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Abstract

The objective of this article was to analyze the spatiotemporal variability of
ionospheric currents, specifically Solar Quiet Sq/Sr, equatorial electrojets (EE]),
and counter-electrojets (CEJ/RE]), across the ionization density surface. The
findings, based on the observations of two cities—Singapore (1.28°N, 103.85°E)
and Bobo-Dioulasso (Guiriko) (11.11°N, 4.28°W)—reveal that the power and
electron density of the ionization density surface are lower at latitudes closer
to the equator than at increasingly distant latitudes. This highlights, on the
one hand, the equatorial ionization anomaly and, on the other hand, the very
high velocity of electric particles at the equator due to the amplification of the
Sq current density observed there. Furthermore, the electric field deduced
from the equality of ionospheric power density and the magnitude of the Poyn-
ting vector, appearing very weak at the equator, thus confirms the very high
electrical conductivity of the Sq currents observed at the equator. Subsequent
analysis of the densification surface trajectory shows that the plasma flow
movement is twisted and maintains a counterclockwise direction in the North-
ern Hemisphere and a clockwise direction in the Southern Hemisphere. At
latitudes very close to the equator, the overall movement of the two plasma
flows indicates, firstly, that the magnetic field cannot be entirely oriented to-
wards the North, and secondly, that the electric field vector is neither horizon-
tal nor vertical, thus suggesting the unlikely existence of an equatorial electro-
jet. However, by solving a fundamental equation that takes into account mag-
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netic declination, and using the Ey component of the electric field, areas with
a strong propensity for the formation of EE]Js and CEJs will be identified. Thus,
for the city of Singapore, EEJ (in the sense of Ey oriented from west to east)
will be mainly observed during the hours of vertical drift (3 p.m. and 9 p.m.),
while CE]J (in the sense of Ey oriented from east to west) will be observed dur-
ing the hours of production (3 a.m., 9 a.m. and 12 p.m.) and respectively the
reverse for the city of Bobo-Dioulasso. Finally, the analysis shows that equa-
torial electrojets and counter-electrojets are simply Sq currents amplified by
the production factor and therefore of the same nature as Sq.

Keywords

Solar Quiet Sq/Sr, Electroject EEJ, Counter Electroject CEJ/RE],
Conductivity, Current Density, Power Density, Poynting Vector,
Production Factor

1. Introduction

As the Earth rotates daily, it is protected from solar wind particles by an envelope
called the magnetosphere. This magnetosphere is its own magnetic field, a dipolar
field generated within its core. With a magnitude of around ten thousand nano-
teslas and a secular variation, this geomagnetic field is called the main magnetic
field to distinguish it from other sources known as external or secondary magnetic
fields. These external or secondary contributions to the geomagnetic field mani-
fest as fluctuations around the value of the main magnetic field and are observable
by ground-based or satellite-borne magnetometers. Some of these fluctuations,
occurring daily, are gentle, on the order of a few tens of nanoteslas, while others
are sporadic and occasional, on the order of hundreds of nanoteslas. Large-ampli-
tude fluctuations are associated with magnetospheric currents, characteristic of
high latitudes, the most prominent manifestations of which are the aurora borealis
and australis. Gentle fluctuations, on the other hand, will be associated with ion-
ospheric currents and are characteristic of mid- and low-latitudes. These iono-
spheric currents will be called “Solar quiet Sq” or “Solar calm Sq” because, accord-
ing to [1], Sq depends primarily on (local) solar time and is only visible in the
absence of disturbances due to the solar wind associated with thunderstorms and
substorms, which can easily mask the underlying Sq signals. Finally, according to
[2], Sq will be defined as the “average” daily variation of quiet over the five quietest
days of a month, while for [3], gentle daily variations will be called “Solar Regula-
tion SR” or “Solar Regulation SR.” However, despite this distinction, the term Sq
will be used equally well, with a specific mention or clarification, to designate in-
dividual variations of days of magnetic quiet as the average of the five quietest
days of the month. Demonstrated by George Graham through meticulous obser-
vations of a long magnetic needle [4] [5], the atmospheric dynamo effect was pro-
posed as early as 1882 by [6] and further developed by [7] [8] as the driving force
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or cause of ionospheric currents Sq. Thus, “According to his dynamo theory, the
movement of conductive air (U) through the Earth’s magnetic field (B) generates
electromotive forces (U x B) which produce electric fields and currents.” It was
much later, in the 1960s that the simplified theory of the dynamo effect was de-
veloped and is abundant in the literature, but its initial developments are summa-
rized in the literature by [9] and [10]. The Sq currents are amplified at the equator,
where another controversial ionospheric current, called the equatorial electrojet,
first described by [11] in 1951 and flowing eastward, circulates. Controversial be-
cause many authors believe that the equatorial electrojet is nothing more than an
Sq current, while others believe that they are of a different nature. Besides Sq cur-
rents and the equatorial electrojet (EE]), other ionospheric current systems could
also be distinguished, such as currents aligned with interhemispheric field lines
and those resulting from the geomagnetic variation induced by lunar tides (L).
Finally, regarding Sq currents, according to [1], “despite their small amplitude,
studies on Sq have been important for understanding ionospheric electrodynam-
ics [12] [13] and its coupling with the magnetosphere and the lower atmosphere
[13]-[15]; for determining a reference level for geomagnetic indices [15]-[17]; for
monitoring solar radiation activity [18] [19]; and for estimating terrestrial electri-
cal conductivity [20]-[22].” The ionospheric currents thus presented will also be
the subject of reflection or analysis in this article through the ionization densifi-
cation surface, which has already allowed us to justify the vertical drift and ioni-
zation production velocities [23]. To do this, the analysis will be structured essen-
tially after the introduction into three parts: methodology, results and discussion,
and after that a conclusion will be presented which will highlight the essence of

the reflection and also the possible perspectives.

2. Methodology

The methodology consisted of starting with the motion of the ionization density
surface, a notion or concept introduced in [23], to contribute to a better under-
standing of the vertical drift velocity and ionization production. It emerged that
“the ionized part of the ionosphere can be likened to a block of plasma character-
ized by a rigidity capable of reflecting electromagnetic waves at a given frequency,
called the critical frequency foF2, for example. Such a block will have a thickness
that increases downwards or towards the depths (due to the prominence of ioniz-
able matter) or decreases upwards at the surface where electromagnetic waves are
reflected. This is all the more true because the more powerful the radiation, the more
penetrating the solar rays, and the lower the observation altitudes of ionization max-
ima. Conversely, the less powerful the radiation, the less penetrating the solar rays,
and the higher the observation altitudes of ionization maxima.” Thus, for example,
in the case of less powerful solar radiation, with lower altitudes having less joni-
zation and higher altitudes having more ionization, this would appear as a rise in
ionization from these lower layers to reinforce the higher layers. This ionization

densification surface will be identified by a position vector whose displacement
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h(t) [23] as shown in Figure 1 below will be proportional to the variation in the

power of solar radiation P, (t) [24] which is the main ionization factor.

dR, (1)
dt

. T T
R, (t)_25ln(Ethos[gt] (1)

—h(t) :gk{cos(%t}—sin(%tjsin[gtﬂ

h(t)=k

Reference distance fixed r
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PEIORN
- \
P \
- \
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<
\
\

Shift h(t) from the
ionization densification
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OM = re; = [r, + h(t)]e;
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Figure 1. Illustration of the movement of the ionization densification surface in the spher-

ical frame of reference R, (e,,eg,ew) where the position of a point M on the surface is
located by (r, 9,(0) called spherical coordinates with reference to the direct orthonormal

spherical basis (er,ea,ew) .

By differentiating the position vector in a spherical reference frame, we obtain
a velocity vector whose component V,, given by the expression below at a con-
stant latitude A4, is the one that models or simulates the vertical drift velocity or
ionization production velocity (Figure 2 below):
{sz (t)=hsin 4 0
V,, (4.k) , = 36.70x107?ksin A

mo

The detailed derivation of the position vector from the spherical reference

frame is as follows:

doM

5 et rée, +resinde,

Ro

OM =re, =(r,+h(t))e, >Vyp =

r=r,+h(t),f :O—>r':h(t);0:§—/1—>6':0 and siné = cos A

2n doOM

T =24hours 5V, === =h(t)e, +rgcos e,

Ro
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Vie, =h(t)e, +recosie, > r=r,+h(t) >
Vi, =rpcos e, +i(1)e, +h(t)gcos e,
Vig, =V, +V, >V, =rpcos de, and V, =h(t)e, +h(t)¢cos e,

Vi = R(t)" +[(t)pcos 2]
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Figure 2. Velocity profiles of production for latitudes of 5° and 10° following k.

Also, knowing the expressions for the basis vectors €, and e, dependingon
the basis vectors (i, js k) from the Cartesian frame of reference, we arrive at the
expression for the component V, of the velocity V,.

e, sindcose singsing cosf \(i
e, |=| cos@cosp cosfsing —sind || j
e —sing cos ¢ 0 k

4
From this expression, we can deduce the average speed over a 24-hour day:

V,, (t)=hcos@=hsin 1

2
h(t)= —17;—4{% (t)+8$in(§tﬂ >[A(t)],,, =36.70x107k

Vy (2.K),,, =36.70x10"ksin A

mo!

Knowing the average vertical drift speed and the geographic latitude 4 from
a city, one can deduce the location of the factor of production. k given by the
following expression:
— VPZ (/1’ I()moy
36.70x107*sin 4

In this article, the study of the densification surface, through the analysis of its

motion which also indicates the movement of the plasma flow, will allow us to con-
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tribute to a better understanding of ionospheric currents, specifically the Solar Quiet
Sq currents, the EEJ electrojet current, and the CE]J/RE] equatorial counter-electro-
jet current. The ionospheric Sq currents (Figure 3) from Yamazaki [25], whose ex-
istence was confirmed with the advent of satellites, circulate as vortices in the North-
ern Hemisphere in a counterclockwise direction and clockwise in the Southern

Hemisphere, forming vortices whose foci are respectively far from the equator.

(a) (b) 2000-2002 (Kp < 5)
Equivalent Sq
current system 500
T R=
- 450
{Northern Sq Forcus} \,
. 400
— 350
! i °
' | Mag. > 300
1
Eq.
'.l' 5 | ) 250t .
200
/ 150 .
T— {Southern Sq Forcus::l 40 45 50 55 69 65 70 75 80 85
Focus distance (deg.)
c d
(€) 2000-2002 (Kp < 5) (d) 2000-2002 (Kp < 5)
(nT) (nT)
250 250 1
. 200 . 200
3 3
T T
< g .
150 150
100 100 1
I d 1 1 1 i 1 1 " A .
150 200 250 300 350 400 450 500 40 45 50 55 60 65 70 75 80 85
Jiotar (KA) Focus distance (deg.)

(a) Diagram illustrating the daytime view of the equivalent current system of Sq. (b) Relationship between the total current intensity
of Sq and the spherical distance between the north and south foci of Sq. Scatter diagrams: (c) Daily variation of (H) at Davao and J;
(d) Daily variation of (H) at Davao and distance to the focus of Sq. from Yamazaki (2011).

Figure 3. Diagram illustrating a view of the equivalent current system Sq [25].

These different currents will join in phase at the equator where their amplifica-
tions will be observed, thus leading to the assumption of the existence of the equa-
torial electroject current EEJ circulating horizontally from West to East in order

to provide clarification (Figure 4).
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Figure 4. Schematic drawings of (a) global Sq current system and (b) equatorial electrojet
current system [26].

Of the same nature as the Sq currents [27] or of a different nature [28], the
enhancement of conductivity by the Cowling effect [29] is used to justify the ex-
istence of this zonal electric field, denoted E,, called the equatorial electroject.
Indeed, according to Ohm’s law derived from the theory of the ionospheric dy-
namo, it essentially emerges that, just as with the basis vectors (i, j,k) of the
Cartesian frame of reference, (e 1€, k) of the cylindrical frame of reference and
(er ,eg,ew) of the spherical frame of reference by which one could locate the po-
sition of a moving point in space and express its velocity or acceleration, then at
any point, the ionosphere will present an electric field vector E three-compo-
nents by which we can express the ionospheric current density J in this case,

that of Sq. Its basic electric field vectors are:
B
E//,EL+UXB,HX(EL+UXB) (3)

Andwhere E, E, are electric field vectors that derive from a scalar potential
and have zero circulation along a closed contour and U xB an electromotive
field vector derived from a vector potential and with non-zero circulation. Thus,
the electric current density vector J can be expressed in terms that give Ohm’s

law:

J=0,E, +0,(E, +UxB)+0, E><(EL+U xB)
8] (4)
o (S/m);E(V/m);B(T);J(A/m?)

Thus, in this relationship, 1) o, will be called parallel conductivity, giving the

current density parallel to the magnetic field B. 2) o, Pedersen conductivity
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gives the current density in the direction of plasma flow and perpendicular to the
field B.3)andfinally o, the Hall conductivity perpendicular to both the mag-
netic field B and to the electric field E, . Of all the conductivities, the conduc-
tivity o, is the most important in intensity as shown in Figure 5 below of the
model “of the World Data Center for Geomagntism Kyoto” for mid-latitude loca-
tion 35°N, 135°E.

Mar 21 R=35.0 12.0LT
(35.0, 135.0) 3.0UT
400 1 1‘ 1 T I ] ] 1 ]
350 | .
£ s00f, 1
5 250 | i
= - ! ]
5 200 i \ _
150
100 -_l_—_--;--:_—-:l-_.'-:.——l—'-'-: 1 1 ]
1078 1078 10 1072 1 102
CONDUCTIVITY (S/m)
Parallel Pedersen Ball

Figure 5. Height profiles of Parallel, Pedersen and Hall conductivities “of the World Data
Center for Geomagntism Kyoto” for mid-latitude location 35°N, 135°E.

Having described the different conductivities, the equatorial electrojection as
shown in Figure 6 below could be explained in these terms: The equatorial elec-
trojection by 1) its electric field E, or E, perpendicular to the magnetic field
B oriented towards the North will give rise to a Pedersen 1 current of intensity
(Jp; =0pE; ). 2) This Pedersen current 1 will induce the creation of a downward
Hall current 1 of intensity ( J,,, = 0,,,E,) in a space charge zone due to the con-
figuration (Figure 5) of the dynamo region in this zone where a polarization field
prevails E,.3) Thus, due to the space charge, the Hall current J,,, will be com-
pletely inhibited ( J,, =J;,) by an upward Pedersen current of intensity 2
(Jp, =0p,E, ) induced by the polarization field E,. 4) It follows from the crea-
tion of the Pedersen current 2 an induction of the creation of a Hall current 2 of
intensity (J,, = o,E, ) and oriented from West to East, which would be an ad-
dition ( Jp, +J}, ) to the Pedersen current 1 thus strengthening the conductivity

in this area called Cowling conductivity and given by the relation:

2
= - 012%X0m _ oy
Jeouting = Jp1 + I _[GP1+— B, = Jeowing =| Op +— |E,

Op2 Op
i 5)
_ H
GCowIing =0p +
Op
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Figure 6. Mechanism for generating the equatorial electrojet, in the plane of the magnetic

equator [30].

Counter electrojets (CEJ), on the other hand, are inverted electrojets (RE]),
therefore a current system circulating from East to West and most often observed
at certain times of day. Several arguments or hypotheses are put forward to clarify
this phenomenon. For some, such as 1) [31]-[33], a combination of atmospheric
tides could be the cause. 2) For others, such as [34]-[36], it would be more likely
a sudden warming of the stratosphere. 3) For others, during periods of geomag-
netic activity for [37]-[41], and during the recovery phase of a storm [42] [43].
Finally, 4) thermospheric winds [44] [45] and 5) dust of meteoric origin [46] could
also be the cause. Finally, electrojects EE] and counter electrojects CE]J are used by
some, such as [47] [48], to give interpretations to the different variability profiles
of critical frequencies foF2.

Thus, for an analysis starting from the densification surface, we will consider
that at a constant latitude A4 and a longitude ¢,, given the data, the densifica-
tion surface area will be obtained by the product of the components x(t) and

y(t) in Cartesian coordinates given by the following expressions:

{x(t):l1005005¢

t)=wt-
y(t)=hcossing o(t)=ot-a, (©)

From this surface area, we could calculate the power density “ D, ” from Equa-

tion (2) below which would allow us to compare the electron density n, from
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latitudes close to the equator to increasingly distant latitudes. This comparison
allowed us, on the one hand, to justify the equatorial ionization anomaly, but also
to deduce that the factor responsible for the amplification of the current density Sq

at the equator is the velocity V, (t) particles due to the very low electron density.

_kR (1)

TS

After that, an equality of ionospheric power density with that of light through

and J=nV,(t) (7)

the magnitude of the Poynting vector allowed us to confirm through Equation (8)
that the electrical conductivity was higher at the equator because the electric field

was very weak at latitudes close to the equator than at increasingly distant latitudes.

J=0'~E(t) (8)

A representation of the densification surface’s movement at each hour showed,
firstly, that the movement was counterclockwise and clockwise in the Northern
and Southern Hemispheres respectively, and secondly, that their conjunction at
the equator was not always in phase.

Also, starting from the hypothesis of a horizontal magnetic field, the expression
for the electric field is deduced from the cross product or the intersection of the
field B andspeed V shows by its components that it is neither horizontal nor

vertical.

E=BxV E, =BV

y o pz
V =(V,,.V,,.V,, ). B=(B,.B,.0) —4{E,=-BV ©)

x Y pz

E=BV,i-BV,j+(BV, -BV,)k [E=BY,-BV,

X7 py y o px

The same would be true with a non-horizontal or three-component magnetic
field, where in such a case the E, componentof E the result would be of the
form: E =BV, -B)V,,.

Finally, the hypothesis of a magnetic field entirely oriented towards the North
requires a velocity with components V, =0 and V, =0 which would not be
possible because it leads to “sin? ¢+ cos’ p =0 .

Or also because h and h never cancel each other out at the same time as
shown in Figure 7 of their temporal variability for example kequal to 1.

From these different hypotheses, we can only deduce that the existence of a
horizontal ionospheric current centered at the equator and circulating in a rela-
tively narrow band from west to east at latitudes near the equator, called an equa-
torial electrojet, seems unlikely. However, it could be formulated in these terms:

1) The conjunction, whether in phase or not, of ionospheric currents already am-
plified by the production factor in the Northern and Southern hemispheres at the
equator leads to an equally amplified ionospheric current whose resulting electric
field is neither horizontal nor vertical. However, by the E, component of the
electric field, the moments or periods of high propensity for the formation of elec-

trojets (in the direction of component E, oriented from West to East), counter-
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electrojets (in the direction of component E, oriented from East to West), and

of symmetries and asymmetries in the ionization densification can be identified.

0.8
0.6
0.4
0.2

0.2
0.4

—0—h(t) —e—h'(t)

Figure 7. Temporal variability of A7) and A(?) for example kequal to 1.

2) From this, electrojects and counter-electrojects will have a propensity to oc-
cur at times satisfying the condition “ E, =—B,V, ” which leads to the solution of

the equation below, the details of which are provided in the appendix, with “D ”
being the angle of magnetic declination.

B-V,, -sin(D)-B-V, -cos(D)*E

E, = +JE?-V2B?

3) Also, the sign (EE] and CEJ) of E, will be known from -B,V, containing

0 <0 (Duetothe

downward displacement of the densification surface, resulting in a higher electri-

0

Z

(10)

also E, (Annexe). E, 20 duringproduction hours where V

cal potential in the lower layers than in the upper layers) and E, <0 in the hours
of drifting where V, >0 (Due to the upward movement of the densification sur-
face, the electrical potential is therefore higher in the upper layers than in the
lower layers).

4) Thus, counter-electrojets will have a strong propensity to occur at the pro-
duction hours 3 a.m., 9 a.m. and 12 p.m., and electrojets at the vertical drift hours
3 p.m., 9 p.m. and 12 a.m. However, for certain magnetic declination angles, EE]
may occur at 12 p.m. and CEEJ at 9 p.m. and 12 a.m.

5) The symmetries and asymmetries in the ionization density are deduced from
the observed movement of the plasma flow at each hemisphere to the resulting
overall movement. Finally, the electrical conductivity is deduced from the equality
of the current densities given in Equations (7) and (8).

In cases where B, #0 is no-zero the EEJ and CE]J/RE] are always determined
from the sign of Ey which would also depend on the angle of inclination “1 ” of

the magnetic field with however the condition given by Equation (11) below (for
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details see Annex 2):

B? -[(sz )2 -(cosD)’ +(pr)2 -[(sin 1)* +(cos| -cos D)zJ
+(Vpx)2 ~[(sin 1)* +(sin 1 -cos D)ZH+ B2 .[_z(vpZ V,,)-(sin1)-cosD (1)

~(Vp -V ) sin 21 -cosD—(V,,, -V, )-sin 21 - (cos D)ZJ—E2 =0

pz

3. Results

3.1. Average Speed and Production Factor

Figure 8 and Figure 9 below represent, respectively, the variability profiles of the

vertical drift velocity of the city of Singapore located at the geographic position

Latitude North 1.28°N and Longitude 103.85°E and the city of Bobo-Dioulasso

Latitude North 11.11°N and Longitude 4.28°E. The calculated average of these

velocities over the entire day made it possible to determine the production factor k&
1) City of Singapore (SGP) (Lat 1.28°N, Long 103.85°E)

B vdrft
501
=
i e
25 » R 3
g
¥
0_
. ).
f T+ NI J— -
25 S it ETL R e R
'50 T T 1
1 7 13 24
Hour of Day

Figure 8. Vertical drift velocity profile for Singapore as of 13/09/2025 using IRI 2020 Average velocity:
Vo =20.59m-s™ and Production Factor k =2511.54 W-m™.

2) City of Bobo-Dioulasso Guiriko (GKO) (Lat 11.11°N, Log 4.28°W)
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Figure 9. Vertical drift velocity profile Bobo-Dioulasso Guiriko as of 13/09/2025 with IRI 2020 Average velocity:
V,,, =20.19m-s™ and Production Factor k =285.72W-m™.
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3.2. Movement of the Densification Surface

Figure 10 and Figure 11 represent the movement of the densification surface of

two cities symmetrical with respect to the equator to show the conjunction or non-

conjunction of the plasma near the equator. Figure 10 represents the position of

the city of Bobo-Dioulasso located at a northern latitude, and Figure 11 represents

another symmetrical geographical position located at a southern latitude.
1) City of Bobo-Dioulasso Guiriko (GKO) (Lat 11.11°N, Log 4.28°W)
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Figure 10. Movement of the ionospheric plasma flux-Bobo-Dioulasso (Lat 11.11°N, Long 4.28°W).

2) Latitude 11.11°S, Longitude 4.28°W
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Figure 11. Movement of the ionospheric plasma flux (Lat 11.11°S, Long 4.28°W).
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Figure 12. Conductivity and electrical density calculated with NmE respectively—Singapore (SGP) (Lat 1.28°N, Long 103.85°E) and
Bobo-Dioulasso (GKO) (Lat 11.11°S, Long 4.28°W).

4. Discussion

4.1. Power Density-Electric Field and Electrical
Conductivity

Considering temporal variability S(t) From the ionization densification surface
(Figure 12) during the day for the city of Singapore (SGP) (Lat 1.28°N, Long
103.85°E), considered the closest city to the geographic equator globally, and the
city of Bobo-Dioulasso (Guiriko-GKO) (Lat 11.11°N, Log 4.28°W) on September
13, 2025, we obtain, using IRI 2020, an average velocity and a production factor
for the city of Singapore, respectively. (20.59 m-s™, & = 2511.54) and for the city
of Bobo-Dioulasso (Guiriko) (20.19 m-s™!, k= 285.72).
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Figure 13. Power density in W/m? city of Singapore and city of Bobo-Dioulasso—6H and 18H are very high
values.
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Figure 14. Diurnal variability of densification area in hectares (ha) Singapore (1.28°N, 103.85°E) and Guiriko
(11.11°N, 4.28°W).

Thus, the greater amplitude of solar radiation power in W/m? K for Singapore
than for Guiriko shows that cities near the equator receive the maximum amount
of solar radiation for ionization production compared to cities further and further

from the equator. However, if we consider the power density in W/m? given in the
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variations in Figure 13 above for the cities of Singapore and Guiriko (Bobo-Diou-
lasso), respectively, this is not the case, due to the distribution of solar radiation
at the equator over a large area (Figure 14 above). Indeed, the power density, or
the proportion of power received by each point or city, increases at latitudes fur-
ther and further from the equator, up to latitudes of 37° and 38° North and South,
respectively [23]. This implies that the electron density n, is increasingly re-
duced as one approaches the equator, which nevertheless exhibits an anomalous
amplification of the current densities Sq. It can then be deduced that if this is the
case, and by virtue of the relation (J =n,V, ) that the cause of this increase is at-
tributed to the speed of particle current and not to the existence of another addi-
tional current called equatorial electroject which would be specific to low latitude
regions.

Since light is an electromagnetic wave, it propagates by carrying energy whose
power density is given by the magnitude of the Poynting vector # and can be
expressed as a function of the electric field vector E, or magnetic field B,.Itis

given by one of the following expressions:
E2
o35 (6= Tl
-2

(12)
R R A
_2/“0 0 C

If we consider "(ﬂ)" =D, From the previously calculated ionosphere, we find

W-m

the value of the magnetic field or that of the electric field. Thus, the daily variation
of the power density also affects the electric field, as shown in Figure 14 above. At
equatorial latitudes, the electric field will be weaker than at even more distant lat-
itudes. It then follows, as a deduction, that due to the density (J(t)=0cE ) very
high ionospheric currents Sq at the equator mean that the electrical conductivity

o of the plasma is very high.

4.2. Toroidal Movement of the Ionization Densification Surface
(EE]/CE] or RE])

If the power density of the ionization densification surface has, on the one hand,
confirmed the amplification of plasma conductivity at the equator and, on the
other hand, led to the conclusion that the increase in the so-called anomalous Sq
current density is due to an increase in plasma flow velocity, does the explanation
attributed to the existence of the equatorial electrojet still hold true? Or should
further clarification be considered?

If this hypothesis seems to be plausible, we think more of the effect of speed due
to the very high production factor k at latitudes close to the equator (Figure
15). This speed would increase significantly whether the two plasma tributaries,

one from the Northern Hemisphere and the other from the South, meet or not:

Vi, =A(t) +[(t)pcos 2] (13)
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At the equator C0SA=1 so:

Vi =R +[n()0] >V, =it +[h(t)pcos 2]

So, even if the h(t) and h(t) are identical at all latitudes V,, >V, because
cos A <1. However, in the hypothesis of h(t) and h(t) identical at all latitudes

we could not observe an amplification of the density of currents Sq taking into

account the very low electronic densities at latitudes very close to the equator
J(t)=nyV (t). This is why we attribute the observed amplification of current den-
sities to the production factor k which amplifies the h(t) and h(t) towards
the equator and consequently their speeds. So for a simplified example if we ignore
the longitude effect, the & Singapore of 2511.54 and Bobo-Dioulasso of 285.72 the
plasma flow speeds of Singapore each hour will be 8.79 times greater than those

of Bobo-Dioulasso.
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Figure 15. Densification surface velocity Singapore (1.28°N, 103.85°E) and Bobo-Dioulasso (11.11°N,

4.28°W).

These plasma streams do indeed circulate in the Southern Hemisphere in a
clockwise direction, while those in the Northern Hemisphere circulate counter-
clockwise. However, due to their twisting motions, reminiscent of the toroidal
magnetic field of sunspots, the two streams, as shown in Figure 16 and Figure 17,
are not always oriented eastward. At times, while the Northern stream tends to
orient itself eastward, the Southern stream tends to orient itself westward, and vice
versa. At other times, the two streams do not even orient themselves eastward, but
rather tend to orient themselves in a north-south direction; similarly, if one tends
to orient itself northward, the other tends to orient itself southward, and vice

versa.
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Figure 16. Movement of the ionospheric plasma flux—Singapore (Lat 1.28°N, Long 103.85°E).
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Figure 17. Movement of the ionospheric plasma flux (Lat 1.28°S, Long 103.85°E).
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Thus 1) from 0 a.m. to 3 a.m. or from 12 p.m. to 3 p.m., a conjunction with a

phase shift is observed. The plasma flow in the Northern hemisphere would tend

to orient itself or align in the West-East direction, while that in the Southern hem-

isphere would tend to align in the East-West direction.

From 1a) OH to 3H and at the occurrence 3H, in the Northern Hemisphere we
have production, the speed of the densification surface is therefore oriented
downwards (Figure 1). We deduce that the movement of the whole is such
that its component Z, is oriented from East to West (CEJ/RE]) from the fact
that the potential £, is counted positively. Thus we would obtain an asymmetry
in current density Sq in favor of the Southern Hemisphere. This would result
in an asymmetry in current density Sq in favour of the Southern hemisphere.
1b) From 12 p.m. to 3 p.m. and at the occurrence of 3 p.m., we observe a drift
in the Northern hemisphere and therefore a drift speed oriented upwards (Fig-
ure 2). We then deduce that the movement of the entire plasma flow is such
that its component E, is positive and oriented from West to East (EE]) due to
the fact that the potential £, is counted negatively. Thus we would obtain an
asymmetry in current density Sq in favor of the Northern hemisphere. However,
at 12 p.m. we observe production where the component E} is negative and there-
fore oriented from East to West (CEJ/RE]) due to the fact that the drift speed
is oriented downwards and therefore the potential E, is counted positively.

1¢) For the city of Bobo-Dioulasso, on the other hand, we observe EE] electro-
jets at the hours of 3 a.m. and 12 p.m. and 3 p.m. CEJ counter electrojets.

2) Conversely, from 8 a.m. to 12 p.m. or from 8 p.m. to 12 a.m., the opposite

effect is observed: the plasma flow moves from East to West in the Northern Hem-

isphere, and the Southern Hemisphere flows from West to East.

However, 2a) from 8 a.m. to 12 p.m. at the occurrence of 9 a.m., we have pro-
duction in the Northern hemisphere and therefore a production speed ori-
ented downwards (Figure 2). We then deduce that the movement of the entire
plasma flow is such that its component Ey is negative and therefore is oriented
from East to West (CEJ/RE]J) taking into account that the potential Ez is posi-
tive. Thus we would obtain an asymmetry in current density Sq in favor of the
Northern hemisphere.

2b) On the other hand, from 8 p.m. to 12 p.m. at the occurrence of 21 p.m. and
24 p.m., we observe a vertical drift and therefore a positive speed in the Northern
hemisphere (Figure 2). We then deduce that the movement of the entire plasma
flow is such that its component Z, is positive and therefore oriented from West
to East (EEJ]) due to the fact that the potential £, is counted negatively.

2¢) For the city of Bobo-Dioulasso, on the other hand, we observe EEJ counter
electrojets at the hours of 9 a.m. and CEJ counter electrojets at the hours of 9
p.m. and 24 p.m.

3) From 3 a.m. to 8 a.m. and from 3 p.m. to 8 p.m., there is a phase conjunction

where a near-symmetry in current density (Sq) will tend to be observed between

the Northern and Southern Hemispheres. Indeed, the two plasma flows would

tend to orient themselves from North to South. Therefore, there would be neither
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EE] nor CEJ/RE]. This would be verified by Equation (10), as no magnetic decli-

nation angle allows its resolution.

4.3. Longitude Effect

Electrical conductivity, on the other hand, is obtained from the equality of current
density as a function of velocity and current density as a function of the electric

field. Thus o (t) will be given by the equation:

Jh2+(arh-cosﬂ)2 (14)

n n
()= 2V ()=
= 2 Cof)]
For example, we obtain the following graph (Figure 18) giving the spatio-tem-
poral variability of the electrical conductivity from the maximum density NmE
given by IRI 2020 on the date of 13/09/2025.

1E+11
9E+10
8E+10
7TE+10
6E+10
5E+10
4E+10
3E+10
2E+10

1E+10
0 | | ] -
12 3 4 5 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24

= o(t)- (SGP) mo (1)-(GKO)

Figure 18. Electrical conductivity of the E layer obtained with NmE respectively—Singapore (o-SGP, Lat
1.28°N, Long 103.85°E) and Bobo-Dioulasso (-GKO, Lat 11.11°N, Long 4.28°W).

Thus, the electrical conductivity as shown in Figure 19 below obtained is very
high at certain times of the day: 3 a.m., 9 a.m., 3 p.m., 9 p.m. for the city of Singa-
pore and 9 a.m. and 3 p.m. for the city of Bobo-Dioulasso.

However, for the same latitude A and longitudes ¢ and ¢, different the
conductivity rate will vary depending on the electron density n,(t), of the factor

of production k and longitudes ¢.

O'(t)lgol: n.(t), o [ ko ZX oS ¢,
a(t), o, (n(t), K,p, cosg, ), (15)

O =0t — @y, = Ot — @y,

For example, assuming identical electron densities n,(t) and production fac-

DOI: 10.4236/ijg.2026.173010 202 International Journal of Geosciences


https://doi.org/10.4236/ijg.2026.173010

A.K. Segdaetal.

tors Kk, the variability of the conductivity rate at a given longitude relative to the

Greenwich meridian will be of the form shown in Figure 20 below. Also, since the

cosine function is even, the variability of the conductivities observed at eastern

longitudes is identical to that at western longitudes. Thus, from observation, elec-

trical conductivity varies throughout the day according to longitude. This varia-

bility is not uniform for a given hour across longitudes. For example, at 12:00 p.m.,

the observed electrical conductivities decrease from 0° to 90° and then increase

from 90° to 180°. However, at 8 a.m., electrical conductivities decrease from 0° to

30°, increase from 30° to 110°, then decrease again from 110° to 130° and increase

from 130° to 180°.
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Figure 19. Electric current density of the E layer obtained with NmE respectively—Singapore (o-SGP, Lat 1,
28°N, Long 103.85°E) and Bobo-Dioulasso (o-GKO, Lat 11.11°N, Long 4.28°W).
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Figure 20. Conductivity rates of longitudes relative to the Greenwich meridian at longitudes 10°, 50°, 70°, 90°, 110°, 130°, 150°,
170°.

The electrical conductivity rates at 6 a.m. and 6 p.m. are not shown in the graph
in Figure 19 but rather in Figure 21, given their very high values compared to the
variability rates at other times. Specifically, the electrical conductivities are higher
at 6 a.m. than at 6 p.m. and increase from 0° to 90° longitude, then generally de-

crease from 90° to 180° longitude.
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Figure 21. Conductivity rates of longitudes relative to the Greenwich meridian of longitudes 10°, 50°, 70°, 90°,
110°,130°, 150°, 170° at the hours of 6 a.m. (blue color) and 6 p.m. (orange color).
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5. Synthesis

5.1. Similarities and Disagreements with Cowling’s Conductivity
for EE]

2 2
o o
_ H _ _ H
‘]Cowling =|0pt Eee) =0cEeey > 0c =0p +
Op Op

o(t)=2v (t) =——Lt— Ji®+(w-h-cos2)

B Jouy )

The proposed model offers an alternative explanation for the observed phe-
nomenon of increased ionospheric current density at latitudes near the equator,
coinciding with low electron density. The model relies on the power of solar radi-
ation with an amplitude of 2k, where k is a constant characteristic of the dis-
placement of the ionization densification surface. Also called the ionization pro-
duction factor k could be deduced at a given latitude using IRI 2020 data or by
fitting with radar data (e.g., Jicamarca). The solar radiation power divided by the
ionization densification area, which is proportional to k*. This will give us the
power density in watts per square meter, which will lead us to equate it to the
magnitude of the Poything vector, since the light responsible for ionization is an
electromagnetic wave. From this, the expressions for the temporal variability of
both the electric and magnetic fields will be known for a given latitude and longi-
tude. Thus, the first disagreement seems to be resolved. The origin of the electric
field in the proposed model is not hypothetical, like the equatorial electrojet (EE])
by which Cowling’s electrical conductivity will be established. The proposed elec-
tric field is linked to light, surfaces, Latitudes and longitudes. The common point
remains that both fields are weak at the equator. Also, the EE] is horizontal, while
the proposed electric field is neither horizontal nor vertical, and only its compo-
nent £, could model the EE]. Such a model would depend on the ionization ve-
locities Vi Vs Vi, and the components of the magnetic field B, B, and B, and
therefore on the inclination angles /and declination angles D. However, with the
EE], Vyxand V,, are assumed to be almost zero, and the magnetic field is oriented
squarely towards the north, thus there is no B,, and consequently, the inclination
and declination angles are almost zero. Finally, the proposed conductivity is a for-
mula integrating more than one parameter and describing the conductivity of ion-
ospheric currents at any geographical location, while justifying the amplification

of current densities at the equator.

5.2. Comparison of Calculated “Densification Surface”
Trajectories with Established Ground-Based
Magnetometer Data Models

The trajectory of the ionization densification surface at a given geographic loca-
tion during the day is twisted, suggesting that the Sq currents are also twisted.
Thus, by extension, a global view of the Earth would be similarly twisted, contrary

to the observed concentric model. The common feature of the proposed model
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with the data models is the direction of circulation: counterclockwise in the
Northern Hemisphere and clockwise in the Southern Hemisphere. Also, the cur-
rents converge in phase at the equator in the established models, but not always
in the proposed model. Only at the equator are the ionospheric currents amplified

in the different models.

5.3. Importance

The study of the different ionospheric currents Sq, EE]J, and CEJ using the ioniza-
tion densification surface was very satisfactory in several respects. 1) Based on
knowledge of the position vector coordinates, a temporal and spatial evaluation
of the ionization surface can be established. From this surface, the power density
will be deduced, which will allow us, on the one hand, to justify the equatorial
ionization anomaly and to determine the electric field through its equality with
the magnitude of the Poynthing vector. On the other hand, knowledge of the elec-
tric field will justify the high ionospheric conductivity at latitudes very close to the
equator. Finally, by observing the different positions of the densification surface,
we can visualize the ionization trajectory or motion. 2) From the expression for
velocity, it is shown, firstly, that the velocity is influenced by solar radiation, the
Earth’s rotation, and latitudinal position, and secondly, that this velocity is higher
as one approaches the equator, thus explaining the high current density observed
at these latitudes. 3) From knowledge of the trajectory or velocity vector, it is es-
tablished that the ionization motion is clockwise in the Southern Hemisphere and
counterclockwise in the Northern Hemisphere, and that they are not always in
phase conjunction at the equator. 4) From knowledge of the magnetic field at the
equator, and of the vertical drift or production velocity, the overall ionization mo-
tion is deduced, which sometimes reflects the electrojet or sometimes counter-
electrojets with very precise time periods. From this overall motion, and from
knowledge of the ionization motion in each hemisphere, the periods of symmetry
and asymmetry will be determined. 5) This study offers a method, through the
magnitude of the Poything vector and the ionospheric power density, for deter-

mining the magnitudes of the electric and magnetic fields and their various com-

ponents.
V, 20>E, =+[-B-V,, -sin(D)] etV, <0—E, =+B-V, sin(D)
E{V, 20—>E, =+B-V,, -cos(D),V,, <0—>E, =+[-B-V,, -cos(D)]
& (16)
* vV, -V, tan(D) sinZZO—>EZ:—\/EZ—7VPZZBZ
Y8 o @O fsv, <0, = JE ViR
B,=0

Finally, the declination angle will be determined starting from equality
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“E, =-B,V,, ” which leads to the solution of the equation:
B-V,,-sin(D)-B-V, -cos(D)+E, =0

Thus, using calculation software like Excel and by varying the declination an-
gles “D” from 0° to 90°, the solution angles of the equation are identified, as well
as the corresponding times or hours. Also, depending on the sign of E, obtained
by -B,V, onecouldalso know if at these times it is an electrojet EE] or a counter
electrojet CEJ. 6) This study allows, through the expression of electrical conduc-
tivity, to know the value of this conductivity and, by induction, the electrical den-

sity at any geographical position and to know the effect of longitudes.

6. Conclusion

At the end of this study, structured around an introduction, methodology, results,
discussion, and synthesis, the aim was to analyze ionospheric currents, specifically
those of mid-latitudes (Solar Quiet) and low latitudes (EE]J and CEJ/RE]), and to
draw conclusions regarding our perception. Thus, after presenting the Earth’s
magnetic field, Solar Quiet will be defined by some as the average of the five qui-
etest days of the month, denoted Sq, and by others as the regular variation of a
day of magnetic calm, denoted Solar Regulation Sr. Electrojets (EE]) and reverse
electrojets (CEJ/RE]), also called reverse electrojets, are currents whose definition
is contested, as they are not universally accepted. For some, EEJ are horizontal
currents flowing from west to east at latitudes centered on the equator. These cur-
rents will subsequently be called CEJ/RE] if they flow from East to West. For oth-
ers, EE] and CEJ/RE] are simply amplified Sq currents. Thus, after the introduc-
tion and following the methodology, which consisted of presenting the ionization
densification surface on which the analysis is based, the essential steps for con-
vincing the audience were presented, and the results section will allow for a visual
observation of the temporal variation of certain parameters. These parameters in-
clude the ionization movement characteristic of Sq currents, which are counter-
clockwise in the Northern Hemisphere and clockwise in the Southern Hemi-
sphere. They also include conductivity and electrical density. The discussion fo-
cused on three points: 1) The power density—electric field and electrical conduc-
tivity—through which the temporal variations of the magnetic and electric fields
will be known via the Poything vector, which would allow us to show that if the
conductivity of the currents Sq is very high at the equator and attributed by some
to the Cowling effect, it is justified by the very weak electric field at the equator.
2) The toroidal motion of the ionization densification surface, through which the
components of the electric field will be understood, that the ionospheric current
at the equator is neither horizontal nor vertical, and through its component £, we
could identify, by solving an equation that we will call the fundamental equation
of EEJ/CEJ or RE], on the one hand the times and on the other hand the magnetic
declination angles corresponding to the electrojets and counter-electrojets, as well
as their intensity. Thus, the hours 3 a.m., 9 am., and 12 p.m. correspond to
CEJ/RE], and 3 p.m., 9 p.m,, and 12 a.m. to EE] for the city of Singapore, and the
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opposite for the city of Bobo-Dioulasso. 3) The longitude effect will be shown by
demonstrating that while current density is very high at the equator and at in-
creasingly distant latitudes, this is true for latitudes of the same or nearly the same
longitude. Otherwise, for latitudes of different longitudes, at certain times of day,
current densities at latitudes far from the equator are greater than those at lati-
tudes near the equator. Finally, before reaching the conclusion, a section will be
devoted to summarizing the study, highlighting the similarities and differences
with Cowling’s conductivity for EEJ, comparing the calculated “densification sur-
face” trajectories with established ground-based magnetometer data models, and
finally, discussing the study’s significance. In short, we will retain from our per-
ception and that of many others that EEJ/CE] or RE] are simply amplified Sq cur-
rents and therefore of the same nature as Sq currents. Thus, after presenting the
core of the work, future directions could include reflections on scintillations or

auroral electrojets.
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Note: Some use the notations “F or...” and “H or...” to denote respectively the

total intensity of the magnetic field and that of its horizontal component.
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