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Abstract Based on the plasma expansion model, the map-
ping of ionospheric electrostatic potential (field) is derived
at the first moments of sunrise and for different seasons, near
auroral low latitude regions. For that purpose we considered
an ionospheric altitude where one ion species is dominant
which is O+ (at ∼ 400 km). Fluid equations are transformed
into a simplified form by using quasi-neutrality assumption
along with a self-similar approach. The qualitative varia-
tions of the electrostatic potential during different seasons
show that the plasma dynamics depends on the solar activi-
ties, included through heavy species collision terms as well
as the universal time. The negative electrostatic potential is
established at the earlier stages during hotter seasons, while
important drops are seen in the cold season.

Keywords Ionospheres · Expansion · Ionization

1 Introduction

The ionospheric potential is a simple scalar quantity that
can be probed easily to give clues on temperature. The lat-
ter is connected to potential generators particularly in the
equatorial, tropical and mid-latitudes regions through an in-
dependent parameter that makes possible comparison with
measurements both on short and long terms (Markson and
Price 1999). This potential is subject to changes due to light-
ning, sprites (Rycroft and Odzimek 2011) and probably to
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the penetration of an electrostatic field from the lithosphere
into the higher ionosphere region. By using numerical tech-
niques, Park et al. assumed an arbitrary potential distribution
to calculate the electric field at mid-altitude, showing that
the ionospheric electric fields map down to low altitudes
very efficiently (Park 1976). Thus, the electric field plays
also an important role such as that of a precursor of earth-
quakes by measuring penetration of an electric field pro-
duced at the Earth’s surface to the ionosphere. Many satellite
measurements reported fluctuations in ionospheric electron
and ion densities prior to large earthquakes such as the one
occurred near the south coast of Honshu, Japan. A fluctua-
tion in the electron density, that inherently affects the plasma
potential, was observed before the main earthquakes above
the epicenter. It is suggested that the horizontal electric field
at the lower boundary of the ionosphere have been strength-
ened by the seismic activity giving rise to the observed iono-
spheric anomalies (Ryu et al. 2014). By analyzing four huge
earthquakes Fan et al. found that the ionospheric electric
field increased abnormally before and after the earthquakes.
The observation of the ionospheric electric field makes pos-
sible the detection of the low-frequency electromagnetic ra-
diation during the imminent stages before earthquakes (Fan
et al. 2015). It is also found that proton and ion density vari-
ations in ionosphere are observed before strong earthquake.
These variations are significantly detected at night. The elec-
tric field is becoming stronger as a result of emerged submi-
cron aerosols due to plate movements, by which ionosphere
gets ionized (Hazra and Islam 2015). An other key factor
that disturb the ionospheric plasma density may be the in-
teraction of ion accumulation and upward movement from
gas-water release at surface (Zhang et al. 2019). Thus, the
natural ionospheric electric field has generated considerable
interest in term of possible pre-seismic effects, significant
changes have been reported in the electrical signals few days
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before a strong earthquakes. However, the penetration of the
electric field from the Earth’s surface to the ionosphere is too
weak to be detected by satellite measurements on the back-
ground of usual ionospheric fields (Denisenko 2015). In ad-
dition, the main difficulty is to depict natural changes in the
ionospheric electric filed since the measurements are inher-
ently affected by the generated electric filed due to the mo-
tion of the satellite used to make measurements (Makhlouf
and Djebli 2019). Therefore, it is necessarily to study other
physical processes to understand disturbances associated to
ionospheric electrostatic field.

Different models have been proposed to understand how
the electrostatic field is generated in the ionosphere’s layers.
Stening (1973) considered an equivalent circuit method to
calculate the current flow and then obtained the conductiv-
ity which depends on densities. Thus, variations in the iono-
spheric electrostatic field obtained by this model showed
a good agreement with observed electrostatic field at cer-
tain regions. By using the plasma quasi-neutrality principle
it was found that the presence of different charged parti-
cle populations in the ionosphere leads to the formation of
a potential difference of up to several kilovolts for which
electron precipitation is characterized by the corresponding
electric field (Chiu and Schulz 1978).

In most ionospheres photoionization is the main source
to produce electron-ion pairs. In the Earth’s ionosphere, ac-
cording to the model of neutral upper atmosphere, O+ ions
are produced by photoionization while H+ ions result from
charge transfer (Chang 1987). The maximum ionization by
EUV (Extreme ultraviolet, 800–126 Å) radiation occurs at
altitude ∼ 250–300 km in the F-region, where a dense layer
of O+ gets split into two distinct layers F1 and F2 (Haider
et al. 2009). Moreover, numerical simulation shows that a
solar flux variation induced plasma drift which affects the
equatorial F-region (Watanabe et al. 1995).

Expansion is one of the major physical processes occur-
ring in the atmosphere in which F-region is involved. It re-
sults from the changes arising from solar radiations heating
during daytime and contraction due to cooling at night. The
particles vertical distribution is modified by thermal trans-
ports (Rishbeth 1968). By using computer simulation Singh
and Schunk studied an expanding plasma relevant to polar
wind. The evolution of the expanding plasma was found to
depend on the rates of minority species of such a plasma
mix (Singh and Schunk 1982). Moreover, the expansion of
space plasma involves interesting processes such as instabil-
ities, discontinuities and energetic ions responsible for high-
latitude ionosphere energization (Samir et al. 1983). In the
upper F-region a hydrodynamical model has been used to
study the early-time cloud plasma expansion showing that
the electric field associated with the density gradient creates
a hole in the ionosphere (Schunk and Szuszczewicz 1991).

The aim of the present work is to use the plasma expan-
sion model to describe variations of the electrostatic poten-
tial that occur when the plasma of the Earth’s ionosphere
expands during the first moments of sunrise. In this study
we include realistic simulation conditions, and we also con-
sider the effect of energy transfer between different species
constituting the ionospheric plasma. To address this prob-
lem and to solve the transport equations governing this phe-
nomenon (Rishbeth and Garriott 1969), the self-similar ap-
proach is applied (Gurevich et al. 1966). The obtained so-
lution makes possible the qualitative description of electric
potential (field) seasonal variations.

2 Ionospheric plasma expansion model

In the ionosphere the electron density is subject to variations
associated to solar activity. Thus, energetic particles precip-
itate and transfer their energy to the plasma which expands.
Changes in O+ density have been recorded in both E and F
regions of the Earth’s ionosphere. For the latter the effects
are very important on the ground- and space-based technol-
ogy systems (Buonsanto 1999). It is well known that in the
F2 region of the terrestrial ionosphere, the plasma is mainly
produced by photoionization of neutral atoms and molecules
constituting the atmosphere. The O+ ions are being the dom-
inant species in this region, where the peak is observed near
∼ 300 km. For this we consider three primary chemical pro-
cesses (Rishbeth and Garriott 1969; Nagy et al. 2009)

O + hν
pO+

r−−→ O+ + e (1)

O2 + hν
p

O+
2

r−−→ O+
2 + e (2)

N2 + hν
p

N+
2

r−−→ N+
2 + e (3)

The molecular recombination of O+ with N2 and O2 is given
by

O+ + O2
β1−→ O+

2 + O (4)

O+ + N2
β2−→ NO+ + N (5)

In order to study the variations of the electrostatic potential
that occur during the first moments of sunrise, for differ-
ent seasons and near auroral latitudes, the dynamic of iono-
spheric plasma located at an altitude of about 400 km and
consisting essentially of electrons and oxygen ions O+ is
governed by
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where

P O+ = kBT O+
nO+

(8)

stands for the pressure, T and n correspond to temperature
and density, respectively.

In F2 region the strength of the magnetic field is about
10−1 G (Cnossen and Richmond 2008), while the electric
field is about ∼ 103 stat V/cm (Foster 1983). So, in mo-
mentum equations the magnetic force can be neglected com-
pared to the electric force (as the drift velocity corresponds
to ∼ 103 cm/s the ratio of the magnetic force to the electric
force is about ∼ 1/10). In addition, the magnetic filed ef-
fect is in general neglected when the transport is considered
along the magnetic filed lines so v × B is null or electrons
are supposed to be conducted along B (Blelly et al. 2005).

Electron fluid equations are given by

∂ne

∂t
+ ∂

∂x
(neve) = P (9)

where P stands for the source term corresponding to elec-
tron production by photoionization. However, in the present
model electrons are considered as a neutralizing back-
ground. Knowing that all frequencies of ionization by ra-
diations’ impact are of ∼ 107 s−1 (Schunk and Nagy 2009),
it is reasonable to assume P ∼ 0, no source terms of elec-
trons are present in continuity and momentum equations.
Plasma is studied in the time scale corresponding to the in-
verse of ionic plasma frequency which is ∼ √

n ∼ 105 s−1,
no change in electron density due to photo-ionization dur-
ing the expansion time scale. However, Coulomb collisions
between electrons and ions give rise to momentum transfer
considered in momentum balance equation:
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+ e
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where

Pe = kBTene (11)

here φ and kB correspond to the plasma electrostatic po-
tential and Boltzmann constant, respectively. mO+

(me),
nO+

(ne), vO+
(ve), P O+

(Pe) and T O+
(Te) stand for oxy-

gen ion (electron) mass, density, velocity, pressure and tem-
perature, respectively. νjk are collision frequencies between
species j and i. In this work we consider the isothermal ex-
pansion case. Isothermal approximation can be used when
the plasma is supposed to occupy the half-space at a con-
stant temperature. This is a reasonable assumption due to
the huge difference between the expansion time scale (µs)
and the temperature changes occurring in one day.

The term ν(e,k)(vik − ve) describes the Coulomb elas-
tic collision between ions and electrons, while the term
ν(O+,j)(vj − vO+

) describes the interaction with heavy
plasma particles.

The collision frequency between electrons and ions is
given by (Drellishak et al. 1963)

ν(e,i) = 54.5 × 10−6 ni

T
3/2
e

(12)

and the one between ions and neutral atoms or molecules
corresponds to (Drellishak et al. 1963)

ν(i,n) = 2.6 × 10−15 minn

mi + nn

√
αe2(mi + nn)

minn

(13)

To maintain quasi-neutrality, the system dimensions are as-
sumed to be larger than the Debye length so that we can
assume quasi-neutrality with O+ as a dominant ion species
(∼ 106 cm−3, other ionic species can be neglected compared
to this value):

nO+ − ne = 0 (14)

At the first moments of the sunrise corresponding to the ear-
lier stage of the expansion, the charge neutrality condition
leads to nO+

o = neo = no. As the density of particles in the
night-side region is very high, the space scale associated
to Poisson’s equation becomes very small (Degond et al.
2003). Therefore, the ambipolar electrostatic potential can
be found implicitly using the quasi-neutrality assumption.

3 Self-similar solution

In order to get dimensionless equations, time t is normalized
by the inverse of ion plasma frequency ωp and space coor-
dinate x by the Debye length, that is (Fermous and Djebli
2015)

X = x/λDe, λDe = √
kBTe/4πnoe2

T = ωpt, ωp =
√

4πnoe2/mO+ (15)
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Table 1 Spring data corresponding to march 2016

Day t0 (H ) ne (m−3) nO+ (%) nO (cm−3) nO2 (cm−3) nN2 (cm−3) Ti (K) Te (K)

1 5.51 0.10986 × 1012 97.3 3.497 × 107 1.652 × 104 6.546 × 105 1075.0 2162.6

21 5.21 0.1215 × 1012 97 3.870 × 107 2.328 × 104 9.051 × 105 1084.9 2106.3

30 5.07 0.12451 × 1012 97 4.014 × 107 2.763 × 104 1.064 × 106 1090.3 1962.3

We then choose the following self-similar variable

ξ = X/T = x/cs t, cs =
√

kBTe/mO+ (16)

Densities, velocities, and the electrostatic potential are nor-
malized according to

vj = csVj , nj = njoNj

ωpt
and

φ = kBTeΦ

e

(17)

where cs is the ion acoustic velocity and njo are initial den-
sities. Vj , Nj and Φ are dimensionless parameters.

Using the transformation (16) and the normalization
given by (17) the set of partial differential equations (6)–
(11) governing the plasma expansion are transformed into
ordinary differential equations,
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μ1 = T O+

Te

, Γ1 = 2.6 × 10−15

√
αe2(mO+ + mO2)
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and
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4 Results and discussions

The set of ordinary differentials equations (18)–(22) is
solved using a numerical Rung-Kutta method with an ade-
quate converging step. The boundary conditions correspond
to an equilibrium state for which the plasma starts to ex-
pand. As quasi-neutrality is supposed to occur right at the
beginning of the expansion, the electric filed is given by
Eo = (4πnokBTe) (Mora 2003). So, the initial ambipo-
lar electrostatic potential, at the beginning of the expan-
sion, is φ(ξ) = −Eoξ , in the numerical code we selected
ξo = 0 so φ(ξ = ξo) = 0. Input parameters corresponding
to a height of 400 km, latitude of 36.75◦ and a longitude
of 3◦ are obtained from the International Reference Iono-
sphere (IRI) model for electrons-ions densities and temper-
atures. While MSIS model (2012) is used to obtain neutral
densities. For example data corresponding to spring season
are given by Table 1. The corresponding data for the re-
maining seasons are implemented to the numerical calcu-
lation following the same procedure. Figure 1 shows that
there is no big difference between the spring and the sum-
mer seasons. For these two seasons, the intensity of the
sun radiations is so great to produce plasmas containing
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Fig. 1 Electrostatic potential variations using contour plot. Left during March equinox and right during June solstice

ions and energetic electrons. We only considered ionization-
recombination processes due to collision between heavy
species i.e., ions and neutral particles. Although electron
impact is the dominant ionization mechanism in plasma it
is not considered in this work because ion-neutral colli-

sions are, the main mechanism of ion’s formation in the
Earth’s ionosphere (Nagy et al. 2009). However, at the ear-
lier stages the potential strength is much important during
the hot season. Recombination processes are temperature
dependent, when the ion density increases the potential also



211 Page 6 of 8 R. Mebrek et al.

Fig. 2 Electrostatic potential variations. Left during September equinox and right during December solstice

increases. Note also that the potential is negative due to the
electron front formed at the head of the expanding plasma.
So the negative aspect is a signature of this effect. Later,
ions are pulled by the ambipolar electric potential to bal-
ance such a local charge separation leading to a positive
electrostatic potential. During June these negative values are
reached at the earlier stages of the expansion as results of

higher electron kinetic energy. It is also worth emphasizing
that the instabilities rise during March (less hot than June),
and become weaker when days are hotter to vanish when
solar intensity is almost similar all days. Thus, we recall
previous results that the electric field (potential) depends
on the universal time and solar activity (Denisenko et al.
2019).
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Fig. 3 Comparison of electrostatic field variations during all seasons of 2016

Most important changes can be depicted from Fig. 2
which corresponds to colder seasons. Close to the plasma
source region the strength of the electrostatic potential is
clearly smaller because of the weak dynamics of all species.
The characteristic of the local charge separation length is
reduced.

As the electric filed in the F-region can map upward to
the magnetosphere and create motions there (Kelley 2014),
in Fig. 3 we have gathered the electric field variation dur-
ing all seasons (obtained by numerical differentiation of the
potential). Far away from the plasma production conditions
the field strength vanishes, the hotter the month the faster
this value is reached. Recombination processes are not sig-
nificant. Such processes are temperature dependent leading
to a low probability for chemical reactions, giving plasma
of roughly constant ion densities relay on a constant electro-
static field. Lower temperatures at sunrise are observed in

autumn and winter where the plasma density ratios change.
Far away from the source, the electrostatic field becomes
positive and of lower intensity. This is due to electron low
mobility which makes them close to the plasma bulk. Re-
cently, Denisenko et al., by using a mathematical simulation
of the ionospheric electric field, have shown that the strength
of such a field is about ∼ 10−10 Stat V/cm. Thus, at present
time the electric field could not be detected experimentally
(Denisenko et al. 2019). However, our investigation shows
that the electric potential is subject to more variations that
are in the range −1.7 × 10−4 to −9.7 × 10−4 stat V (−0.05
to −0.29 V), which can be measured as reported by Lee et
al. The potential drops are found to be mainly controlled by
the cold ionospheric plasmas (Lee et al. 2014). Our investi-
gation shows that most the important potential drop occurs
during winter season (December).
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5 Conclusion

A qualitative description of the electrostatic potential (field)
in the F region of the Earth’s ionosphere, where ionic oxy-
gen is the dominant species, is given. To obtain such de-
scription, we used the self-similar approach applied to fluid
equations governing the dynamics of plasma mix. In this
plasma and due to solar activities the collision between
heavy species is found to play a crucial role. The nega-
tive strength of the electrostatic potential rises at the ear-
lier stages particularly for hotter months, where local charge
separation between ions and electrons is more important.
The electric field variations are found too small to be mea-
sured experimentally while the potential variations are sig-
nificant showing an important drop during the cold season.

Publisher’s Note Springer Nature remains neutral with regard to ju-
risdictional claims in published maps and institutional affiliations.
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