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Abstract We use the measurements performed by the DEMETER (2004-010) and the Van Allen Probes
(2012-016, still operating) spacecraft to investigate the longitudinal dependence of the intensity of whistler
mode waves in the Earth’s inner magnetosphere. We show that a significant longitudinal dependence is
observed inside the plasmasphere on the nightside, primarily in the frequency range 400 Hz to 2 kHz. On
the other hand, almost no longitudinal dependence is observed on the dayside. The obtained results are
compared to the lightning occurrence rate provided by the Optical Transient Detector/Lightning Imaging
Sensor mission normalized by a factor accounting for the ionospheric attenuation. The agreement between
the two dependencies indicates that lightning-generated electromagnetic waves may be responsible for
of the observed effect, thus substantially affecting the overall wave intensity in the given frequency range.
Finally, we show that the longitudinal dependence is most pronounced for waves with oblique wave of
normal angles.

1. Introduction

Alarge variety of electromagnetic waves of various origins propagate in the plasma environment of the Earth’s
inner magnetosphere. At frequencies below the electron cyclotron frequency (or the electron plasma fre-
quency, whichever is lower), the electromagnetic waves propagate in the so-called whistler mode (Stix, 1992).
These waves can efficiently interact with energetic electrons in the Van Allen radiation belts. Chorus, plas-
maspheric hiss, equatorial noise, lightning-generated whistlers, and signals from artificial very low frequency
(VLF) transmitters are perhaps the most prominent examples of this type of electromagnetic wave mode.

Chorus emissions usually occur outside the plasmasphere (Burtis & Helliwell, 1969; Meredith et al., 2001). They
are typically formed by discrete nonlinear wave packets (Santolik et al., 2014) confined to two frequency inter-
vals related to the equatorial electron cyclotron frequency (f,,.). The lower chorus band spans approximately
from 0.1 to 0.45 f_,, while the frequencies of the upper chorus band range from about 0.5 to 0.7 f,, (Tsurutani
& Smith, 1974, 1977). Chorus is generated by the cyclotron resonance interaction of embryonic waves with
energetic electrons in the outer radiation belt (e.g., Li et al., 2009, 2008; Omura et al., 2008).

Plasmaspheric hiss is an incoherent structureless emission typically observed in the frequency range from
about 100 Hz up to several kilohertz (Hayakawa & Sazhin, 1992), but it can occur at frequencies as low as a
few tens of hertz (Li et al., 2013). Plasmaspheric hiss is the most intense at frequencies between about 100
and 300 Hz. (Li et al., 2015; Thorne et al., 1973; Tsurutani et al., 2012), and its intensity rapidly decreases at fre-
quencies larger than about 1 kHz (Meredith, Horne, Clilverd, et al., 2006). As the name suggests, it is observed
nearly exclusively inside the plasmasphere (Meredith et al., 2004; Thorne et al., 1973). It is responsible for the
formation of the slot region due to the pitch angle scattering of the trapped electrons in a wide range of
energies from several tens of kiloelectron volts up to the order of megaelectron volts (Abel & Thorne, 1998a,
1998b; Lyons & Thorne, 1973; Meredith et al., 2007, 2009; Meredith, Horne, Glauert, et al., 2006; Ni et al., 2013;
Thorne et al.,, 2013). It has been suggested that the plasmaspheric hiss might originate as chorus penetrating
inside the plasmasphere (e.g., Bortnik, Chen, Li, Thorne, & Horne, 2011; Bortnik, Chen, Li, Thorne, Meredith, &
Horne, 2011; Bortnik et al., 2009, 2008; Chen, Li, et al., 2012; Chen et al., 20123, 2012b; Chum & Santolik, 2005;
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a) -6 Church & Thorne, 1983; Li et al., 2015; Santolik, Chum, et al., 2006). How-

Frequency [kHz]

ever, the complete understanding of its origin is still an open question
(Green etal., 2005, 2006; Laakso et al., 2015; Meredith, Horne, Clilverd, et al.,
2006; Santolik & Chum, 2009; Thorne et al., 2006).

Lightning strokes produced during thunderstorms in the Earth’s atmo-
sphere emit wide-band electromagnetic waves (spherics), which subse-
quently propagate in the waveguide formed by the surface of the Earth
9 and the bottomside of the ionosphere. These waves eventually escape
the waveguide and propagate through the ionosphere toward higher
altitudes. There are two principal ways of propagation of these electro-

[e ]
log(nT?HZ")

b) _24f 10 magnetic waves through the magnetospheric plasma environment, result-
s '2r ing in either ducted or unducted whistlers (Fider et al., 2010; Santolik

c) 0% 7 et al., 2009; Walker, 1976). The ducted whistlers propagate inside a duct
d)_‘ ng - ] formed by Plasma of a .slightly different density aligned with t.he ambi-
= 1025__*— ______________________________ ent magnetic field (Helliwell, 1965). On the other hand, the trajectory of
= 181 I T S AT ] the unducted whistlers generally does not follow the ambient magnetic

= 10° . field line, but it is governed by the gradients of the refractive index of
0600 uT (15 Sep°§§f’2) 1000 the plasma medium. Lightning-generated whistlers are directly responsi-

Figure 1. (a) Frequency-time spectrogram of magnetic power spectral
density fluctuations measured by Van Allen Probe A on 15 September 2012

ble for lightning-induced electron precipitation events (Bortnik et al., 2006;
Inan et al.,, 2007; Peter & Inan, 2004, 2007). They have also been suggested

between about 04:10 and 10:50 UT. (b) Magnetic local time (MLT). (c) L-shell  as one of the possible sources of plasmaspheric hiss (e.g., Draganov et al.,
of the spacecraft. (d) Plasma number density. The red and blue colors in 1992; Green et al., 2005; Sonwalkar & Inan, 1989). A comprehensive mod-

panels (b) and (d) indicate the time intervals when the spacecraft was
considered to be located inside and outside the plasmasphere, respectively.
The dashed horizontal lines in panel (c) represent the appropriate plasma

number density thresholds.

eling study of how lightning whistlers could turn into hiss was performed
by Bortnik et al. (2003a).

Several studies have focused on the effects of lightning-generated
whistlers on the overall VLF wave intensity in the Earth’s plasma environment. Némec, Santolik, et al. (2010)
utilized the seasonal variation of lightning occurrence to demonstrate that the wave intensity at an altitude of
about 700 km has a similar seasonal variation, in particular during the night. Furthermore, Colman and Starks
(2013) analyzed both seasonal and diurnal dependencies of the average lightning occurrence rates along with
the ionospheric attenuation curves calculated by Helliwell (1965) to estimate the geographic distribution of a
pseudopower generated by lightning propagating to the altitude of 700 km. A comparison with the wave data
measured by the low-altitude DEMETER spacecraft shows a reasonable agreement. Based on the geographic
distribution of the detected wave intensity, Green et al. (2005) argued that lightning-generated whistlers are
possibly a primary source of the plasmaspheric hiss. This statement was opposed by Thorne et al. (2006) and
Meredith, Horne, Clilverd, et al. (2006) who pointed out different frequency ranges of the two wave phenom-
ena. While the lightning-generated emissions appear to be dominant at higher frequencies, no evidence that
they affect plasmaspheric hiss at lower frequencies has been found in these studies.

Statistical studies of the wave phenomena in the Earth’s inner magnetosphere are often focused on the anal-
ysis of the wave intensity as a function of frequency, L-shell, magnetic local time (MLT), and geomagnetic
activity. In the present study, we focus on the dependence of the median wave intensity on the geomag-
netic longitude. Since the wave phenomena originating at larger radial distances should not depend on the
longitude, we suggest that any longitudinal dependence observed should be of a terrestrial origin. Given
the analyzed frequency range, which is well below the frequencies of powerful VLF transmitters, electromag-
netic emissions generated by lightning activity are expected to be the most significant terrestrial contributor.
Several studies already focused on the longitude as a controlling factor (Green et al., 2005; Meredith, Horne,
Clilverd, et al., 2006). They observed the enhanced wave intensity above the landmass at frequencies above
0.5 kHz and above 2 kHz, respectively. Additionally, they also showed that the longitudinal dependence was
better pronounced during the northern summer. DEMETER and Van Allen Probes provide large data sets with
a very good frequency resolution in the most problematic range. It is therefore possible to investigate the
frequency dependence of the longitudinal variation in more detail. Moreover, a thorough analysis of its MLT
dependence can be performed due to the complete coverage of the Van Allen Probes. The data sets used are
introduced in section 2, and the obtained results are described in section 3. They are discussed in section 4
and briefly summarized in section 5.
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o 2. Data Sets
-75 The French microsatellite DEMETER operated between July 2004 and

-8.0 ;g December 2010 on an approximately circular polar orbit with an altitude of

-85 'c about 700 km. The orbit was nearly Sun synchronous, that is, the measure-
f=2

90 ©

ments were performed in two distinct local time intervals (approximately
-9.5 10:30 and 22:30 LT). We will hereafter refer to these time intervals as day-

:;2 time and nighttime, respectively. The wave instruments onboard measured
80 'TI: both electric (Berthelier et al., 2006) and magnetic (Parrot et al., 2006) fields
85 & at geomagnetic latitudes lower than 65°. Frequency-time spectrograms of
o0 S power spectral density of one electric and one magnetic field component
95 in the frequency range up to 20 kHz were calculated onboard with a time
05 resolution of about 2 s and frequency resolution of about 19.53 Hz. The

magnetic field measurements in this frequency range, however, contain a
substantial amount of spacecraft interference, and thus, they are not used
in the present study.

i
[6)]
log(uVv? m2 Hz™)

o
=

We also use data from the two Van Allen Probes that operate on nearly

Normalized
Iog(Whistler Rate) fau]

similar elliptical orbits close to the equatorial plane. The perigee is at an
altitude of about 600 km, and the apogee at a radial distance of about
5.8 Earth radii. We analyze the data obtained from the beginning of the
mission in August 2012 until the end of 2016. The measurements cover a
wide range of L-shells (from about 1.05 up to about 6.5), and a complete

set of combinations of MLTs and geomagnetic longitudes. The Electric

Geomagnetic Longitude [deg] and Magnetic Field Instrument Suite and Integrated Science instrument
Figure 2. (2) Median power spectral density of magnetic field suite’s Waves |nstrum<'ent (Kletzing et al., 2013) performs multicomponent
fluctuations measured by Van Allen Probes outside the plasmasphere wave measurements in the frequency range between 10 Hz and 12 kHz.
in the magnetic local time interval from 9 to 12 hr as a function of In the survey mode, the spectral matrices of three magnetic and three
frequency and geomagnetic longitude. (b) Same as (a) but inside the electric field components are calculated onboard with a time resolution

plasmasphere. (c) Median power spectral density of electric field
fluctuations measured by the DEMETER spacecraft during the daytime
half-orbits as a function of frequency and geomagnetic longitude. (d)

of 6 s. The frequency range is divided into 65 intervals with approxi-
mately logarithmically distributed bandwidths. Power spectral densities,

Average lightning occurrence rate in the local time interval 8—12 hr along with wave propagation parameters calculated using the analysis
normalized by the ionospheric attenuation factor as a function of the algorithms designed by Santolik et al. (2001), Santolik and Gurnett (2002),
geomagnetic longitude. The dashed lines mark the longitudinal Santolik et al., (2003, 2010), are used in this study. Moreover, the evaluation

positions of the largest normalized lightning occurrence rates.

of the upper hybrid frequency can be used to determine the local plasma
number density (Kurth et al., 2015).

Other data for this study were obtained from the Optical Transient Detector (OTD) and Lightning Imaging
Sensor (LIS) missions (1995-2011) which were devoted to the optical detection of tropospheric lightning. The
data set used provides us with average lightning occurrence rates with a spatial resolution of 2.5°, both in
geographic latitude and longitude, and a 2-hr local time resolution (Cecil et al., 2014).

3. Results

An example of a frequency-time spectrogram of magnetic power spectral density measured by the Van Allen
Probe A spacecraft on 15 September 2012 between about 04:10 UT and 10:50 UT is shown in Figure 1ain a
subinterval of frequencies below 6 kHz. Figure 1b shows the MLT of the spacecraft, Figure 1c the correspond-
ing L-shell of the spacecraft, and Figure 1d the local plasma number density. The plasma number density is
used, along with the spacecraft L-shell, to distinguish whether the spacecraft was located inside or outside
the plasmasphere. Specifically, all the measurements at L < 2.5 are considered to be inside the plasmasphere
and are marked by the red color in the MLT, L, and density plots in Figures 1b—1d, respectively. The measure-
ments performed at L > 2.5 are divided into three groups based on the local plasma number density. (i) The
locations with plasma number density larger than 200 cm~3 are considered to be inside the plasmasphere and
are also marked by the red color in Figures 1b-1d; (ii) the locations with plasma number density lower than
50 cm™3 are considered to be outside the plasmasphere and are marked by the blue color in Figures 1b and
1c. The respective density thresholds are marked by the horizontal dashed lines in the density plot. (iii) All the
remaining cases are considered to be performed neither inside nor outside the plasmasphere and thus are
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Figure 3. Same as Figure 2 but for the magnetic local time interval 21-24 hr (panels a, b), nighttime half-orbits (panel
), and for local time interval from 20 to 24 hr (panel d). Only data measured at the times of AE < 100 are used.

effectively excluded from further analysis. We also note that the difference between the wave activity inside
the plasmasphere (the beginning and ending of the plotted time interval) and outside the plasmasphere (the
middle of the plotted time interval) is striking. While there is principally no wave activity observed outside
the plasmasphere in this case, significant wave intensities are detected inside the plasmasphere. The analysis
hereafter is thus performed separately for observations inside and outside the plasmasphere. In the statistical
approach used, it is not possible to distinguish between chorus, plasmaspheric hiss, and lightning-generated
whistlers. However, we assume that treating the measurements performed by the Van Allen Probes inside and
outside the plasmasphere individually should effectively separate chorus from the latter emissions.

Given the limited MLT coverage of the DEMETER spacecraft and aiming for a comparison of the dependen-
cies observed by DEMETER and the Van Allen Probes, we first focus on the analysis of the daytime and the
nighttime data separately. The results obtained for the daytime are shown in Figure 2. Figures 2a and 2b show
the median power spectral densities of magnetic field fluctuations measured by the Van Allen Probes out-
side and inside the plasmasphere, respectively. The median intensities are color coded as a function of the
geomagnetic longitude (abscissa) and the wave frequency (ordinate) using the color scale on the right-hand
side. The measurements performed in the MLT interval between 9 and 12 hr were used, corresponding to
the daytime DEMETER measurements. Figure 2c shows the frequency-geomagnetic longitude dependence
of the median electric power spectral density at geomagnetic latitudes lower than 60° measured by DEME-
TER during the daytime half-orbits. Finally, Figure 2d shows the longitudinal dependence of the estimated
lightning power leaking to the upper ionosphere. This was calculated by considering the OTD/LIS long-term
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Figure 4. Same as Figure 3 but only data measured at the times of 100 < AE < 300 are used.

average geographic distribution of lightning activity in the MLT interval of 8-12 hr, and accounting for the
attenuation characteristics of the ionosphere. We note that the slightly different MLT time interval (8-12 hr
in Figure 2d as compared to 9-12 hrin Figures 2a-2c) is used due to the 2-hr resolution of the OTD/LIS data.
First, the provided geographic lightning occurrence maps (average number of lightning strokes per square
kilometer per year) were recalculated to the geomagnetic coordinate system with spatial resolution of 2.5°
both in geomagnetic latitude and longitude. Then, the International Reference lonosphere (IRl) model (Bilitza
& Reinisch, 2008) was used to calculate ionospheric profiles in each 2.5° interval of geomagnetic latitude, each
30° interval of geomagnetic longitude, and each 2-hr local time interval at equinoxes of 1996, 1999, 2002,
2005, and 2008. Finally, we calculated the average ionospheric profiles for each combination of local time and
geomagnetic latitude (with the aforementioned resolutions preserved). These profiles are used as an input
for a full wave calculation of the ionospheric attenuation (Bortnik & Bleier, 2004; Nagano et al., 1975; Némec
et al., 2008; Tao et al., 2010). Average lightning occurrence rates (km~2/year) multiplied by the attenuation
factors for 2-kHz waves propagating from 50- up to 1,000-km altitude are then roughly proportional the light-
ning power leaking out to Earth’s magnetosphere, and it is further called normalized whistler rate. The vertical
dashed lines mark the longitudes of the largest normalized lightning occurrence rates.

The observed longitudinal variation of the normalized whistler rate is due to the lightning occurrence being
strongly confined to the landmass (e.g., Christian et al., 2003). The two main drops in the normalized whistler
rate at the geomagnetic longitudes of about —70° and 60° correspond to the geomagnetic longitudes
of the Pacific and the Atlantic Oceans, respectively. The large ionospheric attenuation during the daytime
then results in the daytime normalized whistler rates being generally rather low. As for the longitudinal
dependences of the median wave intensity depicted in Figures 2a-2c, no clear variation can be identified.
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Figure 5. Same as Figure 3 but only data measured at the times of AE > 300 are used.

The situation during the nighttime is rather different, as shown in Figures 3-5. They use the same format as
Figure 2, but for the Van Allen Probes data measured within the MLT interval 21-24 hr, the DEMETER night-
time half-orbits, and the OTD/LIS data and attenuations characteristics in the local time interval between 20
and 24 hr. Additionally, the plotted results are distinguished according to the AE index value. Specifically,
Figures 3a-3c, 4a-4c, and 5a-5c represent the frequency-longitude dependences at times of AE < 100, 100
< AE < 300, and 300 < AE, respectively. The normalized whistler rate plotted in Figures 3d, 4d, and 5d is the
same, as the OTD/LIS data set does not allow for sorting by AE. The three figures show qualitatively rather
similar results. However, the overall wave intensity inside the plasmasphere is slightly larger at the times of
larger AE index. The same analysis of the AE index performed for the daytime data reveals a similar trend
as during the night (not shown). Median wave intensity observed by the Van Allen Probes outside the plas-
masphere (Figures 3a, 4a, and 5a) is significantly lower than it was during the daytime, and no longitudinal
dependence is observed. The overall wave intensity inside the plasmasphere (Figures 3b, 4b, and 5b), unlike
the intensity observed during the daytime, exhibits a considerable longitudinal dependence. Three distinct
intensity peaks at geomagnetic longitudes of about —160°, —20°, and 100° can be identified at frequencies
above about 0.4 kHz. During quiet times (Figure 3b), they range up to about 2 kHz. During the disturbed times
(Figure 5b), the frequency extent is larger and they reach up to about 3 kHz. Median intensities at higher fre-
quencies are significantly lower, and the longitudinal dependences cannot be observed within the displayed
intensity range. At frequencies lower than 0.4 kHz, there is a band of large intensities with no identifiable
longitudinal dependence. The DEMETER spacecraft, which operated at low altitudes and L-shells generally
lower than 4, observes a comparable intensity pattern with three clearly distinguishable intensity peaks at fre-
quencies of about 1 kHz. Additionally, these peaks appear to extend —with somewhat lower intensity—also
to higher frequencies. One can also identify a reduced median intensity at frequencies just below about
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Figure 6. (a) Longitudinal dependence of median magnetic power spectral density (PSD) measured by the Van Allen
Probes inside the plasmasphere in the magnetic local time interval from 9 to 12 hr. Dependences obtained in individual
frequency ranges are normalized by their respective maxima and color coded according to the text on the top. The
longitudes of the largest normalized lightning occurrences are marked by the dashed lines. (b) Same as (a) but for the
magnetic local time interval between 21 and 24 hr.

1.7 kHz, which corresponds to the cutoff frequency of the Earth-ionosphere waveguide (Toledo-Redondo
etal, 2012). Another decrease of median intensities is observed at frequencies just below the proton gyrofre-
quency (about 500 Hz), related to the L = 0 cutoff frequency (Santolik, Némec, et al., 2006). Figures 3d, 4d, and
5d show that the longitudes of the observed wave intensity peaks correspond to the longitudes with large
normalized whistler rates, that is, to the Eastern Asia, North America, and Europe/Africa, respectively.

In order to better emphasize the longitudinal dependence, Figure 6 shows the median magnetic power spec-
tral densities measured by the Van Allen Probes inside the plasmasphere as a function of the geomagnetic
longitude. We divide the frequency range into four subintervals: (blue) below 400 Hz, (green) between 0.4
and 2.1 kHz, (orange) from 2.1 and 7.5 kHz, and (red) between 7.5 and 12 kHz. Individual intensity profiles are
normalized by their respective maxima. The dashed lines show the geomagnetic longitudes with large nor-
malized lightning occurrence rates. Figure 6a shows the results obtained in the MLT interval from 9 to 12 hr,
Figure 6b displays the same for the MLT interval between 21 and 24 hr. During the day, no substantial longi-
tudinal dependence is observed. The longitudinal dependence is, however, very well pronounced during the
night. Three distinct peaks that correspond with the lightning occurrence locations are observed in green and
orange curves, that is, at frequencies between 0.4 and 7.5 kHz.

The lowest frequencies where the longitudinal dependence becomes important can be estimated from
Figure 7. It shows the median magnetic power spectral densities measured by the Van Allen Probes inside the
plasmasphere in the MLT interval between 21 and 24 hr in the 10 frequency channels between about 200 and
600 Hz. The individual dependences are normalized by their respective maxima, and the dashed lines show
the geomagnetic longitudes with large normalized lightning occurrence rates. It can be seen that while the
longitudinal dependence is nearly absent at frequencies below about 250 Hz, it becomes better pronounced
at higher frequencies, and it is clearly discernible at frequencies higher than about 500 Hz.

Unlike the measurements of the DEMETER spacecraft, those of the Van Allen Probes cover all MLT intervals,
and also all possible combinations of MLTs and geomagnetic longitudes. Having shown that the longitudinal
dependence is significantly different during the daytime than during the nighttime, it is thus of interest to
investigate the situation at other MLTs. Considering that the longitudinal dependence was most pronounced
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Figure 7. Median power spectral density (PSD) in selected frequency channels measured by the Van Allen Probes inside the plasmasphere in the magnetic local
time interval between 21 an 24 hr. Individual dependences are normalized by their respective maxima. The longitudes of the largest normalized lightning
occurrences are marked by the dashed lines.

at frequencies between about 0.4 and 2 kHz, we limit further analysis to this frequency range. Although
the longitudinal dependence is observed up to higher frequencies, the overall wave intensity considerably
decreases above about 2 kHz. Figure 8a shows the resulting MLT-geomagnetic longitude dependence of the
median power spectral densities observed by the Van Allen Probes inside the plasmasphere. A running 3-hr
wide MLT window was used in order to obtain a reasonable number of data points in each individual bin.
The numbers generally exceed 2500 and are approximately uniformly distributed, as is shown in Figure 8b.
Figure 8a shows that the median wave intensity exhibits a significant longitudinal variation over a wide range
of MLTs, but primarily on the nightside.

The analysis of the wave propagation parameters allowed by the multicomponent Van Allen Probes mea-
surements can be used to investigate whether the observed longitudinal dependence of the wave intensity
occurs preferentially for waves with some specific propagation parameters. This is done in Figure 9. Figures 9a
and 9b use the same format and calculation method as Figure 8, but with the results separated according to
the wave normal angle determined by the singular value decomposition method (Santolik et al., 2003). The
algorithm used utilizes the plane wave simplification; therefore, only data with planarity of magnetic field
fluctuations larger than 0.4 are used to ensure a reliable results. Specifically, only the intensities of waves with
wave normal angles lower than 30° and larger than 60° were included in Figures 9a and 9b, respectively. The
occurrence rate of the quasi-parallel waves is significantly larger than that of the highly oblique waves (by an
order of magnitude). It can be seen that the median intensity of quasi-parallel waves (Figure 9a) is larger dur-
ing the daytime than during the nighttime, and it does not exhibit any clear longitudinal dependence. The
median intensity of highly oblique waves (Figure 9b) is generally lower than the intensity of quasi-parallel
waves. It does, however, exhibit three distinct increases at geomagnetic longitudes corresponding to the
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Figure 8. (a) Median magnetic power spectral density in the frequency range between 0.4 and 2 kHz measured by Van
Allen Probes inside the plasmasphere as a function of magnetic local time (MLT) and geomagnetic longitude. The
dashed lines mark the longitudes of the largest normalized lightning occurrence rates. (b) Number of data points in
individual bins.

aforementioned results. These intensity increases span significant ranges in MLT, principally over the entire
nightside. A comparison with normalized lightning occurrence rate plotted in Figure 9c reveals a striking
agreement between the MLT-longitude intervals with increased median wave intensities and MLT-longitude
intervals with high normalized whistler rates.
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Figure 9. (a) Same as Figure 8a but only for wave normal angles lower than 30°. (b) Same as Figure 8a, but only for wave
normal angles larger than 60°. (c) Normalized lightning occurrence rate as a function of MLT and the geomagnetic
longitude. The dashed lines mark the longitudes of the largest normalized lightning occurrence rates.
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4. Discussion

Considering that electromagnetic waves generated by plasma instabilities at larger radial distances do not
have any clear reason to exhibit a longitudinal dependence, one can assume that the observed longitudinal
dependence is due to the influence coming from below, that is, due to the terrestrial effects. There are four
principal possibilities why the terrestrial effects should depend on longitude. First, one may consider power-
ful military VLF transmitters on the ground, whose signals are readily detectable in the inner magnetosphere
(Cohen &Inan, 2012; Starks et al., 2008). However, the transmitter signals are generally narrowband and have
frequencies typically well above 10 kHz (Cohen et al., 2012), that is, beyond the analyzed frequency range.
Second, one can consider an anthropogenic influence in the form of electromagnetic radiation from elec-
tric power systems on the ground. The influenced locations follow the industrialized areas well (Némec et al.,
2006, 2007), and thus they exhibit a clear longitudinal dependence. However, the radiated signals are typi-
cally rather weak and narrowband (Némec et al., 2008), and their overall effect on the wave intensity in the
inner magnetosphere is thus likely rather negligible (Némec, Parrot, & Santolik, 2010). Third, the observed lon-
gitudinal dependence might be due to the asymmetric geomagnetic field. This is observed, for example, in
the case of energetic particle precipitation, which is significantly larger in the South Atlantic Anomaly region
(e.g., Horne et al., 2009; Zawedde et al., 2016). However, in this case, one might expect only one intensity peak
to occur. Consequently, the explanation based on the final possibility, that is, lightning-generated whistlers is
the most likely, and it is consistent with all other observations.

The lightning occurrence rate varies significantly as a function of geographic location, season of the year,
and local time (e.g., Christian et al., 2003; Mach et al., 2011). However, the positional variation is perhaps the
most striking, and we believe it to be the main reason for the observed longitudinal dependence. Specifically,
lightning occurrence rate above landmasses are significantly larger than lightning occurrence rates above the
oceans, that is, the average lightning occurrence at geomagnetic longitudes of the Atlantic and the Pacific
Oceans is significantly lower than elsewhere. Although the lightning peak currents are on average somewhat
larger above oceans than above land (Said et al., 2013; Zoghzoghy et al., 2015), the lightning energy escaping
to the inner magnetosphere can be in the first approximation considered to be proportional to the number
of lightning strokes. The seasonal variations of lightning occurrence are difficult to distinguish in the present
analysis. While the seasonal dependence results in significant differences in lightning occurrence, with more
lightning being observed during the local summer, one needs to consider that lightning-generated emissions
from both hemispheres are observed by the spacecraft. Taking into account that the northern summer cor-
responds to the southern winter and vice versa, these seasonal variations are partially suppressed. As for the
MLT dependence, two different effects need to be considered. First, the diurnal variation of the average light-
ning occurrence rate, which generally peaks at about 16:00 LT, reaching about 4 times the minimal value that
occurs shortly before noon (Bailey et al., 2007; Colman & Starks, 2013; Mach et al., 2011). Second, attenuation
of the lightning-generated emissions during their propagation through the ionosphere varies significantly
during the day. The attenuation is generally an order of magnitude larger during the daytime than during the
nighttime. Additionally, the ionospheric attenuation exhibits a latitudinal dependence, with the attenuation
generally lower at larger geomagnetic latitudes (Helliwell, 1965).

All these factors are properly incorporated in the calculation of the MLT-longitude dependence of the normal-
ized whistler rate, that is, a quantity roughly proportional to the power of the lightning-generated emissions
escaping the ionosphere. The good agreement between the MLT-longitude dependence of the median inten-
sity of electromagnetic waves with highly oblique wave normals (Figure 9b) and the normalized average flash
rate (Figure 9¢) is a significant piece of evidence for the lightning-generated whistlers being responsible for
the effect. The lack of longitudinal dependence during the daytime can be then understood in terms of the
daytime ionospheric attenuation being so large that the lightning-generated whistlers escaping the iono-
sphere are too weak to have any significant effect. We therefore suggest that the longitudinal dependence
of the median wave intensity inside the plasmasphere observed primarily during the nighttime is due to the
lightning-generated whistlers. The longitudinal dependence of the wave intensities was already studied by
Green et al. (2005) and Meredith, Horne, Clilverd, et al. (2006). Green et al. (2005) focused mainly on two fre-
quency intervals, one below 330 Hz, the other between about 0.5 and 3.0 kHz. The lower frequency range,
which they attribute to equatorial electromagnetic waves, does not exhibit any longitudinal dependence,
and its intensity is larger at the times of enhanced geomagnetic activity. The upper frequency range, which
they attribute to the plasmaspheric hiss, qualitatively follows the lightning distribution. It is stronger during
summer than during winter and also over landmass than over the ocean. All these findings principally agree
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with the results shown in the present study. However, our results show that the lightning effect is stronger on
the nightside, which we attribute to the ionospheric attenuation. Meredith, Horne, Clilverd, et al. (2006) split
the frequency range up to 5 kHz into seven bands, and they identified two distinct frequency intervals with
different properties. At frequencies between 0.1 and 1.0 kHz no longitudinal dependence was observed. The
emissions in this frequency range were stronger during the day, and their intensity increased with the geo-
magnetic activity. On the other hand, wave intensity at frequencies between about 2 and 5 kHz behaves in
the similar way as the lightning activity. The emissions in this frequency range are stronger over the landmass
than over the ocean, and they peak on the nightside during northern summer. Generally, the emissions in
the lower frequency interval are about an order of magnitude stronger. Our findings, however, show that the
frequency range which does not follow the lightning distribution spreads only up to about 400 Hz.

The fact that the longitudinal dependence is present only for electromagnetic waves propagating at highly
oblique wave normal angles is consistent with unducted whistlers being responsible for the effect. Specifi-
cally, the ray tracing analysis of the propagation of lightning-generated unducted whistlers to larger radial
distances shows that the wave normal angles close to the equatorial plane are generally very large (Bortnik
etal, 2003b). It is also of interest to estimate the importance of lightning-generated waves for the processes
of the radiation belt dynamics. Meredith, Horne, Glauert, et al. (2006) and Meredith et al. (2007) investigated
the influence of whistler mode waves on the lifetimes of energetic electrons in the outer radiation belt. They
show that extended periods of gradual loss of energetic electrons in the region 3 < L < 5 occur during quiet
periods following enhanced magnetic activity and that these specific decay intervals are associated with large
values of ratio between the electron plasma frequency and electron cyclotron frequency, hence, inside the
plasmasphere. Therefore, they focused on the effects of plasmaspheric hiss and lightning-generated whistlers.
Their simulations show that the precipitation caused by the waves with low wave normal angles is nearly by
an order of magnitude higher than that caused by highly oblique waves. This, along with the lower median
intensity of the quasi-perpendicular waves suggests that the lightning-generated waves contribute to the
precipitation only marginally.

As for why the longitudinal dependence is not observed outside of the plasmasphere, this is likely a combina-
tion of several different effects. First, the raytracing analysis of unducted whistlers reveals that there is—for
a given frequency of the wave—a characteristic L-shell beyond which the emission does not propagate
(Bortnik et al., 2003b). Consequently, the effects related to lightning might be expected to be limited to lower
frequencies at larger radial distances. This is indeed observed, when one compares the frequency-longitude
distribution observed by DEMETER at low altitudes and by the Van Allen Probes at generally larger radial dis-
tances (see Figure 3). Additionally, the unducted waves propagating inside the plasmasphere are efficiently
trapped by the gradient of the refractive index at the plasmapause boundary, and it is not easy for them to
escape outside (Bortnik, Chen, Li, Thorne, & Horne., 2011; Bortnik, Chen, Li, Thorne, Meredith, & Horne, 2011;
Bortnik et al., 2008). This finding is also consistent with the results by Bell et al. (2004) and Platino et al. (2005),
who reported the presence of lightning-generated whistlers outside the plasmasphere to be rather rare. Com-
parison of dependences obtained at the times of various geomagnetic activity levels reveals that the median
wave intensities are larger during the disturbed times. Additionally, the longitudinal dependence extends to
higher frequencies when AE > 300. This can likely be explained by the plasmasphere being restricted to lower
L-shells during the disturbed period, and the relevant data thus measured primarily at lower radial distances.

5. Summary

Power spectral densities of electric/magnetic field fluctuations measured by the DEMETER and the Van Allen
Probes spacecraft were investigated as a function of the geomagnetic longitude. We have shown that no
longitudinal dependence is observed at frequencies lower than about 0.4 kHz or outside the plasmasphere.
On the other hand, geomagnetic longitude is an important controlling factor inside the plasmasphere at
frequencies between about 0.4 and 2 kHz. The longitudinal dependence is most pronounced during the
nighttime, and for waves propagating at highly oblique wave normal angles (larger than 60°). We suggest
that the observed dependencies are consistent with the effect being due to lightning-generated emissions
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propagating through the ionosphere and resulting in unducted whistlers propagating within the plasmas-
phere. Average lightning occurrence rates normalized by the ionospheric attenuation factor were used to
support this claim, showing a remarkable agreement with the observed dependence. Our results indicate that
lightning-generated whistlers contribute to the intensity of whistler mode waves in the plasmasphere, being
most effective on the nightside at frequencies in the range 400 Hz to 2 kHz.
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