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A study on heating of the lower ionosphere during lightning
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Heating of the ionosphere due to incidence of electromagnetic pulses coming from lightning discharges has been
theoretically investigated. The electromagnetic radiation from lightning discharges produces variation in ionizing frequency
and effective collision frequency of electrons. The energy gained by the free electrons from the incident electric fields of
wide-band electromagnetic pulses from lightning strikes is not instantaneously transferred to the heavy particles in the
medium, due to which the electron temperature is raised. Variation of temperature increase has been estimated.
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1 Introduction
Various earlier models exist for the investigation of
the primary and subsequent cloud-ground discharges
including the effects of the leader and the return
stroke current1-3. Above the thunderstorm cloud, the
presence of luminous flashes at high altitudes is due
to lightning. The peak luminosity is found4,5 in the
vicinity of 60 km. Various effects in the lower Dregion of the ionosphere produced by electromagnetic
radiations from lightning have been reported in terms
of heating, attachment and ionization6,7. Wide-band
electromagnetic pulses radiated from lightning strokes
initiate the process of heating8. In this presentation, a
model of electron heating at the lower edge of the
ionosphere (D-region) due to incidence of
electromagnetic pulses coming from lightning
discharges has been investigated theoretically. A
model for a vertical electric dipole is assumed to be
present over the surface of the ground, capable of
radiating mostly the horizontal component of electric
field. There will be very weak and deficient radiations
from the dipole in the upward direction. Hence,
electron heating above this discharge is very poor.
Thus, the influence of horizontal lightning strokes
causing the variation of temperature increase will be
discussed in this paper.
The electromagnetic radiation from lightning
discharges produces variation in electron temperature,

ionizing frequency and the effective collision
frequency of electrons. The magnitude of temperature
changes of electrons has been estimated through some
model calculations.
2 Mathematical formulation
The physical situation may be represented in the
more appropriate form by the following energy
balance expression, the momentum transport equation
and continuity equation9 as:
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where, E(t) is the radiated horizontal electric field; H,
the geomagnetic field; νi, the ionization frequency due
to electron impact on neutrals; νe, the effective
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electron collision frequency; να, the electron-neutral
molecule attachment frequency; ν, the average
electron velocity; Qi, the ionization energy of the
2m
medium; N, the electron number density; δ =
, m′
m'
is the mass of the heavy particle; T, the equilibrium
temperature; Te, the electron temperature; η, the
coefficient of viscosity of the medium; χ, the thermal
conductivity; Geff, the effective fraction of energy
transfer per collision; α, the electron–ion
recombination coefficient and q is the heat flow
vector given by
q =−λ (Te )∇Te

where, λ(Te) is the effective coefficient of electron
energy conduction. Now
λ = kT (1− µτ'/σ0 kT )

where kT is the coefficient of electron energy
conduction at constant electron velocity; µ, the
coefficient of electron energy conduction due to dc
electric field; τ′, the current flow coefficient due to
thermal gradients at constant electron pressure,
p = NkTe ; σ0, the dc electrical conductivity and k is
the Boltzmann constant. The other symbols have their
usual significance.
Due to incidence of lightning pulses in the weakly
ionized D-region of the ionosphere, the effective
electron collision frequency (νe) and the ionizing
frequency (νi) vary with electron temperature (Te)
because of their dependence on the average electron
velocity. The ionization frequency νI represents the
production and loss processes due to electron impact
on neutrals. The asymptotic expression for νI when
kTe << Qi can be given by 10,11
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n is the neutral particle number density, a0 the Bohr
radius.
For wide energy range of electrons, the collision
frequency would be averaged over the Maxwellian
distribution of electron velocities, which is referred to
as the effective collision frequency12,13. It has been
taken as
νe = nνSm(ν)

… (5)

where, Sm is the velocity dependent momentum
transport cross-section. Within the lower ionosphere,
the collision between N2, O2 and Ar are important for
the determination of effective collision frequency.
Electron-neutral particle collisions are strongly
dependent on Te. The Sm values for O2, N2 and Ar are
expressed as14
Sm = a + bTe1/2 + cTe + dTe3/2

… (6)

where a, b, c, d are constants and dependent on the
scattering length, polarisability of the target and
different gas constants. The Sm values for O2, N2 and
Ar are fitted to the power series in Te1/2 [Eq. (6)] by
employing the experimental data of Englehardt et
al.15, Spencer and Phelps16 and Milloy et al.17,
respectively. Values of the constants a, b, c and d are
given in Table 1.
From Eq. (2), the expression of ν can be obtained
as
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C is the Reynold’s number. It determines the
influence of pressure gradient within the plasma.
Under different dynamical situations, a small value of
C implies the dominance of fluid friction, and
otherwise the effects of inertial force outweigh the
effects of friction for a large value of C.
∂N
Substituting
from Eq. (3) to Eq. (1) and making
∂t
some algebraic simplifications, one can get the
expression of normalized electron temperature as
Table 1—Values of a, b, c, d of Eq. (6)
Species
O2
N2
Ar

a

b

c

d

0.51468
(– 16)
0.85924
(– 16)
78638
(– 15)

0.14597
(– 16)
0.12275
(– 16)
– 0.39515
(– 16)

– 0.12554
(– 18)
0.12679
(– 18)
0.65673
(– 18)

0.35801
(– 21)
– 0.16887
(– 20)
– 0.35480
(– 20)

DE et al.: HEATING OF LOWER IONOSPHERE DURING LIGHTNING

y=

111

Te − T
2
µτ′ 2
=
[kT (1 −
) k Te
σ0 kT
T
3 NkT δν e (Te )

−χk 2T − Geff ν e (Te ) − Qi {(ν i − ν α ) N − αN 2 }] −

−
t

∫
0

ie
3πεc [exp{δν e (Te )t} − 1]kT
2

e
[− exp(− A)
m

t′

∫

t ′′

E (t ′′) exp{ A + ∫ Mdt ′′′}dt ′]
t′

0

ωIdS (ω)W ( x)
× exp{−ikD + δν e (Te )t}dt
h

where W ( x) =

x
,
( x 2 + 1)3 / 2

x=

… (9)

R
h

Here h is the height of the lower edge of the
ionosphere; W(x), the space dependent part of the
incident field; R, the horizontal distance from the
source; ω, the angular wave frequency; IdS, the
current moment of the source and D is the distance
from the source to a point at the edge of the
ionosphere.
3 Results
The heating effects have been considered by
lightning strokes with specific temporal and spatial
variations of temperature increases. The median peak
current of 24 kA is assumed to reach after some
microseconds (µs) later from the start2,8. The radiated
spectra cover a wide frequency range from few Hz to
several kHz. Numerical analysis reveals that in the
time domain for horizontal discharges, the waves give
a short intense positive pulse having a peak near
around 4 µs [Fig. 1(a)], then shows an exponential
decay, and are followed by a broad weak negative
pulse with the maximum around tens of µs. The first
positive pulse provides the heating of the lower
ionospheric electrons. The nature of variation agrees
with the previous work8.
For the day-time model, the ionospheric plasma is
taken to be sharply bounded at a height h = 50 km,
where T = 272 K, the ambient temperature18. The
peak velocity of the streamer is assumed as 9 × 107
ms–1. The height of the lower edge of the ionosphere

Fig. 1—Increase of electron temperature over the ambient value
just after the horizontal discharge [The continuous line curve (a)
represents the results of the present analysis. Here, the intense
pulse gives the peak around 4.6 µs. At this instant after the start,
the value of electron temperature may be even 115 K higher than
its undisturbed value. Lightning discharge height = 4 km, h = 50
km. The dotted line curve (b) is due to an earlier work2 analyzed
under the identical physical situation.]

is chosen as 50 km, where the heating effects occur
due to the incidence of electromagnetic pulses from
lightning discharges. Here, the progression of a
uniformly charged leader streamer has been
considered from a spherical distribution of negative
charge in the thundercloud towards the ground at a
constant velocity. The frequencies used in the present
calculations are 5.88 × 105 Hz, 3.03 × 104 Hz, 2.0 ×
103 Hz and some other lower values. The calculation
shows substantial heating from a single median stroke
of cloud-to-ground discharge. The location of the
lightning discharge is taken at a height of 4 km from
the ground. The direct and ground reflected pulses
have been considered. For horizontal discharges, the
temporal variation of electron temperature above the
stroke produced by the same source has been
evaluated using Eq. (9). In the numerical analysis,
data are taken from CIRA 72, IRI and different
published papers. From the numerical analysis of
Eq. (9), the plot of (Te – T) versus time is drawn in
Fig. 1(a). The continuous line curve of Fig. 1(a)
represents the results of the present analysis, whereas
the results of an earlier work 2 are shown by the
dotted line curve [Fig. 1(b)]. It is seen from the
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Fig. 2—Plots of variation of electron temperature over the
surrounding value versus time for vertical discharge [The
continuous line curve (a) shows the results of the present analysis
whereas the dotted line curve (b) is due to an earlier work2.]

present analysis that due to lightning discharges, the
value of electron temperature at the lower ionosphere
may be even 115 K higher than its undisturbed value.
The outcome of this result is almost in agreement with
earlier works with horizontal discharges2, 8. Moreover,
the enhancement of temperature due to lightning
discharge field maintains correspondence with the
effective collision frequency growth19.
The inclusion of the effects due to variation of
effective collision frequency and ionizing frequency
of electrons along with other parameters involved in
the physical processes during lightning made the
present formulation more consistent with the physical
situation than the earlier works2, 8. Just after the weak
vertical discharges, the variation of electron
temperature over the surrounding value has been
plotted in Fig. 2, where the curves (a) and (b) are
drawn from the results of the present analysis and
Jone’s model, respectively. In Fig. 1, the occurrence
of the second peak in heating at a delay of 40 µs is
due to horizontal discharges, whereas it is absent in
vertical discharges at R = 50 km (Fig. 2).
4 Discussion
When the incident electric field in the lower
ionosphere is very high, the energy gained by the free
electrons from such fields cannot be readily

transferred to the heavy particles of the medium.
Hence the average energy of the electrons or the
electron temperature is raised by the incident field.
Then the velocity distribution functions of the
electrons will differ from Maxwellian function. The
deviation of distribution function from Maxwellian
form may be of importance in the interpretation of
cross-modulation data. Similar situation prevails in
the case of weakly ionized auroral ionosphere, which
appears rapidly to reach non-Maxwellian stationary
states under the effect of large convective electric
fields20. For such interpretation, it has been generally
assumed that the energy absorbed from the
discharging field appears as a change in the
temperature of the electrons and this change is simply
given by 2/3 K times the absorbed energy. Actual
conditions in the lower ionosphere, however, deserve
a non-Maxwellian distribution.
In the lower D-region of the ionosphere, the ratio of
the change in conductivity for the non-Maxwellian
distribution and for the Maxwellian distribution
would decrease in magnitude for non-elastic
collisions within the medium. Hence, the error due to
Maxwellian distribution will be reduced substantially
for non-elastic or partly non-elastic collisions21, 22.
Thus, for brevity, the Maxwellian distribution
functions have been assumed considering the situation
as the case of a weak heating, where the condition (Te
– T)/T << 1 is satisfied and the outer electric field is
uniform8.
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