter (May-August), summer (November-February) for 3 
solar flux values (Fejer et al., 1991) 

 

Figure 19a: DP2 current system (Nishida et al., 1968) 

 
 

Figure 19b :  current system predicted by Blanc and Richmond’s 
model (Mazaudier and Venkateswaran, 1990) 



Amory-Mazaudier C. et.al.    Recent Advances in Atmospheric, Solar-Terrestrial Physics and …. Part A : TUTORIAL 

16 

The second mechanism, the ionospheric dynamo, was first predicted by the modeling done by Blanc and Richmond (1980). The 

Joule energy dissipated by the auroral electrojets produces a disturbed circulation of the thermospheric winds which, by dynamo effect, 

creates ionospheric electric currents. The magnetic signature of the ionospheric disturbance dynamo was first isolated by Le Huy and 

Amory-Mazaudier (2005) and named Ddyn. It is important to note here that before, Fejer et al., (1983) using the incoherent diffusion 

sounder of Jicamarca had  separated the electric field from the magnetospheric convection at  the origin of the DP2 (Prompt Penetration 

Eelctric Field PPEF) from  the electric field due to  the ionospheric disturbed dynamo  at the origin of  Ddyn (Disturbed Dynamo Electric 

Field DDFE) . Figure 19b, from Mazaudier and Venkateswaran (1990) represents the current system predicted by Blanc and Richmond 

(1980). This figure was thus commented by Mazaudier and Venkateswaran: 

“ Schematic of the variables in the Blanc-Richmond (1980) theory. The Joule heating from the storm is assumes to extend uniformly 

around the high-latitude zone. The southward meridional winds at F region heights arising from this heating is shown by the arrow Vs. 

Due to the action of the Coriolis force, the souhtward meridional winf produces westward motion (shown as the arrow Vw). The zonal 

motion of the ions in combination with the downward component of the magnetic field (shown as x B) produces an equatorward 

Pedersen currents (shown as Jp).The Pedersen current builds up positive charges at the equator until an electric field is established in 

the poleward direction opposing the flow of the Pedersen current. This poleward electric field is shown as EN. This electric field which 

is perpendicular to the downward component of B gives rise to an eastward Hall current with maximum intensity in middle latitudes. 

This Hall current is marked by JH.The Hall current is interrupted at the terminators and gives rise to two current vortices as shown. The 

lower latitude disturbance current vortex is opposite in direction to the normal Sq current vortex”.  

Mazaudier et al., (1985) measured the perturbed souhtward thermospheric winds (Vs) with amplitude similar to that predicted by 

Blanc and Richmond (1980) with the incoherent scatter sounder of Saint-Santin. During magnetic storms, the thermal expansion of the 

atmosphere produces global changes in temperatures, pressures, and atmospheric motions which in turn lead to changes in atmospheric 

composition (Fuller-Rowell et al., 1994). "Storm-time composition changes have not been specifically studied by the North-South 

network of scientists, although this is an active area of research by others." 

Conclusion 
In this Part A, we presented some knowledge essential for the understanding of the ionospheric observations. When analyzing 

ionospheric data or magnetic field data, it is essential to know the state of the Earth-Sun system and the physical processes acting in the 

system: a systemic analysis is needed. 

The systemic analysis must include at least the following data sets available on the web: 

 data on the phase of the solar cycle (poloidal, toroidal) –Solar dynamo - 

 data on current or previous solar events (Solar Flare, CME, HSSW …),  it is essential to analyze rather long 

periods and not few days, see section –Sun Earth connections - 

 data of solar wind parameters and especially those governing the solar wind magnetosphere dynamo (Bimf, Vsw) 

– Solar wind/magnetosphere Dynamo - 

 data on magnetic indices, to understand the magnetospheric and ionospheric electric currents associated to the 

different dynamos – Solar dynamo / Solar wind-magnetosphere dynamo/ Ionospheric disturbed dynamo - 

 data on the atmosphere which is the main engine of the ionospheric dynamo (B, Vn), -regular  ionospheric  

dynamo- 

 data of the magnetometer networks which allow to evaluate the geographical impact of the different physical 

processes at work in the Sun Earth system by their magnetic disturbance  - equivalent  electric current systems- 
 

Figure 20 summarizes what we presented in this tutorial. From top to bottom there are the Sun with its two poloidal and toroiodal 

(sunspot) magnetic components, the magnetosphere, the ionosphere, the layers of the atmosphere and the interior of the earth. The four 

permanent dynamos are highlighted in yellow. 

There are secondary dynamos NP dynamo (NP: non permanent) occurring during geomagnetic cativity: 1) one inside the 

magnetosphere which converts the motion of particles in ring current and 2) and one inside the ionosphere related to the storm 

thermospheric winds related to Joule heating dissipation in the auroral zone. 

On the right of the figure we have represented the radiation channel and on the left the solar wind channel. The EUV, UV and X 

radiations act directly on the ionosphere (photo ionization), and on the atmosphere (creation of the migrating tides in the stratosphere). 

Visible and infrared radiations reach the ground. In the troposphere, atmospheric convection produces non-migrating tides. Migrating 

and non-migrating tides propagate to higher altitude where they participate in the ionospheric dynamo. 

We have drawn by dashed lines in green the perturbations which exist during magnetic activity. There are Solar Flares (radiation 

disturbances) and solar wind perturbations associated with CME and HSSW. The regular solar wind acts continually on the 

magnetosphere, but its action is confined to high latitudes. During magnetic disturbances there is a coupling between high and low 

latitudes (horizontal lines) following two main processes PPEF and DDEF. In each of the boxes we have noted the equivalent indices 

and currents associated with the different dynamos. At ground level there are variations of magnetic field B and Ground Induced current, 

induced by the external electric currents. 

We do not claim that this figure presents of all physical processes. We present only those that we can study with the data we have 

used in our network. 

In the part B of this paper we will present the results and capacity building developed in our network. 
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Figure 20 : Synthetic diagram 
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