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[11 We present results of a survey of VLF electromagnetic waves observed by the
DEMETER spacecraft (altitude about 700 km, launched in June 2004, and still operating).
The median value of the power spectral density of electric field fluctuations in the
frequency range 1-10 kHz is evaluated as a function of the position of the spacecraft,
frequency, magnetic local time, and season of the year. It is shown that there are significant
seasonal differences between the satellite observed wave intensities throughout the year
and it is demonstrated that these are due to the lightning activity changes of the Earth.
The frequency spectrum at frequencies 0—20 kHz of electromagnetic emissions caused by
the lightning activity is investigated as a function of geomagnetic latitude. It is shown
that the effect of the lightning activity is most pronounced at frequencies larger than about
2 kHz, forming a continuous band of emissions and being the strongest during the
nighttime because of the better coupling efficiency of electromagnetic waves through the

ionosphere.

Citation: Némec, F., O. Santolik, M. Parrot, and C. J. Rodger (2010), Relationship between median intensities of
electromagnetic emissions in the VLF range and lightning activity, J. Geophys. Res., 115, A08315, doi:10.1029/2010JA015296.

1. Introduction

[2] Understanding the behavior and properties of electro-
magnetic waves and their dependence on various parameters
is crucial for comprehension of many wave phenomena.
Low-altitude spacecraft have comparatively short orbital
periods and they measure quite often above any given place;
it is therefore possible to construct average world maps of
electromagnetic emissions. These maps express the intensity
of electromagnetic waves as a function of the spacecraft
location (and any other additional parameters, if needed) and
they have turned out to be very useful for understanding the
relative importance of various factors that affect wave
intensity [Parrot, 1990].

[3] Koons and Roeder [1990] presented a survey of wave
activity in the equatorial region at radial distances between
5 and 8 Earth radii. Data from the plasma wave instrument
on board the DE-1 satellite were used to review different
types of magnetospheric wave phenomena [Gurnett and
Inan, 1988] and, finally, André et al. [2002] used DE-1
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data to develop an empirical model of low-frequency waves
in the plasmasphere.

[4] Green et al. [2005] examined data from DE and
IMAGE spacecraft, constructed plasma wave intensity maps
of whistler mode radiation in the plasmasphere, and dis-
cussed the occurrence of several main types of waves. Using
the data from CRRES spacecraft, Meredith et al. [2006]
concluded that in situ amplification of wave turbulence in
space seems to be the main source of wave power below
1 kHz, whereas wave power above 2 kHz is more related to
lightning-generated whistlers. Electron loss time scales in
the slot region were discussed by Meredith et al. [2007,
2009]. They showed that although pitch-angle scattering by
plasmaspheric hiss is the dominant process responsible for
electron loss in the outer slot region (2.4 < L < 3.0), the
combined effects of hiss and guided whistlers propagating
with small wave normal angles are needed to explain the
loss time scales at lower L. All these results strongly suggest
the importance of lightning-generated whistlers in the loss
of electrons from the radiation belts.

[5] The aim of the present study is to prepare the world
maps of electromagnetic emissions at an altitude of 660 km
based on about 3.5 years of measurements performed by the
DEMETER spacecraft [Berthelier et al., 2006; Parrot et al.,
2006]. These maps are then used to determine the amount
of influence caused by the lightning activity, whose geo-
graphical and seasonal dependencies are well known
[Christian et al., 2003].

[6] Both wave and lightning data used in the study are
described in section 2. The obtained results are presented in
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Figure 1. Distribution of magnetic local times (MLT) at
which DEMETER took the measurements.

section 3 and discussed in section 4. Finally, section 5
contains a brief summary of the main results.

2. Wave and Lightning Data Used

[7] For this study, we used the wave data measured by the
French microsatellite DEMETER launched in June 2004 on
a nearly circular orbit. The original altitude (about 710 km)
was decreased to about 660 km in December 2005. Only the
data measured at the new satellite altitude were used so as
not to mix the effects from different altitudes. All the data
measured up to the end of August 2009 were used in the
study, representing about 3.5 years of data.

[8] The orbit is quasi-Sun-synchronous, which means that
DEMETER takes measurements always either shortly
before the local noon or shortly before the local midnight.
This is demonstrated in Figure 1, which represents the
distribution of magnetic local times (MLT) at which
DEMETER took the measurements. Two distinct peaks,
located approximately at 10.2 and 22.2 MLT, can be clearly
seen. These are referred to as “day” and “night” in the
remainder of the text.

[¢] The wave instrumentation on board contains both
electric field instruments [Berthelier et al., 2006] and
magnetic field instruments [Parrot et al., 2006]. Because the
magnetic field data can sometimes be disturbed by space-
craft interferences, only electric field data are used in this
study. In the VLF range (frequencies up to 20 kHz), this
approach provides us with onboard calculated spectrograms
of one electric field component over all the satellite orbit
except for the geomagnetic latitudes larger than 65°. The
selected electric component is perpendicular to the orbital
plane. The frequency resolution of the spectrograms is
19.53 Hz (i.e., 1024 frequency channels ranging from 0 up
to 20 kHz) and the time resolution is either 0.512 or 2.048 s,
depending on the submode of the electric field instrument.

[10] Concerning the lightning data, Lightning Imaging
Sensor/Optical Transient Detector (LIS/OTD) 2.5° low-
resolution annual diurnal climatology maps were used
[Christian et al., 2003]. This provides us with geographic
maps of the lightning activity (i.e., the number of lightning
strokes per square kilometer per year). For our purposes,
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these were recalculated to the corrected geomagnetic (CGM)
coordinates [see, e.g. Gustafsson et al., 1992] and separated
using the season of the year and local time [Rodger et al.,
2003, 2004, 2005]. Two different seasons were distinguished:
(1) “northern summer” (i.e., May—October) and (ii) “northern
winter” (i.e., January—April plus November—December). In
addition, two different intervals of the local time were used,
corresponding to the local times observed by DEMETER:
daytime (8.7-11.7 LT) and nighttime (20.7-23.7 LT); see
the dashed lines in Figure 1.

3. Results

[11] Figure 2 represents maps in dipole geomagnetic
coordinates (resolution 2.5° x 2.5°) showing the daytime
median value of the power spectral density of the electric
field fluctuations in the frequency range 1-10 kHz observed
by the DEMETER spacecraft. This frequency range was
chosen to correspond to the frequencies most likely affected
by the lightning activity. Frequencies lower than 1 kHz are
unlikely to be affected due to the cutoff frequency of the
Earth-ionosphere waveguide [Cummer, 2000]; however,
data at frequencies larger than 10 kHz may be significantly
biased by the signals coming from VLF transmitters [Parrot,
1990]. Figure 2 (top) was obtained for the period May—
October (i.e., the northern summer). Figure 2 (bottom) was
obtained for the period January—April and November—
December (i.e., the northern winter). The color scale is the
same for both parts of Figure 2. The principal advantage of
the dipole geomagnetic coordinates compared to the geo-
graphical coordinates is that they enable an easy check for
the geomagnetically conjugate regions; these have the same
values of geomagnetic longitude and opposite values of
geomagnetic latitude. It should be noted that the absence of
data at large geomagnetic latitudes is caused by the technical
limitation of the DEMETER spacecraft (see section 2). It
can be seen that, during the period of northern winter, the
overall intensity is quite weak and is concentrated almost
uniformly at larger geomagnetic latitudes. On the contrary,
during the period of northern summer, two geomagnetically
conjugate clearly distinguishable areas of enhanced intensity
are formed. They are observed at geomagnetic latitudes
larger than about 40° and their geomagnetic longitudes
approximately correspond to the geomagnetic longitudes of
North America.

[12] Figure 3 uses the same representation and color scale
as Figure 2, but it shows the results obtained during the
nighttime. Here, the situation is a bit more complicated.
Similarly to the daytime results, two geomagnetically con-
jugate areas of enhanced intensity are observed during the
northern summer at geomagnetic longitudes of North
America. The most significant difference, compared to the
daytime results, is that this time the increase of intensity is
enormous, much larger than during the daytime. One can
observe other areas of increased wave activity as well,
although they are generally less pronounced. For the
northern summer, Figure 3 (top) shows these additional
areas of enhanced intensity: (i) equatorial Africa, especially
its western part; (ii) central Europe and its geomagnetically
conjugate region to the south of Africa; and (iii) all the band
within +30° from the geomagnetic equator starting at the
geomagnetic longitudes of India and extending up to the
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Figure 2. Maps in geomagnetic coordinates showing the daytime median value of power spectral den-
sity of electric field fluctuations in the frequency range 1-10 kHz for (top) May—October and (bottom)

January—April and November—December.

geomagnetic longitudes of Japan. During the northern
winter (Figure 3, bottom), there is no significant increase of
intensity at geomagnetic longitudes of North America
except for a small region of weakly enhanced intensity
located to the southeast from North America. However,
there are other areas of the increased intensity. The most
clearly pronounced area of increased intensity is located
above southern Africa and close to the geomagnetically
conjugate region. In addition, a zone of increased intensity is
also located above northern Australia and its geomagneti-
cally conjugate region. Finally, there is a nearly continuous
band of emissions at large geomagnetic latitudes (L > 3)
observed in the Southern Hemisphere, spanning from
longitudes of Africa up to the longitudes of New Zealand.

[13] To explain the existence of these areas of increased
power spectral density of electric field fluctuations, we
examine the global distribution of the lightning activity.
Figures 4 and 5 represent distributions of the nighttime
(20.7-23.7 LT) lightning activity (resolution 2.5° x 2.5°)

obtained for the periods of northern summer and northern
winter, respectively. They are plotted in geomagnetic
coordinates, and both use the same representation. Because
a definition of CGM coordinates at the near-equatorial
region is rather problematic [Gustafsson et al., 1992] and
our tracing routine used for the conversion of lightning data
from geographic to CGM coordinates may produce inac-
curate results in this area, any lightings within £5° of the
geomagnetic equator have been removed. Figures 4 and 5
(top) show the observed number of lightning strokes per
square kilometer per year. The two basic well-known phe-
nomena can be seen: (i) lightning occurs more often above the
continents than above the oceans (the average land/ocean
ratio as reported by Christian et al. [2003] is about 10:1)
and (ii) lightning tends to occur more often during the “local
summer”; that is, during the northern summer they are
observed more often in the Northern Hemisphere and during
the northern winter they are observed more often in the
Southern Hemisphere. This crucial difference in the light-

3 0f 10



A08315 NEMEC ET AL.: RELATION OF VLF WAVE INTENSITY AND LIGHTNING A08315
| I
-3.0 25 -2.0 -1.5 -1.0 -0.5 0.0

log(uV? m? Hz™")

p -

()]
0

O :

+ 2 ¢

O : :
O ; |

> - : ;

3 ; f :

-180 -120 -60 0 60 120

O

()
()

I

>

O
=
"=

o ;
< ;

c :

(‘U £
- ;

-90 : : : :
-180 -120 -60 0 60 120

180

Figure 3. The same as Figure 2 but for the nighttime.

ning occurrence rate as a function of the position and season
of the year enables us to distinguish the effects connected
with the lightning activity by studying their geographical
and time distribution. This is the approach that is used in the
present study.

[14] Figures 4 and 5 (middle) represent the same maps of
lightning activity as Figures 4 and 5 (top), but this time
“symmetrized”: the value in each bin is calculated as a sum
of the lightning activity in the given region and of the
lightning activity in the region that is geomagnetically
conjugated. The reason for this procedure is that the elec-
tromagnetic waves that we are interested in are believed to
propagate in the whistler mode along the magnetic field
lines, and their intensity in geomagnetically conjugate
regions is thus connected. This is well documented by the
fact that the areas of enhanced wave intensity in Figures 2
and 3 never exist “alone” but are always complemented
by the geomagnetically conjugate region.

[15] Figures 4 and 5 (bottom) show the projection of the
symmetrized lightning activity along the magnetic field lines

up to the DEMETER altitude. As compared to Figures 4 and 5
(middle), this results in the “shift toward the geomagnetic
equator” at lower geomagnetic latitudes. At larger geo-
magnetic latitudes, the difference is not very significant and
it disappears at the north and south geomagnetic poles,
where it would be equal to zero. The purpose of these
recalculated maps of lightning activity is to estimate the
parts of the satellite orbits that should be affected by indi-
vidual regions of heavy lightning activity. The principal idea
of this calculation is that the electromagnetic waves gener-
ated from the lightning activity close to the Earth’s surface
propagate up to the satellite altitudes approximately along the
magnetic field line. At middle latitudes this approximation
causes only a small error that is contained within a few
degrees [Santolik et al., 2009; Fiser et al., 2010]; however,
at low latitudes this error would slightly increase. This
approximation is very useful for our purposes, because it
provides us with an upper estimate of the latitudinal shift
caused by the ambient magnetic field. Because the lower
estimate is the zero latitudinal shift (corresponding to the
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Figure 4. (top) Geomagnetic map of lightning activity during the nighttime for May—October; (middle)
same as in Figure 4 (top) but “symmetrized” by using the total lightning activity at the conjugate regions;
(bottom) same as in Figure 4 (middle) but projected along the magnetic field lines up to the DEMETER
altitude.
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Figure 5. The same as Figure 4, but for the January—April plus November—December period.
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Figure 6. (top) Daytime median value of power spectral
density of electric field fluctuations above the United States
during the period May—October as a function of frequency
and absolute value of the geomagnetic latitude. A solid
black line represents one half of the equatorial electron
cyclotron frequency calculated at the given L value using
a dipole magnetic field model. (middle) Same as Figure 6
(top) but for the period January—April plus November—
December. (bottom) Lightning occurrence rate as a function
of the geomagnetic latitude during the daytime (red) and dur-
ing the nighttime (blue). Dashed lines trace the projections
along the magnetic field lines up to the satellite altitude.

propagation “directly upward”, or the results plotted in the
Figures 4 and 5, middle), it enables us to determine
the range of the possibly affected areas. Consequently, we
are able to determine the affected areas at large geomagnetic
latitudes quite precisely, but significant uncertainties remain
in the equatorial regions.
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[16] We plotted the same results as those depicted in
Figures 4 and 5 also for the daytime (not shown here). It
turns out that the global distribution of the lightning activity
is about the same as that during the nighttime, except for the
lower occurrence rate. This outcome is expected, because
the lightning activity is known to peak at any given location
at 17-19 LT, meaning that the DEMETER nighttime orbits
are quite close to the peak time. On the contrary, DEMETER
daytime orbits are at such an early part of the daytime that
the lightning activity is rather low.

[17] When one compares the areas of increased power
spectral density of electric field fluctuations during the night
from the top of Figure 3 (bottom of Figure 3) with the
corresponding lightning distribution plotted in Figure 4
(Figure 5), a clear correspondence between the two is
found. During the period of northern summer, all the areas
of increased electromagnetic activity can be directly linked
with the high lightning activity and vice versa. The only
exception is the equatorial area of South America, where
significant lightning activity takes place, but it has no
observable impact on the wave intensity observed by
DEMETER. This is most probably caused by the inefficient
coupling of electromagnetic waves between the Earth’s
surface and DEMETER altitudes at the given location and is
discussed in more detail in section 4. Concerning the period
of northern winter, the situation is very similar: there is a
good correlation between the intensity of electromagnetic
waves observed by DEMETER and lightning activity all
over the world except in the equatorial regions and the band
of increased wave intensity at large negative geomagnetic
latitudes (whose source is very unlikely to be lightning and
which is beyond the scope of this paper). No such corre-
spondence can be seen in the daytime electromagnetic data
plotted in Figure 2, except for the increased wave intensity
above North America and the geomagnetically conjugate
region during the period of northern summer. This striking
difference between daytime and nighttime data is most
probably caused by better efficiency of coupling of elec-
tromagnetic waves during the night and it is discussed in
more detail in section 4.

[18] As can be seen from the presented results, the wave
intensity in the frequency range 1-10 kHz is significantly
different during the summer and winter periods. To check
the frequency spectrum of these differences, we have chosen
the area where the difference is the most striking, i.e., the
area defined by the geomagnetic longitudes of North
America (from —60° to 20° geomagnetic longitude). For this
area and for all the four possible combinations of daytime/
nighttime and winter/summer data, we plotted the median
value of the observed power spectral density of electric field
fluctuations as a function of the frequency of the wave and
of the absolute value of the geomagnetic latitude. The fre-
quency resolution 19.53 Hz is given by the technical lim-
itations of the electric field instrument (see section 2) and
the latitudinal resolution was set to be 1°. The entire fre-
quency range covered by the instrument (0-20 kHz) is ana-
lyzed this time; although the effect of lightning strokes is
expected to be the strongest in the frequency range 1-10 kHz,
the representation used here enables us also to conveniently
study the effects at lower and larger frequencies. The results
obtained for the daytime are overplotted in Figure 6,
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Figure 7. The same as Figure 6, but for the nighttime.

whereas Figure 7 represents the same results obtained for
the nighttime. The black line plotted in Figures 6 and 7
shows one half of the equatorial electron cyclotron fre-
quency calculated at the given L value using a dipole
magnetic field model. Figures 6 and 7 (bottom) represent the
total lightning activity in the selected range of geomagnetic
longitudes. Solid red curves correspond to the daytime data,
whereas solid blue curves correspond to the nighttime data.
Dashed lines (shifted slightly toward the geomagnetic
equator as compared to the appropriate solid lines) trace the
projections along the magnetic field lines up to the spacecraft
altitude, thus corresponding to Figures 4 and 5 (bottom).
[19] By comparing Figures 6 and 7 (top; significantly
affected by the lightning activity during the northern summer)
with Figures 6 and 7 (middle; influenced by the lightning
activity only very weakly during the northern winter), one
can reveal the frequency spectrum of the emissions related
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to lightning. The upper limit of this spectrum is quite well
defined by one half of the equatorial electron cyclotron
frequency at the given L value, which is a theoretical limit
for the upper frequency of the ducted propagation [Walker,
1993; Clilverd et al., 2008]. Moreover, it can be seen that
the additional emissions observed during the northern
summer are stronger during the nighttime than during the
daytime, which is in a good agreement with Figures 2 and 3
as well as with our explanation of the lower efficiency of
coupling of electromagnetic waves up to the DEMETER
altitude during the daytime. Finally, it should be mentioned
that the “horizontal lines” of enhanced intensity observed
during the nighttime at frequencies larger than about 15 kHz
are signatures of VLF transmitters. Their occurrence
exclusively during the nighttime is consistent with the
explanation of lower efficiency of coupling during the
daytime (see section 4): they are too attenuated during their
propagation through the ionosphere to be observed in
Figures 6 and 7. (Gamble et al. [2008] reported that the
typical power levels observed during the day above the
NWC transmitter operating at 19.8 kHz are =1200 times
lower than during the night.) It may also be of some interest
that their intensity seems to be enhanced at the same range
of geomagnetic latitudes where the lightning-induced elec-
tromagnetic emissions are observed.

4. Discussion

[20] All the presented results are based on the electric field
data, because these contain much fewer spacecraft inter-
ferences than the magnetic field data. However, because the
waves are supposed to propagate in the electromagnetic
whistler mode, the power spectral density of electric field
fluctuations and power spectral density of magnetic field
fluctuations are tied by Maxwell equations via the factor
containing the refractive index and wave-vector direction.
This is in an agreement with similar results obtained for
the magnetic field data (not shown), at least as far as one
electric and one magnetic field component enable us to check.
We can thus conclude that the analyzed power spectral
density of the electric field fluctuations determined using
only one electric field component represents a sufficient
proxy for the intensity of electromagnetic waves.

[21] The fact that the lightning activity varies significantly
as a function of the geographic location and season of the
year enables us to distinguish its effect on the intensity of
electromagnetic waves observed by the DEMETER satellite.
In Figures 2-5 we study the geographical distribution of
the power spectral density of electric field fluctuations and
the geographical distribution of the lightning activity
obtained separately for two seasons of the year, defined as
May—October (northern summer) and January—April plus
November—December (northern winter). It should be noted
that, although the spatial resolution used for both DEMETER
and lightning activity data is 2.5° X 2.5°, transmitter sig-
natures in Figure 7 indicate that a single point source may
contribute to the received wave intensity from a significant
distance away, which may potentially spread lightning sig-
natures observed in Figures 2 and 3 over a larger area.

[22] The observed agreement between the geographic
regions of heavy lightning activity and geographic regions
of enhanced wave intensity during the nighttime suggests
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that during the night the lightning activity has a major
influence on the observed wave intensity above about 2 kHz
all over the world except for the areas very close to the
geomagnetic equator. Moreover, the fact that increased
wave intensity is usually observed not only directly above
the lightning-active region but also at comparable levels of
wave intensity above the geomagnetically conjugated region
suggests that on average there is no significant attenuation
or amplification of the VLF waves as they propagate in the
whistler mode from one hemisphere to another.

[23] During the day the effect of the lightning activity is
much less pronounced, being observable only at large
geomagnetic latitudes during the period of northern summer
at geomagnetic longitudes of North America. To explain
this, one needs to take into account the efficiency of cou-
pling of electromagnetic waves through the ionosphere. This
efficiency of coupling is significantly larger during the night
than during the day because of the lower plasma number
density. Moreover, the efficiency of coupling is larger at
larger geomagnetic latitudes than in the equatorial region
because of both the stronger magnetic field and its larger
inclination [see, e.g., Nemec et al., 2008]. The efficiency of
coupling of electromagnetic waves up to the satellite altitude
is thus well consistent with the observed geographic dis-
tributions. Moreover, it can naturally explain the lack of
correlation between the lightning activity and observed
wave intensity during the day as well as in the equatorial
regions.

[24] Subsequently, we would like to focus a bit more in
detail on the regions close to the geomagnetic equator. Here,
the correspondence between the lightning activity and the
observed intensity of electromagnetic waves is rather poor
even during the nighttime. For certain, this outcome can be
partially attributed to the lower efficiency of coupling owing
to the weaker and less inclined Earth magnetic field. In
addition, Clilverd et al. [2008] noted that field-aligned ducts
are too weak to guide whistler-mode signals through the
plasmasphere for latitudes below L = 1.6 (a geomagnetic
latitude of about 37°), which may also influence the cou-
pling of waves from lightning into space. Certainly, our
wave power distribution resembles the variation with L of
satellite-observed whistler-induced electron precipitation
events [Voss et al., 1998, Figure 11], with the vast majority
of both the wave power and precipitation limited inside the
L-shells where ducting is possible. However, there are two
more important factors that play role. First, plasma number
density in the equatorial region is larger than the plasma
number density at larger geomagnetic latitudes [see, e.g.,
Parrot et al., 2008, Figure 3], which results in a more sig-
nificant attenuation. Second, owing to the significant incli-
nation of the ambient magnetic field in the equatorial
regions it is difficult to find the regions on Earth’s surface
and at the DEMETER altitudes that are projected along the
wave ray path. We possess only lower and upper estimates
of the geomagnetic latitudes of the DEMETER orbit
affected by the lighting activity that takes place at a given
point. These are obtained by supposing (i) a direct (i.e.,
perpendicular to Earth’s surface) propagation of the wave up
to the DEMETER altitude and (ii) a propagation along the
magnetic field line. These simple estimates are useful for
describing the real situation, as documented by Figures 4
and 5, and they enable us to easily explain why the light-
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ning activity in the equatorial regions does not affect the
wave intensity measured by DEMETER. However, the
obtained latitudinal interval is quite large for the areas
close to the geomagnetic equator, resulting in significant
uncertainties.

[25] The results depicted in Figures 6 and 7 use the fact
that the lightning activity is significantly dependent on the
season of the year to determine the amount of lightning
contribution to the observed intensity of electromagnetic
waves at different frequencies and geomagnetic latitudes.
The longitudinal region taken into account was arbitrarily
chosen to correspond to the geomagnetic longitudes of
North America, where the summer lightning activity is very
heavy and the difference between northern summer and the
winter season is the most striking. The used representation
of the color-coded median value of the power spectral
density of electric field fluctuations as a function of fre-
quency and geomagnetic latitude enables us to study the
influence of the lightning activity in detail.

[26] In Figure 6 it can be seen that two distinct bands of
emissions are observed during the northern summer day-
time. The lower band of emissions at frequencies up to about
2 kHz is quite persistent and does not seem to depend much
on the season of the year, although lightning-generated
whistlers can also penetrate into the ionosphere at these
frequencies [Santolik et al., 2008, 2009]. Their contribution
to the total observed power is therefore relatively small
during the day. On the other hand, the upper band of
emissions is enormously dependent on the season of the
year, meaning that it is formed by the emissions connected
to the lightning activity. This upper band of emissions seems
to be consistent with seasonal variations of whistler-induced
electron precipitation predicted by Rodger et al. [2004] and
experimentally confirmed a few years later by Gemelos et al.
[2009]. During the northern summer, it is clearly distin-
guishable, spreading over about 25° of geomagnetic latitude
and a large frequency range. However, during the northern
winter daytime it practically vanishes. During the nighttime
(Figure 7), when the coupling efficiency of electromagnetic
waves is larger, the intensity of the frequency band below
about 2 kHz does show seasonal dependence, suggesting
that lightning-generated whistlers effectively penetrate into
the ionosphere [Santolik et al., 2008, 2009] and their con-
tribution to the total observed power is significant. The
intensity of the upper frequency band above about 2 kHz
also significantly increases. It is now observable even during
the period of northern winter, although it is very weak. The
upper frequency limit of this band seems to be connected to
the equatorial electron cyclotron frequency along the mag-
netic field line, which is a theoretical limit for a ducted
propagation. This suggests that the observed waves propa-
gate in a ducted mode along the magnetic field lines. This is
in good agreement with the results obtained by Clilverd et
al. [2008], who concluded that, although the waves in the
frequency range 18-25 kHz (i.e., frequencies a bit larger
than the ones studied in the present paper) are usually
unducted at very low L shells (L < 1.5), at larger L shells
they become highly ducted in the plasmasphere.

[27] The band of emissions caused by the lightning
activity is limited by two more characteristic frequencies.
First, it does not seem to occur at frequencies lower than
about 2 kHz (independently of geomagnetic latitude). This
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frequency threshold is probably caused by the cutoff fre-
quency of the Earth-ionosphere waveguide [Cummer,
2000], which is about 1.7 kHz and which makes it impos-
sible for low- to middle-intensity whistlers at lower fre-
quencies to be observed by the satellite. Second, the upper
frequency of the band decreases close to the geomagnetic
equator down to about 5 kHz at geomagnetic latitudes of
about 10°. We believe that this upper frequency limit might
be connected to the wave penetration up to the DEMETER
altitudes. From Figures 6 and 7 (bottom) it can be seen that
the distribution of the lightning activity as a function of the
geomagnetic latitude has two distinct peaks, one at geo-
magnetic latitudes of about 45° and the other at geomagnetic
latitudes of about 20°. However, a comparison with the
wave intensity observed by DEMETER (Figures 6 and 7,
top and middle) reveals that the peak close to the geomag-
netic equator almost does not contribute to the wave inten-
sity, as expected from the preceding discussion of the
coupling efficiency.

5. Conclusions

[28] The results of a study of measured power spectral
density of electric field fluctuations observed by the
DEMETER satellite (as a proxy for the intensity of electro-
magnetic waves) are presented. It was shown that, especially
during the night when the penetration of electromagnetic
waves through the ionosphere is easier, there is a clear
correlation between the lightning activity and the observed
intensity of electromagnetic waves. It was shown that this
influence coming from lightning strokes is the most
important factor affecting the wave intensity at frequencies
larger than about 2 kHz. Moreover, the summer-winter
asymmetry in the lightning occurrence rate enabled us to
separate the emissions caused by the lightning activity and
to check their frequency-geomagnetic latitude dependence.
It was shown that the observed emissions are most probably
ducted along the magnetic field lines, because they exhibit
an upper frequency limit corresponding to one half of the
equatorial electron cyclotron frequency at a given L shell,
which is a theoretical limit for a ducted propagation.
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