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[1] A three-dimensional Finite Difference Time Domain (FDTD) model of the Earth-
ionosphere cavity with a realistic conductivity profile is employed to study the global
lightning activity using the observed intensity variations of Schumann resonances
(SR). Comparison of the results derived from our FDTD model and the previous studies
by other authors on related subjects shows that Schumann resonance is a good probe
to indicate the seasonal variations of lightning activity in three main thunderstorm regions
(Africa, southeast Asia, and South America). An inverse method based on genetic
algorithms is developed to extract information on lightning intensity in these three regions
from observed SR intensity data. Seasonal variations of the lightning activity in three
thunderstorm centers are clearly observed in our results. Different SR frequency variations
associated with seasonal variations of global lighting activity are also discussed.

Citation: Yang, H., V. P. Pasko, and G. Sátori (2009), Seasonal variations of global lightning activity extracted from Schumann

resonances using a genetic algorithm method, J. Geophys. Res., 114, D01103, doi:10.1029/2008JD009961.

1. Introduction

[2] The space separating the Earth and the ionosphere
forms a dissipative closed cavity (Earth-ionosphere cavity)
that can support electromagnetic quasi-standing waves with
wavelength comparable to the planetary dimensions. The
conduction losses in the cavity lead to the effect that
only electromagnetic signals below 100 Hz can propagate
long distances without suffering serious attenuation. The
interference between the direct wave and the antipodal
wave produces global resonances [e.g., Sentman, 1995;
Nickolaenko and Hayakawa, 2002, p. 158].
[3] The resonance properties of the Earth-ionosphere

cavity were first predicted and discussed by Schumann
[1952], so these resonances are commonly referred to as
Schumann resonances (SR). SR are mainly excited by the
cloud-to-ground lighting discharges in the atmosphere, and
carry information about the global lightning activity in three
main thunderstorm regions (Africa, southeast Asia, and
South America) and electromagnetic properties of the lower
ionosphere. The long-term SR records collected at several
different stations have been reported in many papers [e.g.,
Sátori et al., 1996; Nickolaenko et al., 1998; Price and
Melnikov, 2004; Yatsevich et al., 2006; Sekiguchi et al.,
2008]. The clear diurnal and seasonal variations of SR

power and frequency were observed. Those observations
of SR have been used in many applications to remotely
sense the global lightning activity, the global climate
variation, and the planetary-scale variability of the lower
ionosphere [e.g., Williams, 1992]. We note that all of above
SR records are obtained in the Northern Hemisphere, and
there are no long-term SR measurements in the Southern
Hemisphere published in the journal papers so far.
[4] The Finite-Difference Time-Domain (FDTD) method

[e.g., Taflove and Hagness, 2000], as first proposed by Yee
[1966], represents one of the simplest and most flexible
means to discretize the differential form of Maxwell’s
equations for finding electromagnetic solutions in a medium
with arbitrary inhomogeneities, and several reports about
applications of this technique to solution of VLF/ELF
propagation problems in the Earth-ionosphere cavity have
recently appeared in the literature [e.g., Pasko et al., 1998;
Cummer, 2000; Berenger, 2002; Hayakawa and Otsuyama,
2002; Otsuyama et al., 2003; Simpson and Taflove, 2004,
2007; Soriano et al., 2005; Hu and Cummer, 2006;
Simpson, 2008]. Besides the FDTD technique, several other
numerical and analytical techniques have been successfully
applied to solve SR problems [e.g., Morente et al., 2003;
Kirillov, 2002, 2005; Mushtak and Williams, 2002; Ando et
al., 2005; Ando and Hayakawa, 2007; Greifinger et al.,
2005, 2007]. In our previous studies, a 3D FDTD model has
been developed and applied to describe the variation of SR
parameters with the external perturbations, such as solar
proton events and X-ray bursts [Yang and Pasko, 2005], the
diurnal and seasonal variations of SR parameters with the
global lightning activity [Yang and Pasko, 2006], and SR
problems on the other celestial bodies in the Solar System,
for example, Titan, Venus, and Mars [Yang et al., 2006].
Since cloud-to-ground flashes with positive polarity
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associated with sprites excite Schumann resonances
with amplitudes several times greater than the background
resonances, some recent research has used Schumann
resonances as proxies for lightning source locations to
indicate where sprites might be located [e.g., Huang et al.,
1999; Sato and Fukunishi, 2003].
[5] The genetic algorithm (GA) is an optimization and

search technique based on the principles of genetics and
natural selection. Owing to its powerful ability to optimize a
large number of variables with extremely complex cost
surfaces, GA has become a popular method to solve the
optimization problems [Haupt and Haupt, 2004]. In our
previous studies [Yang and Pasko, 2006, 2007], the time
dynamics of the global lightning activity in Africa, south-
east Asia and South America were taken from previously
published sources [e.g., Sentman and Fraser, 1991]. In the
present paper, these dynamics during different seasons are
inversely calculated from experimental Schumann reso-
nance power measurements [e.g., Price and Melnikov,
2004] using a new inverse method based on GA [Haupt
and Haupt, 2004]. The associated connection between SR
frequency variations and the global lightning activity during
different seasons is also discussed.

2. Model Formulation

[6] In the present paper, a 3D spherical FDTD model
[Yang and Pasko, 2005] is employed to solve the ELF
problems in the Earth-ionosphere cavity. Determining the
cell size for obtaining accurate results is the first step in the
development of a FDTD model. Generally, the cell size is
chosen as one tenth of the wavelength which we are
interested in. This standard has been widely used in the
FDTD study and commercial software development. In our
model, the cell size is 9� � 9� (1000 km � 1000 km). This
resolution can provide a high precision for the waves with a
wavelength more than 10000 km (or frequency <30 Hz).
Since we only study on the first mode (7.5–8.0 Hz) in the
present paper, this resolution is high enough to solve the
problem. In r direction, the grid size is chosen to be 5 km.
The time step Dt is determined by the Courant condition
(see equation (1)) [e.g., Taflove and Hagness, 2000, p. 136].

Dt <
1

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

S2r
þ 1

S2q
þ 1

S2f

s ; ð1Þ

where c is the speed of light. Sr, Sq and Sf are the smallest
cell size in r, q and f directions, respectively. The cavity is
excited by a vertical lightning current with 5 km length,
which has a linear rise time 500 ms and exponential fall with
timescale 5 ms. The reported results for frequencies <40 Hz
are not sensitive to the specifics of the chosen lightning
current waveform.
[7] The conductivity profiles employed in this paper are

derived following themethodwe have reported in our previous
work [Yang and Pasko, 2006]. At altitude <60 km, the total
conductivity is dominated by the ion conductivity, si. The ion
conductivity profile is taken from Hale [1984] and Huang et
al. [1999]. Above 60 km, the electron conductivity se is
dominant over the ion conductivity, and can be determined
by se = Neqemewhere qe is the charge of the electron, Ne is the
electron number density derived from International Reference

Ionosphere (IRI) model [Bilitza, 2001], me is the mobility of
the electrons given by me = 1.36N0/N

m2

Vs
, where N0 = 2.688 �

1025 m�3, and N is altitude-dependent number density of air
molecules [Pasko et al., 1997]. The electron density in the
cavity, Ne, is derived from the IRI model for representative
days of 15 January 2000, 15 May 2000, and 15 October 2000
from 0000 UT to 2400 UT, to account for the diurnal
electron density variations during winter, spring and fall
seasons, respectively. The total conductivity s is derived as
s = si + se. The calculated representative day and night
conductivity profiles can be found in Figure 2 of Yang and
Pasko [2006].
[8] In the Earth-ionosphere cavity, the lightning activity

mainly concentrates in three major areas: southeast Asia,
Africa and South America. The magnitude of the lightning
activity in these three regions reaches a peak at different
time in the diurnal cycle at approximately 0800, 1400, and
2200 UT, respectively [e.g., Sentman, 1995]. In our simu-
lations, the peak power of the first SR mode is calculated
every 1.2 hours from 0000 UT to 2400 UT. Since the Earth-
ionosphere cavity can be considered as a linear system, we
can deal with these three sources separately. At each time
point (e.g., 00 UT, 01.12 UT), three simulations are run.
Only one source with unit magnitude is located at Africa,
Asia and America, respectively, in each simulation. The
total signal used in the final analysis can be expressed by
the sum of the three waveforms multiplied by the lightning
activity magnitude in three lightning centers. The mutual
delay of pulses arriving from individual lightning centers
has been automatically calculated and included in those
waveforms [Yang and Pasko, 2006]. The corresponding
longitudinal positions of those three regions are derived
from OTD maps of Christian et al. [2003]. For Africa and
Asia, the centers are placed at 27�E and 99�E. American
lightning center is at 90�W in June, July and August and
63�W in other months. The size of each source region is
assumed to be 3000 km � 3000 km with the lightning
discharges uniformly distributed in this region. Having
assumed that the power of lightning activity in southeast
Asia, Africa, and South America follows Gaussian distri-
butions with universal time t, lightning power variations in

these three regions can be represented as Pi = Aie
t�Ti
wi

� �2

+ ci
(i = 1, 2, 3), respectively, where Ai, Ti, and wi indicate the
magnitude, central time, and time width of the lightning
activity, and ci is the background level of the lightning
activity in each region.
[9] The global lightning activity is inversely derived by a

continuous Genetic Algorithm (GA) optimization method
[Haupt and Haupt, 2004, p. 51]. The integration of the
square of the difference between our FDTD results and the
experimental measurements reported by Price and Melnikov
[2004] is chosen as the cost function in the optimization.
[10] Thirteen parameters (three sets of Ai, Ti, wi, and ci, as

well as a DC component corresponding to the background
produced by the lightning discharges outside those three
lightning centers) constitute the input vector of the GA
simulations. This input vector is also called chromosome in
GA method. All of those parameters in the chromosomes
are adjusted to minimize the cost function. A population of
80 chromosomes are randomly generated to start the GA. In
every iteration, we run GA 80 times with each input vector
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(chromosome) to get their respective cost values. 20 most-
fit chromosomes with smaller cost function values are
preserved to reproduce 60 new vectors (offspring) in the
next generation to repeat next iteration. This procedure is
called ‘‘Mating.’’ Heuristic crossover [Haupt and Haupt,
2004, p. 58] is employed in the chromosome mating
process. We choose a mutation of 20% indicating that
0.2 � 13 � 80 ’ 208 variables are randomly mutated in
each generation [Haupt and Haupt, 2004, p. 60]. All the
details of the GA operations are given by Haupt and Haupt
[2004, and references therein].
[11] Three modeling receivers are located at the locations

corresponding to the SR field stations at Nagycenk (NCK:
47.6�N, 16.7�E, Hungary) [Sátori and Zieger, 1996],
Mitzpe Ramon (MR: 35.45�E, 30.35�N, Israel) [Price and
Melnikov, 2004], and Hornsund (HRN: 77�N, 15.5�E)
[Neska and Sátori, 2006]. The vertical electrical field
component (Er) and magnetic component in north-south
(HNS) direction are calculated and compared with experi-
mental measurements reported by Sátori and Zieger [1996]
and Price and Melnikov [2004]. The SR eigenfrequencies of
the cavity are evaluated using the Prony’s method by fitting
the time domain Er data (the total sampling time is 1.6 s)
with complex polynomials [Hildebrand, 1956, p. 379;
Füllekrug, 1995]. The total sampling time is equivalently
defined as the FDTD step time (Dt) multiplied by the total
number of time domain data points. A distinction needs to
be made between modal frequencies and measured peak
frequencies (frequency at which the peak amplitude is
measured). Modal frequencies depend on the ionospheric
properties and the geometric structure of the Earth-
ionosphere cavity that are independent of sources and
observers, whereas measured peak frequencies depend on
the source-observer relationship. The frequencies derived by
the Prony’s method in this paper are the modal frequencies of
the cavity (see further discussion in our previous papers [Yang
and Pasko, 2005, and references cited therein]).

3. Results

[12] Figure 1 shows north-south migrations of lightning
activity in America, Africa, and Asia [Sátori et al., 2003]. It
is clearly observed that lightning activity occurs mainly in
the summer hemisphere, moving from one hemisphere to
the other during the annual cycle. From April to October,
the lightning centers in these three regions are all located in
Northern Hemisphere, and reach the northernmost positions
during July. From October to next April, these centers move
to Southern Hemisphere, and go to the southernmost
locations around January. In FDTD calculations, three
seasons (May, October, and January) have been simulated,
and the latitudes of three lightning centers associated with
each season are taken from Figure 1.
[13] The dashed lines shown in Figures 2a and 2c are

experimental HNS measurements of the first SR mode as a
function of universal time detected at MR [Price and
Melnikov, 2004] and HRN station in May. Those measured
HNS data are applied as the aim function in GA optimization.
The fitting curves (solid lines in Figures 2a and 2c) are
calculated by our FDTD model with the optimized lightning
activity in May. The magnitude (Ai), width (wi), central time
(Ti), and background level (ci) in three centers are adjusted by

GA, leading to a good fitting presented in Figures 2a and 2c.
All of those parameters are also shown in Tables 1 and 2. The
associated optimized diurnal variation patterns of the light-
ning activity in Asia, Africa, and America derived from HNS

data detected at MR andHRN stations are given in Figures 2b
and 2d, respectively. Two peaks appear at 0800 and 1200 UT
corresponding to the maximum lightning activity in Asia and
Africa, respectively. American lightning peak appears at
1900 UT in the MR data, but at 2300 UT in the HRN data.
Africa has the strongest lightning activity. American light-
ning is weaker than that in other two regions. In October, as
shown in Figures 3b and 3d, African lightning is still stronger
than other two regions. American lightning intensity becomes
stronger, and ranks second in these three regions. From the
results derived from MR data in January (see Figure 4b),
Asian lightning activity reaches its maximum in the annual
cycle, about 2 times greater than that inMay andOctober, and
becomes the dominant one in the cavity. During the same
time period, African lightning activity goes to its minima.
However, the results derived from the observations at HRN
station (see Figure 4d) give a different pattern, in which
African lightning is still the strongest one, and Asian light-
ning is weakest. Diurnal frequency variation of the first SR
mode (Figures 5 and 6) is derived from Er component
received at the simulated NCK station in the FDTD calcu-
lations using the diurnal variation pattern of the lightning
activity shown in Figures 2–4.

4. Discussion

[14] In HNS power of the first SR mode shown in
Figures 2–4, two peaks at approximately 0800 and 2000 UT
corresponding to maximum of lightning activity in Asia and
America are clearly observed. Since the Africa is placed in
the node of the antenna pattern, the evaluation of Africa
should provide a larger error than that of the other two
centers. HEW component is a better candidate to calculate
African lightning. However, owing to the geometry of the

Figure 1. Seasonal north-south variations of the centers of
the meridional lightning distributions corresponding
roughly to the Americas, Africa/Europe, and the Asia/
Maritime continent [Sátori et al., 2003].

D01103 YANG ET AL.: LIGHTNING ACTIVITY EXTRACTED FROM SR

3 of 10

D01103



source and receiver, America and Asia are placed at the
nodes of receiver antenna for HEW component. In the work
by Price and Melnikov [2004], we can find that the
experimental HEW measurement only has one peak
corresponding African lightning activity. We tried HEW

component, but the error of the derived American and
Asian lightning activity is too high to be acceptable. That
is why we only use the HNS component. However, we
note that both HNS or HEW components cannot accurately
reproduce the lightning activity in all three lightning regions
individually. Therefore, in the future SR measurements,
an optimal angle should be determined for the antenna
installation on the basis of the geometry of the source and
receiver in each season, which would allow to accurately
extract the lightning activity information in three regions
using one magnetic field component.
[15] In the simulations, the HNS power spectrum is chosen

as the aim function in GA optimization. Since GA optimi-
zation method randomly selects the results to minimize the
cost function during iterations, its results are not exactly the
same in every simulation. A set of GA simulations have
been conducted. The results vary in the range of 5% and
have the same features which are illustrated in Figures 2–4
(e.g., the ranking of the lightning magnitude at three
centers).

[16] In Figures 2–4, lighting activity in Asia, Africa, and
America reaches maximum at approximately 0800, 1200
and 2000 UT, respectively. Obvious seasonal power varia-
tions of the lightning activity in Asia, Africa and America
are observed in Figures 2–4. The results derived from MR
data indicate that African lightning has the strongest power
level of the three centers in May, and American lightning
goes to the weakest level at the same time (see Figure 2b).
In October, lighting activity in Asia and Africa are both
reduced to 70% of their level in May. Americas become the
second strongest of the three regions. The consistent fea-
tures can be also clearly found in Figures 2d and 3d, which
are obtained using the measurements at HRN station. The
cause of African maximum lightning activity in May,
comparing to its own level in October and January is
attributable to the widening African land mass occupied
by lightning activity when lightning migrates northward in
May and switching on also the European thunderstorms (see
Figures 2b and 2d). Since the Amazon basin is still in
‘‘Green Ocean’’ regime in May following the wet season
with heavy rainfall but with infrequent lightning, Asia has
higher lightning activity than in Americas in this month (see
Figure 2b) in accordance with OTD satellite observations
[Christian et al., 2003]. In October and November, South
American lightning activity reaches its highest level in the

Figure 2. Comparison of diurnal HNS power variations of the first SR mode in May measured at (a) MR
[Price and Melnikov, 2004] and (c) HRN stations (dashed line) with the results derived using FDTD
method (solid line). The distributions of the lightning activity in Asia, Africa, and America derived in
May by GA optimization obtained using (b) MR and (d) HRN data.

Table 1. Relative Magnitude Maximum, Center Time, and Width

of the Lightning Activity at Africa, Asia, and America Derived

From SR Measurements at MR Stationa

Lightning
Centers

May October January

Am tc tw Am tc tw Am tc tw

Africa 777.5 12.3 2.32 556.4 11.87 2.19 498.4 12.1 2.36
Asia 584.5 8.52 2.97 363.8 8.92 3.23 339.9 8.33 3.09
America 309.1 18.71 2.49 439.0 19.12 3.21 348.5 19.3 3.87

aRelative magnitude maximum, Am; center time, tc; and width, tw.

Table 2. Relative Magnitude Maximum, Center Time, and Width

of the Lightning Activity at Africa, Asia, and America Derived

From SR Measurements at HRN Stationa

Lightning
Centers

May October January

Am tc tw Am tc tw Am tc tw

Africa 795.2 12.6 1.62 625.5 12.5 1.92 561.2 12.2 1.72
Asia 207.4 9.34 3.14 144.2 9.8 3.54 221.3 8.1 3.04
America 201.3 23.9 2.84 284.7 19.8 3.33 274.5 19.9 3.94

aRelative magnitude maximum, Am; center time, tc; and width, tw.
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annual cycle owing to the thermodynamical and hydrological
conditions favorable there for lightning generation
[Williams and Sátori, 2004].
[17] Consistent with measurements reported by Sentman

and Fraser [1991], African lightning activity becomes the
strongest among the three regions in April and increases by
50% in comparison with its September level. Conversely, in
September, the magnitude of American lighting becomes
greater than that of the other two regions, and approximately
25% greater than that in April. Although the data from

Sentman and Fraser [1991] were collected in April and
September, 1 month earlier than the months we studied in
our simulations, all of these features can be still found in the
solution of the inverse problem. However, in contrast with our
results, Asian lightning activity in both April and September
has the same magnitude in the work by Sentman and Fraser
[1991], and always is the weakest one among the three
lightning regions during both months.
[18] In January, African lighting is reduced to its mini-

mum in the annual cycle. American lightning keeps the

Figure 3. Comparison of diurnal HNS power variations of the first SR mode in October measured at
(a) MR [Price and Melnikov, 2004] and (c) HRN stations (dashed line) with the results derived using
FDTD method (solid line). The distributions of the lightning activity in Asia, Africa, and America
derived in October by GA optimization obtained using (b) MR and (d) HRN data.

Figure 4. Comparison of diurnal HNS power variations of the first SR mode in January measured at
(a) MR [Price and Melnikov, 2004] and (c) HRN stations (dashed line) with the results derived using
FDTD method (solid line). The distributions of the lightning activity in Asia, Africa, and America
derived in January by GA optimization obtained using (b) MR and (d) HRN data.

D01103 YANG ET AL.: LIGHTNING ACTIVITY EXTRACTED FROM SR

5 of 10

D01103



same level as that in October. The maximum of Asian
lightning appears during this season, and is approximately
2 times as great as in the other two regions (see Figure 4b).
However, in Figure 4d, African lightning activity derived
from HRN data is still the strongest one in three regions.
The discrepancy between MR and HRN with relation to
Asian and American activity in January (Figure 4) might be
attributed to the day-night asymmetry problem. HRN station
is completely under local night condition in January. Both
Asian and American lightning activities are detected under
same local condition, so HRN station indicates the proper
ranking for America and Asia in January. In the case of MR,
Asian lightning is observed under local daytime condition
while American lightning activity is measured when MR is
under local nighttime condition. Therefore, the power peak
associated with American lightning activity detected at MR
is weaker than Asian peak, while American peak is stronger
at HRN station in January.
[19] Since the simulated receiver is covered by the

lightning source region centered at the latitude shown in
Figure 1 in July, the detected SR signals are mixed with the
strong near field close to the simulated lightning sources.
SR power spectrum cannot be accurately derived for this
month. Therefore, we do not report the simulation results in
July.
[20] Some related results detected by the Optical Tran-

sient Detector (OTD) have been given by Christian et al.
[2003]. These space-borne records might be used as a
starting point for further analysis. The diurnal variation of
the source activity was modeled [Hayakawa et al., 2005;
Nickolaenko et al., 2006], and the SR patterns were
obtained on the basis of the OTD data [Greenberg and
Price, 2007]. The latter publication indicates the prevalence
of Asian activity. In OTD data, Africa is the most active
lightning center with the highest annualized flash rate, and
Americas rank second. Flash density is generally greatest
during the respective hemisphere’s spring and summer
seasons over land and year round in coastal zones. In
Figure 6b of Christian et al. [2003], lightning activity in
Africa is the most intensive in May, and America has much
weaker lightning activity than other two regions, which
agrees with our result shown in Figure 2b. Furthermore,

Figure 5. Diurnal frequency variation of the first SR mode
at NCK station in (a) May, (b) October, and (c) January with
the lightning distributions derived from the measured data at
MR station.

Figure 6. Diurnal frequency variation of the first SR mode
at NCK station in (a) May, (b) October, and (c) January with
the lightning distributions derived from the measured data at
HRN station.

Figure 7. Cavity with artificially asymmetric conductivity.
The height of half cavity is 100 km. For another half, the
height is 50 km.
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OTD data reveal that Africa has stronger lighting activity
than America, and Asia is the region having the weakest
lightning activity among the three lightning centers in
October. The same features can be also observed in
Figures 3b and 3d. In January, the result derived from
HRN measurements is consistent with OTD data (see
Figure 4d). However, a disagreement appears between our
FDTD results and OTD measurement in Figure 4b. Asian
lightning region becomes much stronger than the other two
regions in our FDTD simulations, while Africa still has the
highest lightning flash rate shown in Figure 6a ofChristian et
al. [2003]. However, the work reported byHayakawa [1989]
dealing with satellite radio (ELF/VLF) observation byAriel 4
Satellite at 3.2 kHz indicates the Asian predominance. Since
OTD data includes both intracloud and cloud-to-ground
lightning discharges, and Schumann resonances are mainly
produced by the cloud-to-ground lightning, it might be an
explanation for this disagreement. A similar problem has
been discussed by Greenberg and Price [2007].
[21] Another important explanation for this difference is

the geometry of the locations of the lightning centers and
the observing station. In spring and fall seasons, African
lighting center is close to MR station in Israel [Price and
Melnikov, 2004], and source-observer orientation angle
(angle between the plane of the source-observer great circle
path and the plane of the north-south meridional circle of
the observer) is relatively big. African lighting activity can
produce magnetic field in north-south direction at MR
station with a reasonable level for the inverse calculation

using our optimization method. However, the central time of
African lightningshowninFigures2band3b(1200–1300UT)
is about 2 hours earlier than those reported by, for example,
Sentman and Fraser [1991] (1400–1600 UT). In January,
African lightning activity moves southward leading to the
decrease of the source-observer orientation angle. African
lighting activity makes a smaller contribution to the HNS

component. Therefore, the quality of the experimental data
directly influence the precision of the inverse calculation.
Small deviation in the experimental SR HNS data can lead to
a significant inaccuracy in African lighting intensity
inversely derived by our optimization method. Besides
Africa, the lighting activity in other two centers is also
effected by the quality of the measured data. In Figure 2b,
American lightning reaches peak around 2000 UT, while the
central time of American lighting activity is approximately
2300 UT shown in Figure 2d. Both North America (NA)
and South America (SA) are active in May. HRN is rather
close to NA on the great circle path. NA has its peak activity
at 2200–2300 UT, while SA local afternoon at 1900–
2000 UT. MR station (HNS) is more responsive to the SA
lightning activity while HRN (HNS) is sensitive to
NA.This is the reason why the HNS field component at
MR and HRN indicate maximum lightning activity for
Americas at different UT time points.
[22] The diurnal frequency variations of the first SR mode

(Er component) for NCK station with GA optimized light-
ning activity are shown in Figures 5 and 6. The magnitude
of the lightning activity in three centers are taken from
Figures 2–4. In May, the frequency goes to the maximum
(7.67 Hz) around 1000 UT, and reaches the minimum
(7.55 Hz) approximately 1900 UT. The total magnitude of
the variation is approximately 0.12 Hz. In the measurements
reported by Sátori and Zieger [1996], Sátori et al. [1996],
and Ondrášková et al. [2007], the magnitude of the
frequency variation is also approximately 0.1 Hz. In
October, the frequency maximum appears at 0800 UT,
and still has similar variation tendency with that in May
(see Figures 5b and 6b). In January, the situation is signifi-
cantly different. SR frequency decreases during initial several
hours in the diurnal cycle, and a sharp jump of frequency
appears around 1000 UT in both Figures 5c and 6c.
[23] The frequency variations were reported by Sátori

and Zieger [1996] and [Sátori et al. [1996] in connection
with ENSO since 1996. Relevant modeling was made with
the three sources shifted southward [see Nickolaenko and
Hayakawa, 2002, Figure 6.22]. Similar features have been
reported between our FDTD results and their experimental
winter measurements.We believe that the different frequency
variations during different seasons can be explained by the
seasonal variations of lighting activity. In spring and sum-
mer (May to September), African lightning center is located
in Northern Hemisphere with the latitude exceeding 10�. Its
distance to NCK station is less than 4000 km. The other two
centers are approximately at the distances of 10,000 km
from the station close to nulls of spatial field distribution of
the first SR mode Er component. Furthermore, African
lightning activity reaches its maximum, and is much stronger
than at other two centers during summertime. An additional
FDTD simulation, in which only one source is located at
Africa, has been performed. The result is in a good agreement
with that shown in Figure 5a with a maximum at around

Figure 8. FDTD results derived from an artificially
asymmetric cavity shown in Figure 7 assuming free space
inside the cavity. A single source (3000 km by 3000 km)
moves around the Earth on the equator synchronized with
the motion of the day-night terminator, and is activated in
regions corresponding to local afternoon in the cavity.
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1000 UT. Therefore, we believe that the magnitude of Er

component and its frequency variation detected at NCK
station are mainly determined by the waves from Africa in
spring and summer.
[24] In October, African lightning moves southward to

equator, and its influence at NCK station decreases owing to
the spatial distribution of Er component [Yang and Pasko,
2007]. Although the lightning activity in Asia and America
shows more influence on the frequency variation, African
lightning activity is still the most significant one to control
the frequency variation. Therefore, the results shown in
Figures 5b and 6b are similar to those shown in Figures 5a
and 6a. In January, African lighting center moves to its
southernmost position in the annual cycle (7000 km to NCK
station), and its magnitude is reduced to the level about half
value of that in summer. Therefore, the lightning activity in
other two regions becomes the dominant one to control SR
frequency in winter.
[25] To provide additional insight on SR frequency var-

iations, a set of additional FDTD simulations has been
performed. In these simulations, an artificially asymmetric
cavity as shown in Figure 7 is employed. Half cavity has a
height of 100 km, and another half has height of 50 km. The
half cavity with a height of 50 km accounts for the Earth-
ionosphere cavity at daytime, and the other half accounts for
the cavity at night. A single source (3000 km by 3000 km)
moves around the Earth on the equator synchronized with
the motion of the day-night terminator, and is always
activated in regions at local afternoon in the cavity.
[26] Figure 8 shows FDTD results derived from the cavity

(shown in Figure 7) without the inclusion of the conduc-
tivity between the perfectly conducting boundaries forming
the cavity. Owing to the asymmetry of the cavity, the first
SR mode is split into two frequencies. One is 10.1 Hz (f1),

and another is 10.45 Hz (f2). Here, we define the modes
with the frequencies f1 and f2 as modes M1 and M2,
respectively. The modes M1 and M2 correspond to eigen-
functions P1(cos(q)) = cos(q) and P1

1(cos(q))exp(±if) =
sin(q)exp(±if). The latter are double degenerate, i.e., have
the coincident eigenvalues. Note, that q denotes now the
angular distance from the center of the day hemisphere to an
arbitrary point rather than the source [Nickolaenko and
Hayakawa, 2002]. At 0824 and 0936 UT, the magnitude
of M1 is much stronger than that of M2. At 1048 UT, the
receiver is close to the nodal line of the first SR mode. The
magnitude of M1 and M2 decreases and increases, respec-
tively. At 1200 UT, the receiver passes the nodal line. The
M2 magnitude becomes much stronger than that of M1.
Since the receiver is close to the nodal line of the first SR
mode at 1048 and 1200 UT, the magnitude of first SR mode
is much weaker at these times than at other times. After
1200 UT, the magnitude of M1 increases, and the M2

magnitude decreases to the level at 0824 UT. For test
purposes, several different conductivity profiles are
employed in Figures 9, 10, and 11 to observe the variation
of themode splitting spectrumdue to variation of conductivity
within a cavity from zero to the experimental values.
Figure 9 shows the spectrum derived with a conductivity
equal to 8 � 10�12 S/m. The spectrum of the resonance
modes becomes wider and flatter owing to the conducting
losses in the cavity. The modes with weak magnitudes (e.g.,
peaks at 10.45 Hz at 0824 and 0936 UT) are merged into the
adjacent strong modes. However, two splitting frequencies
can be still observed in the plots corresponding to 1312 and
1424 UT. With the conductivity increasing to 3 � 10�11 S/m
(shown in Figure 10), all splitting modes of the first SR
mode are merged together and form one single peak. A
jump of the first peak frequency is clearly observed between

Figure 9. Same as Figure 8 but assuming a uniform
conductivity 8 � 10�12 S/m inside the cavity.

Figure 10. Same as Figure 8 but assuming a uniform
conductivity 3 � 10�11 S/m inside the cavity.
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1048 and 1200 UT. Figure 11 shows FDTD results derived
for a cavity with a realistic conductivity calculated from the
IRI model. A jump of the first peak frequency is also clearly
observed between 1048 and 1200 UT. We believe that this
frequency jump comes from the mode splitting, which is
clearly observed in Figure 8 (1048 UT and 1200 UT). As
shown in Figure 8, when the receiver is close to the nodal
line, M1 is much stronger than M2 at 1048 UT. When the
receiver passes the nodal line, the magnitude of M1 quickly
decreases, and M2 becomes much stronger than M1.
This behavior is similar to modeling results presented by
Sentman [1996], where frequency variations occur as a
result of nodal effects.
[27] Since one of the splitting modes is much weaker than

another one, Prony’s method, which we used to find the
eigenfrequency of the cavity, can only detect the strongest
splitting mode. Furthermore, we also note that the peak
frequency, which was employed in previous studies [e.g.,
Sátori andZieger, 1996;Ondrášková et al., 2007] also follows
the strongest splitting mode. Therefore, the singularity-
like frequency jump appearing at around 1000 UT in
Figures 5c and 6c could be produced by Asian lightning
maximizing from 0500 to 1000 UTwhen the receiver passes
the nodal line. All of the features of the different frequency
variations in different seasons, which are shown in Figures 5c
and 6c can also be found in the measurements reported by
Ondrášková et al. [2007]. In Figure 3 of Ondrášková et al.
[2007], a frequency peak appears at 1000 UT, for the time
period from June to September when African lightning
activity reaches maximum. From November to March when
African lightning becomes weaker and move southward, the

frequency decreases during 0000 to 1000 UT time period,
then reaches the maximum value around 1500 UT.

5. Conclusions

[28] 1. A GA optimization method has been employed to
inversely calculate the intensity of lightning activity in Asia,
Africa, and America using the measured HNS component of
the first SR mode from two different SR stations, and
consistent results on the diurnal variations of the lightning
activity in Africa, Asia, and America are clearly observed
employing the measured data at these two stations.
[29] 2. The simulated lightning distributions in three

regions are in a good agreement with OTD measurements
in May and October. From the results derived by GA
method at MR station, Asia has the most intensive cloud-
to-ground lightning activity in January, which is in agree-
ment with other SR modeling [Greenberg and Price, 2007].
We believe that the precision of this GA method is directly
influenced by the quality of the experimental SR data,
especially when African lightning center moves to the
southernmost position in January. Small deviation in the
experimental SR HNS data can lead to a significant inaccu-
racy in African lighting intensity inversely derived by our
optimization method in winter. Since both HNS or HEW

components cannot accurately reproduce the lightning
activity in all three lightning regions individually, we
suggest that an optimal angle of the antenna installation
need to be determined on the basis of the geometry of the
source and receiver in the future experimental measure-
ments in each season, which would allow to accurately
extract the lightning activity in three regions using only one
magnetic field component in this optimized direction.
[30] 3. The SR frequency variation depends on the

positions and variations of the lightning activity in the
three lightning centers. Owing to their positions with
respect to the observing station and their seasonal varia-
tions, the three lightning centers make different contribu-
tions to the frequency variations. Modeling results
indicate that the difference between the frequency varia-
tion experimentally detected during summer and winter is
caused by the mode splitting effects associated with the
fact that the lightning activity in Africa and Asia become
the dominant one in Earth-ionosphere cavity during
summer and winter, respectively.
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Ondrášková, A., P. Kostecký, S. Ševčı́k, and L. Rosenberg (2007), Long-
term observations of Schumann resonances at Modra Observatory, Radio
Sci., 42, RS2S09, doi:10.1029/2006RS003478.

Otsuyama, T., D. Sakuma, and M. Hayakawa (2003), FDTD analysis
of ELF wave propagation and Schumann resonances for a subionospheric
waveguide model, Radio Sci., 38(6), 1103, doi:10.1029/2002RS002752.

Pasko, V. P., U. S. Inan, T. F. Bell, and Y. N. Taranenko (1997), Sprites
produced by quasi-electrostatic heating and ionization in the lower iono-
sphere, J. Geophys. Res., 102(A3), 4529.

Pasko, V. P., U. S. Inan, T. F. Bell, and S. C. Reising (1998), Mechanism of
ELF radiation from sprites, Geophys. Res. Lett., 25(18), 3493.

Price, C., and A. Melnikov (2004), Diurnal, seasonal and inter-annual
variations of the Schumann resonance parameters, J. Atmos. Solar Terr.
Phys., 66, 1179.

Sato, M., and H. Fukunishi (2003), Global sprite occurrence locations and
rates derived from triangulation of transient Schumann resonance events,
Geophys. Res. Lett., 30(16), 1859, doi:10.1029/2003GL017291.

Sátori, G., and B. Zieger (1996), Spectral characteristics of Schumann
resonances observed in Central Europe, J. Geophys. Res., 101(D23),
29,663.
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