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[1] The diurnal and seasonal variations of Schumann resonances (SR) have been reported
in a number of experiments. In this paper, a three-dimensional FDTD model of
the Earth-ionosphere cavity with a day-night asymmetric conductivity profile is
employed to study the diurnal and seasonal variability of the power and frequency of
the first Schumann resonance (SR) mode. Comparison of the FDTD results and
recent experimental measurements shows a clear modulation in the SR power related
to the local ionospheric height and global lightning activity. It is found that SR
frequencies are not only a function of the local time but also are controlled by the
global lightning activity changing with universal time.
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1. Introduction

[2] The combination of the highly conducting terres-
trial surface boundary and the highly conducting iono-
spheric boundary separated by a weakly conducting
atmosphere creates a spherically concentric cavity, the
Earth-ionosphere cavity. The electromagnetic waves pro-
duced by global lightning activity are trapped in this
cavity. Because of the conduction losses in the cavity,
only electromagnetic signals below 100 Hz can propa-
gate long distances without suffering serious attenuation,
and the interference between the waves travelling in
multiple paths produces global resonances [Sentman,
1995; Nickolaenko and Hayakawa, 2002]. Schumann
[1952] first predicted the resonance properties of this
cavity, so these resonances are commonly referred to as
Schumann resonances (SR). Because the SR parameters
(e.g., power, frequency, and Q factor) are mainly
determined by the global lightning activity and the
electromagnetic properties of the lower ionosphere, obser-
vations of SR have been used in many remote sensing
applications [e.g., Williams, 1992; Cummer, 2000;
Shvets, 2001].
[3] The SR parameters are sensitive to the external

perturbations. During the solar proton events (SPE),

high-energy particle precipitation is often accompanied
by X-ray bursts leading to significant perturbations of the
conductivity in the cavity. Different shifts of the SR
parameters were reported in the realistic measurements
[e.g., Schlegel and Füllekrug, 1999; Roldugin et al.,
2001, 2003, 2004a; Sátori et al., 2005]. In our previous
work [Yang and Pasko, 2005], the variation patterns of
the first SR frequency associated with the ionospheric
conductivity perturbation during SPEs and X-ray bursts
were discussed. It has been demonstrated that the con-
ductivity perturbation at high altitudes (>70 km) leads to
increase in the first SR frequency; whereas, the first SR
frequency decreases with the conductivity perturbation at
low altitudes (<70 km).
[4] Besides the SR parameter shifts during the high-

energy particle precipitation and X-ray bursts, the diurnal
and seasonal variations in these parameters are also
observed. There have been a number of studies investi-
gating the diurnal and seasonal variability of the SR
parameters [e.g., Balser and Wagner, 1962; Galejs,
1972; Sentman and Fraser, 1991; Sátori, 1996]. The
simultaneous measurements in California and Australia
reported by Sentman and Fraser [1991] show a clear
modulation in SR power related to local ionospheric
height. Price and Melnikov [2004] reported the diurnal
and seasonal variations in three main SR parameters
(power, frequency, Q factor) on the basis of a
4-year measurement. Three dominant power maxima
have been found in the diurnal cycle corresponding to
the lightning activity in Southeast Asia, Africa and South
America. The authors concluded that the global lightning
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activity is an important factor to affect the SR power
variation, besides the day-night asymmetry. Although,
the frequency and Q factor variations reported by Price
and Melnikov [2004] are too complicated to be easily
interpreted, the frequency variation is in excellent agree-
ment with the measurement reported by Sátori [1996].
Analysis of the SR observations at different stations
reported by Melnikov et al. [2004] shows that there are
obvious effects on SR parameters due to the day-night
terminator and due to the relative positions of the
observing stations with respect to lightning sources.
[5] In this paper, the diurnal and seasonal variation

patterns of the power and frequency of the first SR mode
are discussed and interpreted by comparing FDTD model
results with realistic measurement data reported by Price
and Melnikov [2004]. We also discuss the effects of the
global lightning activity, local time, and relative position
of the observation point with respect to the main light-
ning centers on the SR parameter variations.

2. Model Formulation

2.1. Three-Dimensional FDTD Modeling of
Earth-Ionosphere Cavity

[6] We employ a three-dimensional FDTD model,
which has been successfully applied to the studies of
the SR frequency shifts during solar proton events and
X-ray bursts in our previous work [Yang and Pasko,
2005]. In the present studies, the FDTD grid sizes in r, �
and � directions near the equator are approximately 5,
1000 and 1000 km, respectively. The cavity is excited by
a vertical lightning current with 5 km length, which has a
linear risetime 500 �s 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. Prony’s method [Hildebrand, 1956, p. 379;
Füllekrug, 1995] is employed to find the slight SR
frequency shifts by fitting the time domain data with
complex polynomials.

2.2. Global Lightning Activity in
Earth-Ionosphere Cavity

[7] In the Earth-ionosphere cavity, the lightning activ-
ity mainly concentrates in three major areas: Southeast
Asia, Africa and South America. The magnitude of the
lightning activity in these three regions reaches the peak
at different time in the diurnal cycle [Sentman, 1995].
[8] Figure 1 indicates the diurnal variation of the

global lightning activity in the three major lightning
regions [Sentman and Fraser, 1991]. The total lightning
activity in Southeast Asia, Africa, and South America
reaches maximum at approximately 0800, 1400, and
2200 UT, respectively. Moreover, the maximum magni-
tude of the lightning activity varies with seasons. In

September, the lightning activity in the South America is
stronger than that in Africa. In April, the lightning
activity increases by 40% in Africa, and reduces by
20% in South America. The lightning activity in South-
east Asia remains approximately the same during these
two seasons. In our simulations, the power and frequency
of the first SR mode are calculated every 1.2 hour from
0000 to 2400 UT. Three simulations are performed at
each specific time point. In each simulation, it is assumed
that the lightning discharges are uniformly distributed in
a rectangular region centered at 27�E, 9�S; 99�E, 9�S;
and 63�W, 9�S, corresponding to the three main lightning
regions at Africa, Southeast Asia and South America,
respectively, and the size of this source region is 3 cells�
3 cells (i.e., about 3000 km� 3000 km). Themagnitude of
each source at three major lightning regions was modu-
lated as a function of time to reflect the lightning activity
variation shown in Figure 1. Since the Earth-ionosphere
cavity can be considered as a linear system, we can deal
with these three sources separately. The total signal used
in the final analysis can be expressed by the sum of the
waves from these three sources. The modeling receiver is
located at � = 63� and � = 36� just above the ground
corresponding to the realistic location of the SR field
station (35.45�E, 30.35�N) near the town of Mitzpe
Ramon, in the Negev desert, Israel [Price and Melnikov,
2004]. The vertical electrical field component (Er) and
magnetic components in east-west (HEW) and north-south
(HNS) direction are calculated and compared with
measurements reported by Price and Melnikov [2004].

Figure 1. Diurnal variation of the average lightning
activity in Southeast Asia, Africa, and South America in
(a) September and (b) April [Sentman and Fraser, 1991].
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2.3. Conductivity Profile in the
Earth-Ionosphere Cavity

[9] The SR parameters are sensitive to the electromag-
netic properties of the Earth-ionosphere cavity, which are
mainly determined by the conductivity distribution in the
cavity. Therefore the vertical conductivity profile at
different locations around the globe plays a very impor-
tant role in the SR research. Some conductivity models,
e.g., two–scale height profile [Sentman, 1990, 1996] and
‘‘knee’’ model [Mushtak and Williams, 2002], have been
developed to account for the conductivity distribution in
the lower ionosphere. The SR parameters derived from
these two models are very close to the realistic measure-
ments [e.g., see Mushtak and Williams, 2002, Table 4].
However, these two models are spherically uniform, in
contrast to the realistic cavity with day-night asymmetry
due to the solar radiation. To account for the realistic
conductivity distribution in the Earth-ionosphere cavity,
the conductivity profiles used in this paper are derived
from International Reference Ionosphere (IRI) model
[Bilitza, 2001].
[10] Figure 2 illustrates two representative night and

day time total conductivity profiles used in calculations.
The profiles in Figure 2 are collected at 0000 UT, on
15 September 2000, at 0�E, 0�N and 180�E, 0�N,
respectively. At altitude <60 km, the total conductivity
is dominated by the ion conductivity, �i. The ion con-
ductivity profile is taken from Hale [1984] and Huang et
al. [1999]. Above 60 km, the electron conductivity �e is
dominant over the ion conductivity, and can be deter-
mined by �e = Neqe�e where qe is the charge of the
electron, Ne is the IRI defined electron number density,
�e is the mobility of the electrons given by �e = 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 on 15 April 2000 and 15 September
2000 from 0000 to 2400 UT to account for the diurnal
electron density variation during the Spring and Fall
seasons, respectively. The total conductivity � is derived
as � = �i + �e.

3. Results

[11] Figures 3 and 4 report FDTD results and realistic
measurements taken from a 4-year measurement [Price

Figure 2. Conductivity profiles at daytime and night-
time in the Earth-ionosphere cavity.

Figure 3. Diurnal power variations in the Er, HNS, and
HEW components.

Figure 4. Realistic diurnal power variations in the Er,
HNS, and HEW components measured by Price and
Melnikov [2004]. The abbreviations SON and MAM
correspond to periods of time from September to
November and from March to May, respectively.
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and Melnikov, 2004] on the power variations in the Er,
HEW, and HNS components of the first SR mode as a
function of universal time, and Figures 5 and 6 illustrate
the diurnal frequency variations of these components,
which are derived from our FDTD model and taken from
[Price and Melnikov, 2004], respectively.
[12] The solid and dashed lines in Figure 3 describe the

SR power variations in September and April, respec-
tively. The variation patterns of the Er and HEW compo-
nents have similar shape. The power begins increasing
around 0500 UT, and a stronger power peak is found at
1400 UT in both cases. In addition, the peak in April at
1400 UT is stronger than that in September. For the HNS

component, a different variation pattern is observed. The
power reaches its peaks around 0800 and 2200 UT. The
power magnitude at 2200 UT in April is weaker than
that in September, and remains approximately same at
0800 UT. All of these features are in good agreement
with the realistic measurements reported by Price and
Melnikov [2004] shown in Figure 4.
[13] In Figure 5, the first mode SR frequency of the Er

component has a maximum at 1000 and 2200 UT
ranging from 7.6 to 7.8 Hz. For the HEW component,
the frequency ranges from 7.6 to 7.8 Hz, and two peaks
appear around 0300 and 1600 UT, both in September and
April. Three peaks can be found in the HNS component
around 0800, 1200, and 1600 UT. By comparing with the
realistic measurements reported by Price and Melnikov.
[2004] and shown in Figure 6, some similar features are
found. For the Er component, a frequency peak appear-
ing around 1000 UT is close to the FDTD result, which
also shows a peak appearing at this time. In addition, the
peak around 0300 UT in the HNS also matches the
features appearing in the FDTD results. However, we

emphasize that the agreement is not as good as in the
case of the power variation.

4. Discussion

4.1. Power Variation

[14] Price and Melnikov [2004] have recently reported
the diurnal and seasonal variations of the frequency and
power of the first SR mode. A good agreement is found
between our FDTD results and the realistic measure-
ments of the first SR mode power variation. As shown in
Figure 3, the power variations of the Er and HEW have
same patterns, which have two peaks at 0500 and
1400 UT, respectively. The peak at 0500 UT can be
explained by day-night terminator effect. Because the
receiver is located at 36.0�E, 27.0�N, the sunrise time at
that location is approximately at 0400 UT. During
sunrise, the ionospheric boundary moves downward
because of the solar radiation. Therefore a corresponding
increase in the SR power starting from 0400 UT is
observed in Figure 3 and reaches its peak at 0500 UT.
The second peak in the Er and HEW components at
1400 UT is much stronger than that at 0500 UT, because
the lightning activity in the Africa reaches its maximum
around 1400 UT. The power variation in the HNS

component undergoes different variation pattern in com-
parison with other two components (Figure 3). Two
peaks associated with the lightning activity from South-
east Asia and South America are found around 0900 and
2200 UT. The seasonal power variation is also obviously
observed in Figure 3. It is believed that this seasonal
variation is related to the seasonal variation of global
lighting activity. In April, the lightning activity in Africa

Figure 5. Diurnal frequency variations in the Er, HNS,
and HEW components.

Figure 6. Realistic diurnal frequency variations in the
Er, HNS, and HEW components measured by Price and
Melnikov [2004].
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is stronger than that in September (see Figure 1).
Therefore the corresponding SR power increases in the
Er and HEW components around 1500 UT in April are
observed. Since the magnitude of the lightning activity in
Southeast Asia employed in this paper remains approx-
imately the same in April and September, there is no
obvious difference in the SR power at 0900 UT in the
HNS component for both seasons. The SR power peak at
2200 UT is stronger in September because of the stronger
lightning activity in South America in September. Price
and Melnikov [2004] report that the magnitude of SR
power at 1400 UT from September to November (SON)
is a little stronger than that from March to May (MAM)
in the Er component, and remains approximately same in
SON and MAM in HEW components. The two peaks in
the HNS component around 0800 and 2000 UT in SON
are stronger than these in MAM.
[15] The differences observed between experimental

data and FDTD results may be related to fine details of
global lightning activity as a function of time employed
in FDTD model. The FDTD results are derived from two
profiles of global lightning activity (see Figure 1) on the
basis of 24-hour averages during 14–21 April 1990 and
2–17 September 1989, respectively [Sentman and Fraser,
1991], while the realistic data [Price and Melnikov, 2004]
are based on a 4-year measurement (1999–2003). We can
imply from the data presented by Price and Melnikov
[2004] that the average magnitude of the lightning activity
in Africa from 1999 to 2003 remained approximately the
same in MAM and SON, and in Southeast Asia and South
America, the magnitude of global lightning in SON was
stronger than that in MAM.
[16] In addition, the relative positions of the three main

lightning regions with respect to the receiver also have
effects on the power variation in Er, HNS, and HEW

components. The source accounting for the lightning
activity in Africa is located at 27�E, and is very close
to the receiver located at 36�E. Therefore the H field
from Africa collected by the receiver is dominated by the
east-west component. Meanwhile, the H fields excited by
the lightning at Southeast Asia and South America are
preferentially in the north-south direction because of the
relative positions of the source with respect to the
receiver. Therefore two peaks are observed at 0800 and
2200 UT in the HNS component corresponding to the
lightning activity peaks in these two regions and a peak
associated with the lightning activity in Africa is clearly
found at 1500 UT in the HEW component. For the first
SR mode, a null of Er component appears at the distance
of approximately 10000 km from the source. The sources
at Southeast Asia and South America are approximately
8000 km and 11000 km away from the receiver. Because
of the null proximity, these two sources contribute much
less to the Er component at the receiver than that at
Africa, which is only 3000 km from the receiver.

Therefore only the peak around 15:00 in Er component
is obviously observed.
[17] Melnikov et al. [2004] reported a terminator effect

on Schumann resonances. Here, we employ our FDTD
model to describe this effect. Twenty simulations have
been performed to calculate the variation of the distri-
bution of the magnitude of the Er component of the first
SR mode in the cavity due to the day-night terminator
position during a diurnal cycle. The conductivity profiles
used in these simulations are the same as we used to
obtain the results reported in Figure 3. For illustrative
purposes, only one source with the same magnitude is
used, which is located at 0�E 0�N, and 40 receivers are
positioned on the Earth surface at equal intervals along
the equator. Figures 7, 8, 9, and 10 show the variation of
the Er distribution of the first SR mode during the 0000
to 2400 UT time interval. The dashed line depicts the
position of the day-night terminator at different instants
of time. The letters ‘‘D’’ and ‘‘N’’ in the figures mark the
day and night regions, respectively. From these 20 plots,
it can be seen that the magnitude of the first SR mode is
generally stronger during daytime in comparison with
nighttime at a fixed position. For example, at longitude
30�, the magnitude of the Er component increases during
sunrise, and decreases during sunset, which agrees with
what has been previously reported by Melnikov et al.
[2004]. This variation can be associated with the varia-
tion of the ionospheric height. The magnitude of the
Er component during daytime is approximately 60%
stronger than that during nighttime. We also find that the
SR magnitude is stronger when the source is near the day-
night terminator (see plots corresponding to 0600 and
1800 UT) than at other times. However, in our FDTD
model, we find that the power variations of the first SR
mode during the sunrise and sunset are much smaller than
those associated with the peaks of the global lightning
activity (see Figure 3). This difference can be explained by
the different sources used in these two simulations. In
Figures 7–10, only one source with constant magnitude is
employed. In Figure 3, many sources with different
magnitude are used to account for the diurnal variations
of the lightning activity at three lightning centers (as
described in section 2.2), and the results are in good
agreement with the realistic measurements [Price and
Melnikov, 2004]. Therefore we believe that the global
lightning activity plays a more important role in the
variations of the SR power.
[18] The effect of the local time in the SR power is

well known. According to Sentman and Fraser [1991]
and Melnikov et al. [2004], it can be explained by the
variation of the altitude of the ionospheric boundary over
an observation point due to solar radiation. Meanwhile,
the sources of SR, global lightning activity, tending to
maximize at specific universal time in three main light-
ning regions in a diurnal cycle lead to a corresponding
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intensification of SR power. Therefore it is believed that
the universal time also plays an important role in the
variations of SR power. In addition as discussed above,
the SR power variations are also influenced by the
relative position of the observation point with respect
to the main lightning centers, due to the field distribution
of SR around the source and the wave orientation.

4.2. Frequency Variation

[19] The variation of SR frequencies can be explained
by mode splitting theory presented by Sentman [1989]
due to the asymmetry in the Earth-ionosphere cavity at
the day and night sides. The magnitude of the line
splitting is in the range of 1.4–1.8 Hz for the cases
studied by Sentman [1989]. Because of the strong damp-

Figure 7. Magnitude of the Er component of the electric fields on the surface of the Earth at the
equator as a function of longitude. The six plots correspond to different instants of time during the
diurnal cycle between 0000 and 0600 UT.
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ing in the Earth-ionosphere cavity, the magnitude of the
mode splitting is less than or comparable to the inherent
width of the lines themselves [Sentman, 1989], which
complicates the determination of the eigenfrequencies of
the cavity.
[20] Comparing our FDTD results and data reported by

Price and Melnikov [2004], some different features are
observed in these two frequency variation patterns (see

Figures 4 and 6 and section 3). One of the reasons for
this difference may be related to the fact that the
frequency variations are averaged over 3 months in the
work by Price and Melnikov [2004], while the FDTD
results are derived from a model with conductivity
profiles corresponding to 15 September 2000 and
15 April 2000. Therefore the difference between these
two results can be expected. Another possible reason for

Figure 8. Same as Figure 7 but for time period 0712 to 1312 UT.
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this difference is the different methods employed to find
the eigenfrequencies. Price and Melnikov [2004] used a
Lorentzian function fitting method to derive the eigen-
frequencies of the cavity, assuming that there is only one
frequency component in each resonance mode. The
Lorentzian fitting method is generally suitable for the
application in uniform cavity without mode splitting, and

an example is presented in our previous work [Yang and
Pasko, 2005; Yang et al., 2006]. Sentman [1989] found
the maximum magnitude of the first mode splitting to be
in the range 1.4–1.8 Hz in realistic measurements. If only
one frequency component is used to fit all of the splitting
modes, the result will be influenced by the magnitude of
all of the splitting modes, and the maximum error can be

Figure 9. Same as Figure 7 but for time period 1424 to 2024 UT.
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half splitting range (0.7–0.9 Hz), which can mask the real
variation of the resonance frequency. Therefore the
Lorentzian function fitting method is not applicable as
an accurate method to find the eigenfrequencies of the
realistic cavity with mode splitting. In this paper, Prony’s
method is employed to find the eigenfrequencies of the
cavity, by which the mode splitting can be clearly
detected. Figure 11 shows the comparison of these two
methods for analysis of the HEW component derived from
the FDTD model with conductivity profile at 0840 UT on
15 September 2000. The result derived from Prony’s
method matches the original power spectrum data (solid
line in Figure 11) much better than that from the
Lorentzian function fitting method (dashed line in
Figure 11). By the Lorentzian function fitting method,
the first SR frequency is found at 7.45 Hz. By Prony’s
method, the first SR mode can be found splitting into
7.7 Hz and 7.59 Hz. Because the magnitude of 7.7 Hz
mode is much stronger than that of 7.59 Hz mode, we
used 7.7 Hz as the first SR frequency to show results
presented in Figure 5. A 0.25 Hz difference can be found
between these two methods and this difference is close to
the magnitude of frequency variations reported by Price
and Melnikov [2004].
[21] Roldugin et al. [2004b] concluded that diurnal SR

frequency variation is mainly controlled by local time,
and the different field components undergo different
variation patterns because of the horizontal inhomoge-
neity of the ionosphere. Nickolaenko et al. [1998] found
that the source area of the global lightning activity also
plays an important role affecting the SR frequency
variation. We conducted additional simulations (not
shown), in which we changed the magnitude of the
lightning activity at the three lightning centers, as well
as the area and positions of these three lightning centers.
We observed the obvious changes of the frequency
variation pattern. At a specific time, the mode splitting

produced by all of the lightning activity in the cavity is
determined by the magnitude of each of the lightning
discharges, and their positions with respect to the day-
night terminator. With changing the area and the posi-
tions of these lightning centers, which determine the
positions of the lightning discharges in these centers with
respect to the day-night terminator, and the magnitude of
these lightning centers, the associated change of the
mode splitting leading to the SR frequency variation is
expected. Therefore we conclude that the magnitude of
the lightning activity in three lightning centers, as well
as the area and positions of these three lightning centers
are the three main factors controlling the SR frequency
variation.

Figure 10. Same as Figure 7 but for time period 2136 to 2248 UT.

Figure 11. Comparison of Prony’s method and the
Lorentzian function fitting method.
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