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[1] More than four years of VLF electric field data recorded by DEMETER have been
analyzed, in order to monitor the first cut-off frequency (QTM;) of the Earth-ionosphere
waveguide, at around 1.6-1.8 kHz. Since losses in a waveguide are maximized right
at the cut-off frequency, DEMETER (~700 km orbit) can detect the minimum of
energy of the leaking fields coming from the waveguide. This measurement permits to
draw a global map of its value (f;), which is directly related to the effective height of
the ionosphere (%) by the relation f; = ¢/2h (c is the speed of light). It enables the
remote sensing of the D region, which is one of the less known layers of the
ionosphere, because it is too low for satellites to orbit inside it and too high for balloons
to reach it. The effective height depends mainly on the electron density (,) and neutral

density (,) profiles, which determine the plasma frequency and the electron
mobility. The effective height shifts downward 5-10 km in southern warm season in the
South Pacific Ocean. Another effect is observed in the Indian and Atlantic Oceans; the
effective height decreases its value twice a year, in the area of roughly £15° from the
geomagnetic equator. The main causes for the changes on the effective reflection height are
the solar radiation and the thunderstorm activity. However, the observed shifts are more
prominent over the oceans, and a possible explanation for this difference could be attributed
to 1) less polluted conditions above the oceans (aerosols change the atmospheric
conductivity and then the global atmospheric electric circuit), ii) the effect of the current
associated to the thunderclouds on the bottom of the ionosphere because thunderstorms are
much more numerous above land, or iii) ionization by elves because their occurrence is

larger above oceans.

Citation: Toledo-Redondo, S., M. Parrot, and A. Salinas (2012), Variation of the first cut-off frequency of the Earth-ionosphere
waveguide observed by DEMETER, J. Geophys. Res., 117, A04321, doi:10.1029/2011JA017400.

1. Introduction

[2] The surface of the Earth and the lower ionosphere are
both conductive in the ELF-VLF bands. The gap between
the two conductive spheres contains air and it is known as
the atmosphere. When considered as a whole, we talk
about the Earth-ionosphere cavity or waveguide. While the
lower boundary of the cavity is sharp and well defined, the
conductivity increases with height at the upper boundary. It
mainly depends on the electron and neutral density profiles,
which are affected by several parameters such as local time,
solar activity index, or geomagnetic field [Hargreaves,
1992].

[3] Due to the geometry of the cavity, i.e. large but thin, it
behaves in different manner for different frequency ranges of
waves, originated mainly due to thunderstorms. In the ELF
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band, where the wavelength () is on the order of the Earth’s
circumference, it acts as a resonator, accommodating stand-
ing waves which are present in the whole cavity. These are
the well known Schumann Resonances (SR) [Schumann,
1952; Nickolaenko and Hayakawa, 2002], which corre-
spond to QTM modes of the cavity. In addition, it also
behaves as a waveguide in the VLF band, where A is on the
order of the separation / between the two conductive
spheres. This wave-guiding effect can be approximated, on a
first approach, by conducting parallel plates. This effect is
local and the generated signals travel a certain distance from
the source before vanishing due to losses. These signals in
the waveguide are known as atmospherics, or sferics [Barr
et al., 2000; Hayakawa et al., 1994]. Sferics suffer multiple
reflections between the two conductive spheres, and its n-th
mode cut-off frequency can be related, according to Cheng
[1989], to the effective height of the ionosphere (/) by

nc

fn:ﬂ (1)

where c is the speed of light in vacuum, # is the cut-off fre-
quency mode number, and f,, the associated cut-off frequency
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Figure 1. ICE-VLF spectrogram of a nighttime half orbit recorded by DEMETER. It corresponds to
October 1, 2010, over the Atlantic Ocean. The cut-off frequency of the Earth-ionosphere cavity can be

clearly seen at around 1.7 kHz.

of the mode. The first cut-off frequency is around 1.7 kHz,
corresponding to an effective height of ~90 km. They were
estimated for the first time by Bliokh et al. [1977], and their
experimental detection was described by Lazebny et al
[1988].

[4] Below the cut-off frequency only the QTEM mode can
propagate. For frequencies above the cut-off the QTM;
mode also propagates, its attenuation being maximum right
at the cut-off frequency [Ramo et al., 1994]. Therefore, there
is a detectable minimum of energy in the atmospheric
spectrum for this frequency. Cummer [2000] employed the
numerical method of Finite Differences in Time Domain, or
FDTD [Taflove and Hagness, 2005], in order to simulate
sferics propagation in the Earth-ionosphere waveguide, his
results being consistent with this minimum of energy at the
cut-off frequency.

[5] Monitoring these cut-off frequencies can provide
valuable information about the waveguide properties since it
is a tool to effectively remote sensing the lower D-region of
the ionosphere [Ryabov, 1992; Cummer et al., 1998]. Direct
relation between the cut-off frequency and the electron
density is shown by Shvets and Hayakawa [1997] and Ohya
et al. [2003]. This region of the ionosphere is one of the less
observed regions. In-situ measurements could not be done
due to the fact that it is too high to be reached by balloons
and too low for satellite orbits. However, information can be
obtained by remote sensing which is done with satellites as
well as with ground-based radars, natural or man-made VLF
waves, and optical measurements [e.g., Cummer et al.,
1998].

[6] The principal source of excitation of the cavity at these
frequencies is lightning. This fact enables the interest of
studying the resonances for global climate analysis
[Williams, 1992], and, since they contain information of
thunderstorm activity [7oledo-Redondo et al., 2010], they
can be a tool to study thunderstorms and the dynamics
related to them.

[7] In this paper, the first cut-off frequency of the Earth-
ionosphere waveguide is analyzed by means of more than
four years of DEMETER ICE (Instrument Champ Elec-
trique, or Electric Field Instrument) experiment data. The
experiment is presented in section 2, and the analysis pro-
cedures are detailed in sections 3 and 4. A month by month
analysis reveals seasonal patterns repeating in all the years
for the cut-off frequency at certain geographical locations.
Maps showing the cut-off frequency value at all the globe as
well as descriptions for the found patterns are presented in
section 5. The mechanisms that may originate the cut-off

frequency drifts are discussed in section 6. In section 7, the
main conclusions of this paper are summarized.

2. VLF Electric Field Measurements
on DEMETER

[s] DEMETER is a French scientific micro satellite, the
first of the MYRIADE series [Cussac et al., 2006]. It was
launched in June 2004 with the principal purpose of study-
ing ionosphere precursors of earthquakes. It has a nearly
circular sun-synchronous orbit and the upgoing half-orbits
correspond to nighttime (22.30 LT) whereas the down-going
half-orbits correspond to day time (10.30 LT). This means
that all measurements of DEMETER were performed either
at roughly 22.30 LT or 10.30 LT, regardless of the latitude
or orbit number. Its polar orbit has an inclination of 98°. Its
initial altitude was 710 km but it was changed by the ground
mission to 660 km in December 2005. It performs 14 orbits
per day and gathers data for geomagnetic invariant latitudes
between £65°. The time that the satellite is out of this lati-
tude is used for maintenance. The satellite operates in two
modes; survey and burst. Burst mode is only activated when
the satellite is over sensible earthquake areas. During burst
mode, the whole time series of the instruments are sent to the
mission center, together with the on board computed spectra.
During survey mode, only spectra is sent. Its scientific
payload consists of electric field sensor (ICE), magnetic
search coil (IMSC), Langmuir probe (ISL), plasma analyzer
(IAP), and energetic particle detector (IDP).

[o] ICE is composed of four spherical electrodes with
embedded pre-amplifiers, which are deployed at 4 meters
each from the spacecraft by stacer booms. The signal pro-
cessing and A/D conversion is subdivided in four channels:
DC/ULF (0-15 Hz), ELF (15 Hz-1 kHz), VLF (15 Hz-
17.4 kHz), and HF (10 kHz-3.175 MHz). In this study only
VLF signals have been considered. The sampling frequency
is therefore 40 kHz and the samples are digitized using
16 bits. The sensitivity of the sensors at this frequency range
is ~0.05 uVm ™~ "Hz ' [Berthelier et al., 2006]. Spectra of
19.53 Hz resolution are computed on board, and averaged in
groups of 40, leading to a time resolution of 2.048 s. These
averaged spectra are normalized to its maximum, converted
to 8 bits resolution and telemetered to ground. In VLF
operation mode, only one component of the electric field is
sent to the Earth during survey mode. For the years of this
study (2006—2010), this component was always E7,, which
is roughly parallel to the East-West direction on Earth.
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Figure 2. Example of the steps involved in minima detection. The linear averaged spectrum is first
smoothed by applying the FIR LPF, then an algorithm finds the local minima of the resulting spectrum.

[10] In this work, more than 4 years data (2006, 2007,
2008, 2009 and part of 2010) from ICE in survey mode were
used. Only nighttime spectra, pertaining to the VLF range,
were considered. It corresponds with more than 20000
DEMETER orbits. During the chosen years the solar activity
is known to be low, specially during the last years. The
ionosphere conditions are very different between day and
nighttime, the day time being a much more complex situa-
tion because, on one hand, the intensity of the natural noise
(mainly hiss) is much more important and, on the other hand,
the intensity of the sferics is highly attenuated due to the
increased density in the ionosphere. Therefore, day time ICE
data were not used in this study. Two levels of data are
available from the servers [Lagoutte et al., 2006]; level 0
corresponds to raw data, as sent by the spacecraft, and level
1 corresponds to calibrated data. Level 1 VLF ICE survey
mode data is comprised of spectral lines with 19.5 Hz
resolution, the spacecraft sending one spectrum every
2.048 s [Lagoutte et al., 2005]. Due to the Sun-synchronous
orbit, the spectra correspond always to roughly 22.30 LT.
An example of the data can be seen in Figure 1, where the
received ICE-VLF spectrogram of DEMETER for one half-
orbit is depicted. The cut-off frequency is clearly distin-
guishable at around 1.7 kHz.

3. Cut-Off Frequency Detection

[11] The cut-off frequency of the Earth-lonosphere wave-
guide is seen by DEMETER as a minimum of energy.
Electric field energy radiated from the atmosphere (origi-
nated primary by lightning at the range of kHz) crosses the
lower ionosphere up to the orbit of DEMETER. Since the
losses are maximized at the cut-off frequency of the wave-
guide, the spectra contains a minimum of energy right at
its effective value. We have focused on detecting this min-
imum of energy, which is present in almost all spectra from
nighttime orbits.

[12] In order to accomplish that, first we have to decide the
time span that we want to average, for instance one month or
one year. Then a geographical grid step must be chosen. In
our analysis we are considering spectra recorded between
+60°, and grid steps between 1-5°. Once the grid and the
time span are defined, for each cell of the grid we take all the
nighttime spectra available on the DEMETER database. The
Level 1 VLF-ICE spectra are in log(xV*m 2Hz ). We first
linearize them, then each spectrum is normalized to its mean.
Finally, all the spectra which belong to the same spatial and
temporal grid cell are averaged.

[13] Once we have reduced all the data to one single
averaged spectrum per grid cell, it is smoothed by a zero
phase shift Low-pass Filter (LPF) [Onishi and Berthelier,
2010]. The filter is a digital FIR of 48 samples, which
attenuates 60 dB in its attenuated band. Its band pass is up to
0.075 (normalized to 1), and its attenuated band starts at
0.175. The filtering is performed in order to be able to
automatically detect the position of the significant local
minima of the spectra.

[14] Once we have a smoothed curve for each cell, an
automatic finding of local minima is performed (see
Figure 2), by comparing the value of each sample with its
nearby samples. The found minima are divided in two
groups; those which are below 1.4 kHz and those which are
above, the first group being discarded. If there is more than
one local minimum in the interval 1.4-2.0 kHz, or the first
minimum is above this range, the cut-off frequencies
detected are considered to be invalid. Otherwise the mini-
mum is considered to be the cut-off frequency for the
corresponding cell.

4. Calculation of Electron Density at the Effective
Height

[15] The technique described above permits to obtain the
value of the first cut-off frequency for an arbitrary area of the
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Figure 3. Map of the effective reflection height for
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different months averaged among four years. (left)

Northern cold season (November to April) and (right) northern warm season (May to October). The height
is color-coded according to the scale in km on the right.

globe, and for an arbitrary time span. As it is shown in
equation (1), the effective reflection height can be obtained
from the cut-off frequency. It is possible from these values to
infer the electron density at the effective height. In order to do
that, it is necessary to know the neutral density (N,,) at the
altitude of interest. This parameter has been extracted from
the empirical model MSIS [Labitzke et al., 1985; Hedin,
1991].

[16] Following Ratcliffe [1959], the reflection of the wave
in the ionosphere occurs when
=1 )

where f,, is the plasma frequency, f is the frequency of
the wave, and v is the collision frequency of the
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Figure 4. Map of the effective reflection height for different seasons and years. The height is color-coded
according to the scale in km on the right. (left) Northern warm season and (right) northern cold season. A
seasonal effect which repeats every year can be observed. The effect is a shift on the cut-off frequency, and
therefore in the effective reflection height, which occurs over the Pacific Ocean. It can also be observed
that reflection height is lower at equatorial Atlantic and Indian Oceans.

plasma. This last parameter depends only on the electron
mobility f,

qe
Mefly
where ¢, is the electron charge and m, its mass. In

Pasko et al. [1997], the following expression relating the
electron mobility to the density of neutrals is given:

3)

V=

1.36Ny
= 4
e =" (4)
where N, is 2.688 10 m™? and N, is the neutral

density. This expression will be used to obtain the col-
lision frequency from the neutral density given by the
MSIS model. Then, the electron density (N, at the
effective height can be inferred from

~ 8980+/N, (5)

where f, is the plasma frequency in Hz and N, the
electron density in cm . This expression is valid for
cold plasmas [Ratcliffe, 1959]. With this method, it is
possible to interpret the effective height in terms of

ionospheric electron density. Finally, the effective con-
ductivity (o,) at the reflection height can also be
obtained:

Oe = qeNeft, (6)

5. Results

[17] A data set of four years plus two months (in order to
have complete seasons) has been analyzed with the tech-
nique described in previous section. We examined the data
month by month along the time span and found certain
patterns repeating in correlative months as well as in the
same months for all the years. In Figure 3 we have averaged
the data of equal months along the four years. The averaged
year evolution reveals different effects of the effective height
for different geographical areas. In general terms, the effec-
tive height is of a lower value for the northern hemisphere
cold season, i.e. roughly from November to March. This shift
is more prominent at the ocean, but it can be observed in land
areas as well, with the great exception of Eastern Asia and
Western Pacific Ocean, where no shift can be appreciated
with seasons. The shift is on the order of 5-10 km,
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Figure 5. Map of the effective reflection height for the averaged seasons among four years. (top) Data of
May—September of years 2006, 2007, 2008 and 2009. (bottom) Data from northern winters of 2006, 2007,
2008, 2009 and first months of 2010. Northern winter, for this study, is considered to start in November
and last till March. The height is color-coded according to the scale in km on the right.

corresponding to a cut-off frequency shift of 100-200 Hz
(see Figures 4 and 5).

[18] The most clear seasonal effect is produced in the
Pacific Ocean only for the Southern Hemisphere, for the
geographical area roughly comprised on latitudes —60° to 0°
and longitudes 180° to 280°. In this area, at high latitudes the
effective height takes values higher than 100 km between
May and October. From November to April in the same
region the effective height decreases to ~90 km. For lower
latitudes (—30° to 0°) the effect is similar but the global
value of the effective height is lower. Between May and
October the value is around ~90 km, and decreasing to
~85 km between November and April.

[19] Another interesting phenomenon occurs at equatorial
latitudes, for both Atlantic and Indian Oceans. Although
these two areas are geographically separated by African
continent, they shift their cut-off frequency, and therefore
their effective height, accordingly. For these areas the shift
appears not once but twice a year. The effective height pre-
sents a low value (around 88 km) at the center of the dis-
turbances during all months, with their centers roughly
located at (0°N, 340°), and (0°N, 80°) respectively. The low
effective height area considerably increases during March—
April, and again during September—October, comprising a
total area of 2—4 times larger than the one of the rest of
the year.

[20] In Figure 3 several red points can be noticed. They
correspond to points out of the scale, and they can occur

under two different situations. The first is that our algorithm
found the first minimum in the spectrum above 2.0 kHz. The
other case is that the algorithm found more than two sig-
nificant local minima in the interval 1.4-2.0 kHz. In both
cases we understand the event as a non detectable first cut-
off frequency, and therefore we could not infer the effective
height of reflection.

[21] This automatic detection of minimum frequency in
the DEMETER VLF spectra fails when the intensity of the
natural waves coming from above the satellite exceeds the
intensity of the whistler waves which propagate in the Earth-
ionosphere waveguide. It can be seen in Figure 3 that it
occurs mainly at high latitudes where intense waves such as
VLF auroral hiss, chorus, lower hybrid electrostatic noise,
etc. are predominant. It is interesting to note that the Atlantic
Ocean region between Brazil and Cape Verde exhibits also
such problem (mainly during summer time). The reason is
that it corresponds to the inter-tropical convergence zone
where the ionosphere is highly variable and presents a
maximum of plasma bubbles [Ki/ and Heelis, 1998; Su et al.,
2006]. At this location, DEMETER records a very disturbed
electric field.

[22] We have grouped the months in order to better see the
effective height shift in the Pacific Ocean. For each year we
have averaged two periods: May—September (southern cold
season) and November—March (southern warm season). The
results are shown in Figure 4. For each individual year the
shift between seasons can be observed, and its value and
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Figure 6. Maps of neutral density, electron density, and conductivity at effective height. The values cor-
respond to the seasonal average (May—September for northern summer and November—March for northern
winter) of years 2006-2009. The density of neutrals was obtained from MSIS model for the corresponding
effective height shown in Figure 5. Then, the electron density and the conductivity are calculated as

explained in section 4.

location are very similar. It is interesting to note that the
southern warm season shift (toward ~85 km) is abruptly
disrupted at the western South American coast. On the other
hand, for the cold season this effect is not observed.

[23] The previous seasons have been averaged and
grouped in just two blocks; northern warm season and
northern cold season (see Figure 5). The Pacific Ocean
effective height shift can be observed. In addition, the
northern winter panel (Figure 5, bottom) reveals that the
effective height is a bit lower around the geomagnetic
equator for most of the ocean areas.

[24] As explained in section 4, it is possible to infer the
electron density and the conductivity at the effective height
of each location. In Figure 6 they have been plotted together
with the corresponding Neutral density obtained from MSIS
model, for the same time span than in Figure 5. These
parameters are displayed here as possible outcomes of our
method but their variations will not be discussed in this

paper.

6. Discussion

[25] It is the first time that the cut-off frequency, and its
corresponding reflection height, are extensively inferred for
ocean areas, and therefore there exist no previous results to
compare with. International Reference Ionosphere (IRI)
models [Rawer et al., 1978] do not contain much informa-
tion about D and E regions, as stated by Bilitza and Reinisch
[2007]. The information used to build the models is mainly

based on incoherent scatter radar systems and data from
rockets. Thus, the information is reduced to a very small set
of land areas, and no data from ocean is available. Because
of that, we could not establish relations between our results
and IRI. We calculated the effective reflection height maps
for each month (2006-2009) based on models IRI (to obtain
the electron density profile) and MSIS (to obtain the neutral
density profile). From them we obtained the altitude at
which the condition from equation (2) is satisfied. In
Figure 7 the results for the year 2006 are depicted. Other
years yield similar maps. All the calculations are made at
22.30 LT, the time at which DEMETER gathers data. It can
be observed that the models do not contain information
about the seasonal shifts detected in our measurements. It is
also interesting to note that the model predicts total shifts of
no more than 3—4 km, while the maps from Figure 3 contain
shifts greater than 10 km.

[26] The most prominent effect observed over the cut-off
frequency occurs over the Pacific Ocean at the South
Hemisphere, and has a seasonal dependence (see Figure 4).
During the southern cold season (May—September) the cut-
off frequency decreases on average around 200 Hz,
corresponding to an effective height change of 10-12 km.
The cut-off frequency is higher (around 150 Hz more) dur-
ing all seasons for low latitudes. This latitudinal gradient is
maintained along the seasonal shifts. Due to its seasonal
nature, we believe that this shift can be originated either by
the change in solar irradiation or changes in the thunder-
storm activity in the region.
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Figure 7. Map of the effective reflection height for each month of year 2006. Other years (2007-2009)
yield similar maps. Each height (in km) is calculated at 22.30 LT, in order to compare it with DEMETER
data. It has been calculated from IRI + MSIS models; the first provides the electron density profile and the
second the neutral density profile for a given time and location. From them, the height which satisfies the
condition of equation (2) is inferred. The altitude resolution of the plot is 1 km.

[27] A similar effect is observed over Atlantic and Indian
Oceans. In this case, the seasonal shift is limited to low
latitudes (£15° from magnetic equator). These shifts also
seem to respond to a seasonal schedule, but on a semi-annual
basis (see Figure 3). The maxima cut-off are registered in
March—April and again in September—October. As we
commented before, the Atlantic area where this phenomenon

| SR | [ | | eemas |

85 km

is observed corresponds to the inter-tropical convergence
zone, where the ionosphere is highly variable and presents a
maximum of plasma bubbles, so these results must be taken
with caution, since DEMETER may be registering other
phenomena superimposed to the spectra.

[28] The observed shifts occur predominantly, although
not sharply limited to, over the ocean. Certainly we do not
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Comparison of 1st Cutoff frequency and F10.7 cm Solar Flux
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Figure 8. Comparison of F10.7 cm solar flux and global cut-off frequency detected by DEMETER. The
global cut-off is calculated each month for the entire globe (latitude £60°) and then a 13-month running
average is plotted, in order to minimize seasonal effects. F10.7 cm solar flux index is also a 13-month run-

ning average, documented by Waldmeier [1961].

have a clear explanation for that, but we can mention several
hypotheses to explain this difference:

[20] 1. It is known that aerosols have an effect on the
global electric circuit (for the definition of the global electric
circuit, see for example the review by Rycroft et al. [2000]
and Williams [2009]). The values of the electric field in the
global circuit differ between ocean and land measurements
and this discrepancy is attributed to differences in aerosol
and associated air conductivity [Harrison, 2004]. This result
is due to polluted conditions over land [Israel, 1973a,
1973b]. This effect can change the current in the global
electric circuit and may affect the cut-off frequency. Another
possibility is the effect that sea salt aerosols can have over
the atmosphere [Satheesh and Moorthy, 2005]. Large clouds
of this kind of aerosol can induce modifications of the
electrical properties of the Earth ionosphere waveguide. This
possibility would also explain why the frontiers of the cut-
off frequency shift are not sharply related to the coast line in
general. There is one place where the border of the shift
roughly coincides with the coast line (see Figure 5, bottom);
the western coast of South-America. Along this coast line is
the Andes Cordillera, which is a natural barrier for wind and
therefore for aerosols [Husar et al., 2000].

[30] 2. The effect of the thunderstorm activity because it is
known that the occurrence of thunderstorms is less important
above oceans than above land [Christian et al., 2003]. This
cannot be an artifact in our detection method because this
method is independent of the number of whistlers. But the
thunderstorm activity also modifies the global electric cir-
cuit. Using a model, Pasko et al. [1997] claimed that posi-
tive cloud to ground (+CG) discharges can lead to large
electric fields and to the removal of large quantities of
charge from ionospheric altitudes (see also Pasko et al
[1998], Fiillekrug [2004], and the review paper by Inan
et al. [2010]). However, Rycroft et al. [2007] concluded
that the contribution of +CG or —CG strokes to the global
electric circuit is not significant relative to conduction and
convection currents associated with electrified thunderclouds
to maintaining the ionospheric potential. It remains that the

electron density at the bottom of the ionosphere can be
globally different above oceans and above land because
thunderstorms are not so numerous above oceans.

[31] 3. The effect of some Transient Luminous Events
(TLE) due to powerful lightning strokes. A simulation of the
effect of these strokes has been made by Rodger et al. [2001]
which shows increases in the electron density of the lower
ionosphere, with the largest increases at 90 km altitude.
The study carried out by Mende et al. [2005] indicates that
elves can ionize the upper atmosphere and that it could be a
significant source of ionization in the low- to mid-latitude
nighttime D region. Later on, Chen et al. [2008] have shown
that occurrence of elves is much more important above
oceans than above land. They also determined that the total
electron content at the lower ionosphere above elve hot
zones can be increased by more than 5%. This can also
contribute to a decrease of the bottom altitude of the iono-
sphere over oceans.

[32] Since the electromagnetic source for the excitation of
the cavity is lightning, our results must contain information
about the global lightning patterns as well. In the study by
Gemelos et al. [2009], the spectral electric field intensity in
the range of 5-10 kHz (measured by DEMETER) is related
to energetic electron precipitation due to lightning. Their
results are in good agreement with our maps for the different
seasons. By observing their seasonal maps it can be noticed
that an increase on electric field intensity on the mentioned
range corresponds to a decrease of the cut-off frequency and
vice versa.

[33] The reported shifts on the cut-off frequency show the
variation of the effective height of the Earth-ionosphere
waveguide, directly related in equation (1) [Cheng, 1989].
This height depends on the varying refractive index of wave
propagation in magneto active plasma, expressed by the
Appleton-Hartree formula [Budden, 1961], which depends
mainly on the electron density profile as well as on the
density of neutrals. If we neglect the effect of the Earth’s
magnetic field on the ionospheric plasma, the reflection
occurs when ﬁf = fv, as stated in section 4. Thus, it is
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possible to extract the electron density as well as the con-
ductivity at the detected effective reflection height, by using
neutral density data from a model like MSIS.

[34] By looking at Figure 4, it can be noticed that there is a
general decrease of the cut-off frequency over the four years.
It can be observed at northern cold season plots, for ocean
areas near the geomagnetic equator. Winter plots at these
areas show decreasing average values for the cut-off fre-
quency from 2006 to 2009. We explain this behavior due to
the decreasing solar activity (measured by means of F10.7
index) along these years, extensively reported by Solomon
et al. [2011]. Lower solar activity implies lower electron
density at the ionosphere, thus increasing the effective
height of the ionosphere and lowering the cut-off frequency.
In order to confirm that, we calculated the global average
value (all valid points between £60° latitude) of the effec-
tive height for each month of 2006-2009. Then a 13-month
running average was computed in order to minimize the
seasonal effects described above. In Figure 8, this result is
compared with the 13-month Zurich average [Waldmeier,
1961] of the F10.7 cm solar flux parameter. It can be
observed that during the major part of the time span both
parameters decrease, except for the last six months where
the solar flux parameter starts increasing. The ripple of the
average cut-off frequency curve is caused by the seasonal
patterns described above.

7. Conclusion

[35] A large data set of electric field measurements from
DEMETER has been employed to draw average maps of the
effective reflection height with dependence of geolocation.
There exist previous works which use the cut-off frequency
to calculate the effective height of the Earth-ionosphere
cavity from ground observations [Ohya et al., 2006; Kumar
et al., 2009; Ostapenko et al., 2010], but it was never done
before, to the knowledge of the authors, by using data taken
from spacecraft. This technique has the clear advantage of
monitoring most of the surface of Earth. Ground based
studies of the cut-off frequency can only give averaged
values along the path that the atmospheric wave followed
(from source to point of observation), while measurements at
the satellite are directly related to the ionosphere conditions
in the vicinity of the measurement point. Thus, we present
detailed maps (up to 2° resolution) over the whole Earth
(£60° latitude) for the effective reflection height of the
ionosphere or the D-region altitude, which is inversely pro-
portional to the cut-off frequency. From these measure-
ments, it is possible to infer the electron density as well
as the conductivity at the effective height, although it is
necessary to extract the neutral density parameter from a
model, MSIS in this case.

[36] The main result of this study is that we observe,
during nighttime, an increase of the cut-off frequency of the
Earth-ionosphere waveguide over oceans during northern
cold season. This corresponds to a decrease of the effective
height of the ionosphere.
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