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Abstract. Relativistic electron beams above thundercloudsover distances of1 Mm. The summative assessment of the
emit 100 kHz radio waves which illuminate the Earth’s at- electric field intensities measured in space show that nadir
mosphere and near-Earth space. This contribution aims tebservations of terrestrial 100 kHz radio waves, e.g., from
clarify the physical processes which are relevant for the sparelativistic electron beams above thunderclouds, are attenu-
tial spreading of the radio wave energy below and above theted by at least50 dB when taking into account a transiono-
ionosphere and thereby enables an experimental simulatiospheric attenuation o£40 dB.

of satellite observations of 100kHz radio waves from rel-
ativistic electron beams above thunderclouds. The simula-

tion uses the DEMETER satellite which observes 100 kHz ]

radio waves from fifty terrestrial Long Range Aid to Naviga- 1  Introduction

tion (LORAN) transmitters. Their mean luminosity patch in

the plasmasphere is a circular area with a radius200 km Electron beams above thunderclouds are initiated by cosmic
and a power density 0£22 pW/Hz as observed at660 km ray showers which coincide with intense lightning discharges
height above the ground. The luminosity patches exhibit a(Fullekrug et al, 201Q Roussel-Dup and Gurevich1998.
southward displacement ef450 km with respect to the lo- The primary cosmic ray proton penetrates the Earth’s atmo-
cations of the LORAN transmitters. The displacement isSPhere with an energy of10'°eV (Gurevich and Zybin
reduced to~150km when an upward propagation of the 20095 and strips off electrons from the air molecules. The
radio waves along the geomagnetic field line is assumedresulting energetic electrons are accelerated by the electric
This residual displacement indicates that the radio wavedields following an intense lightning discharge and develop
undergo~150 km sub-ionospheric propagation prior to en- into a quickly growing non-linear electron avalanche process
tering a magnetospheric duct and escaping into near-Eartfeurevich et al.2004 2003 2003. The primary electrons
space. The residual displacement at law<(2.14) and high ~ ¢an reach relativistic energies with a meanaf MeV and

(L > 2.14) geomagnetic latitudes ranges fromd00km to @ standard deviation 6¥6 MeV (Roussel-Durp et al, 20089
~200 km which suggests that the smaller inclination of the Prior to escaping into near-Earth spabeaf, 2005 Lehtinen
geomagnetic field lines at low latitudes helps to trap the ra-et al, 200Q 1999. It is indeed possible to observe terres-
dio waves and to keep them in the magnetospheric duct. pifirial relativistic electrons in space with particle detectors on
fuse luminosity areas are observed northward of the magnetigatellites Carlson et al.2009 Dwyer et al, 2008 Feldman
conjugate locations of LORAN transmitters at extremely low et al, 1996 1995 Burke et al, 1992, but the direct associ-
geomagnetic latitudes (< 1.36) in Southeast Asia. This re- ation with individual intense lightning discharges remains to
sult suggests that the propagation along the geomagnetic fielge made.

lines results in a spatial spreading of the radio wave energy Another possibility to detect electron beams above thun-
derclouds is to observe their broadband electromagnetic ra-

diation (Fullekrug et al, 2010, but the physical processes

Correspondence tav. Fullekrug which are relevant for the spatial spreading of radio wave en-
BY (eesmf@bath.ac.uk) ergy from the middle atmosphere into near-Earth space are
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not very well understood. For example, it was only recently measurements on board the CORONAS-1 and AUREOL-3
reported that terrestrial 100 kHz radio waves emanating fronsatellites, but no similar radio wave energy was observed
LORAN transmitters can actually be observed in space byover North America Rothkaehl and Parrp2005. Model-
the DEMETER satellite with a signal attenuation-o40 dB ing of the transionospheric propagation 65 MHz radio
(Fullekrug et al, 2009. It was pointed out that the transmit- waves from terrestrial radio transmitters suggested that iono-
ter locations observed from space exhibit an apparent southspheric perturbations can lead to a complex pattern of ra-
ward displacement with respect to their known location ondio wave amplitudes, wave propagation time delays, doppler
the ground. This contribution aims to quantify the appar-frequency shifts, and direction of arrival distortion&/gng
ent southward displacement and its spatial variability to gainet al, 20085.
an improved understanding of the physical processes below The electromagnetic radiation emitted by terrestrial
and above the ionosphere which influence the southward dis~16-25 kHz transmitters propagates easily through the iono-
placement. The results of this study are summarized in asphere and subsequently penetrates near-Earth space, where
transionospheric attenuation for nadir observations of radidhe degree of ducting along the geomagnetic field line de-
waves from LORAN transmissions which adds to the previ- pends on geomagnetic latitud€liiverd et al, 2008. De-
ously determined signal attenuationred0 dB. The determi-  tailed modeling showed that the transionospheric attenua-
nation of the total transionospheric attenuation allows for antion of these radio signals was underestimated~20 dB
experimental simulation of space based observations of radias inferred from novel satellite measuremei@ta(ks et al.
waves emitted by relativistic electron beams above thunder2008. It was only recently discovered that lightning dis-
clouds. charges which produce transient airglows above thunder-
clouds, denoted sprites, causes proton ahdubistlers in
space as observed by the DEMETER satelliteféuvre
2 Transionospheric propagation et al, 2009. This novel observation leads to the ques-
tion how the radio waves of relativistic electron beams
Electromagnetic radiation from lightning discharges can pen-above thunderclouds would be affected during their tran-
etrate the ionosphere at least up~+@00 km height and it sionospheric propagation.
exhibits occasionally whistler-type dispersion characteristics This contribution aims to clarify the propagation of
with a maximum nose frequency ofl00kHz Kelley etal, ~ ~100kHz radio waves from the middle atmosphere into
1997, 1990. near-Earth space and their ducting along the geomagnetic
Extra-terrestriat-100 kHz radio waves of magnetospheric field line to quantify their total transionospheric attenuation.
origin have been reported to penetrate into the Earth’s atmoThis experimental simulation helps to plan observations of
sphere in the auroral regionBénson et a).1988. Subse-  radio waves from relativistic electron beams above thunder-
quent model calculations suggested a spatial spreading of thélouds by the forthcoming French microsatellite TARANIS
radio wave energy over several thousand kilometers in lati-of the “Centre National &Etudes Spatiales” which is dedi-
tude Horne 1995. cated to the study of impulsive energy transfers between the
The electromagnetic radiation emitted from 85-128 kHz Earth’s atmosphere, the ionosphere and the magnetosphere
transmitters at low geomagnetic latitudés«(.54) in Japan (Lefeuvre et al. 2008 Blanc et al, 2007). The TARA-
was observed at magnetic conjugate locations in AustraliaNIS payload includes two electric field experiments which
with a weak dependence on geomagnetic actiitisiiino measure the low frequency electric field MHz (IME-BF)
et al, 1989. Subsequent modeling of the measurementsand the HF/VHF electric field from~100 kHz to 30 MHz
tentatively suggested a southward sub-ionospheric propagqtME-HF) with a resolution of~0.2 pV Hz /2 at ~500 kHz
tion of the radio waves prior to entering a magnetospheric(Lefeuvre et al.2008.
duct, a propagation along the geomagnetic field line to the
magnetic conjugate location, and a final southward sub- ] o
ionospheric propagation to the receiver. This scenario was Plasmaspheric luminosity patches

predicted from modeling the attenuation characteristics of .
~100 kHz radio waves. The analysis also predicted that th The DEMETER spacecratt orbits aroynd the Earth at an al-
itude of ~660 km above the ground in a sun synchronous

smallest attenuation is expected for wave normal angles par- " ] i . N
allel to the magnetic field lineTanaka et al.1989. On the orbit at 22:30 and 10:30 local time. The “Instrument Champ

other hand, the modeling of 5 kHz radio waves suggests thaglergtsn?hueeelggt?c ?Zlé)(')r?rsd ;r:; DEr?AsELi?cz?teelle“(t:?r'rcn?:[ d
the radio waves are more easily trapped from the side, i.e. u Ic Tield in sp with sphert ic T

with wave normal angles perpendicular to the magnetic fieldéendSorS a?r? Ia.n m:egirgg%d d"fll_tﬁ péoctzessm(i:] u.nltf in the survey
lines Strangeways and Rycroft9s0). mode Berthelier et al.2006. The data analysis focuses on

. . L the nocturnal radio wave energy at 22:30 local time because
Terrestrial electromagnetic radiation from0.1-9 MHz . ! )
- ) : . the day time observations are degraded by interference from
television and radio transmitters seems to result in a rathe

diffuse luminosity above Europe and Asia as inferred from{he sunlit solar panels.
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90

Each data segment is recorded for a time interval of
0.6144ms length while the consecutive time interval of
~0.6144 ms is used to calculate the spectrum of the recordec
data with a spectral resolution ef1.6276 kHz. The spec-
trum is smoothed with two neighbouring frequencies such
that the final spectral resolution is3.2552kHz. Subse-
quently, fourty consecutive spectra are averaged to produce
one spectrum eack2.048s. The calculated spectral elec-
tric field amplitudes at~100 kHz are averaged from Decem-
ber 2006 to December 2007 and over a latitude dependen
area to reduce the variability of the originally recorded data.
The averaged electric field intensity is mapped on the Earth’s
surface with a spatial resolution of X 1° over 82% of the
Earth’s surface betweet65° invariant latitude. The re-
sulting image is finally smoothed with a spatial window of
3° x 3° (~334kmx 334 km at the equator) to enhance the
imaging of luminosity patches. ) ) ) o )

The measurements show 50 plasmaspheric luminosity - 1- Fifty Long Range Aid to Navigation (LORAN) transmit-
patches in the Northern Hemisphere (Fily. The luminosity ters (dots) emit 100 kHz radio waves which illuminate the plasmas-

. . here with luminosity patches (red blobs) as inferred from electric
patches are attributed to the pulsed 100 kHz radio waves fro eld measurements on board the DEMETER satellite 860 km

the. Long Range Aid tO_NaV|ga_t|on_ (LO_RAN) transmitters height above the ground. The luminosity patches exhiti¢80 km
which are used for marine navigatiobr{ited States Coast  soythward displacement with respect to the locations of the LORAN
Guard 1994. The luminosity patches exhibit @450km  transmitters. Eight LORAN transmitters at low latitude®5°
southward displacement with respect to the locations of thgcrosses) do not show a clear correspondence to any luminosity
LORAN transmitters on the ground. patch. The geomagnetic conjugate locations of the LORAN trans-
Eight LORAN transmitters at geographic latitude25° mitters (circles) show that some transmitters in East Asia exhibit
do not show a clear correspondence to any luminosity@ diffuse luminosity northward of their conjugate location in Aus-
patches, either because the LORAN transmitter was not irfralia and Southeast Asia.
use during the observation period, and/or the luminosity
patches at low latitudes are more diffuse, i.e., spread over The southward displacement strongly suggests that the ra-
a large spatial area, as a result of the wave propagatiodio waves propagate upward along the geomagnetic field line
regime at low geomagnetic latitudes. into near-Earth space. Tracing the geomagnetic field line
from the LORAN transmitters up to the DEMETER orbital
height at~660 km results in a mean apparent southward dis-
placement of the LORAN transmitter e300 km (Fig.?2)
when the Space Physics Data Facility (SPDF) Modelweb

The geographic coordinates of _the fifty LOR_AN transmit Gustafsson et al1992 Tsyganenko et al1987 of the Na-
ters are used as reference points to superimpose the ob- . o . :

P . . : lonal Aeronautics and Space Administration (NASA) is used
served electric field intensities and to study in more detail the

. L . (http://omniweb.gsfc.nasa.gov/vitmo/cgritmo.html). The
average displacement of the luminosity patches at satellltcigesiolual southward displacement-e150 km can not be ex-

heights of~660 km above the ground. The average displace- . . . . i
ment of the luminosity patch is-450 km southward with plained with a propagation of the radio waves along the ge

60f J
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4 Southward displacement in Northern Hemisphere

respect to the location of the LORAN transmitter (F2). omagnetic field line. It rather indicates, that the radio waves

The luminosity patch has a radius o300 km which ap-
pears as an ellipse in Fig.because the longitudes are not

great circles on the spherical Earth. The average latitude o

the LORAN transmitters is~45° such that a 1 longitude
pixel corresponds te-80 km. The average electric field in-
tensity of the luminosity patch if ~0.171 pV nrtHz=1/2
such that the total power density within the Ilu-
minosity patch is P=FE2A/Zo~22puWHz 1, where
A~ 3007 km?~2.83x 101 m? is the area covered by the
luminosity patch ando = +/110/c0 ~ 377 is the free space
wave impedance.

www.atmos-chem-phys.net/11/667/2011/

undergo a sub-ionospheric propagation~df50 km prior to
entering a magnetospheric duct and escaping into near-Earth
§pace. This picture implicitely includes the statement that the
inclination of the geomagnetic field line plays an important
role in the trapping of the radio waves.

It is therefore expected that the radio waves from different
geomagnetic latitudes will propagate for varying distances
within the Earth-ionosphere cavity before leaving it and es-
caping into near-Earth space. This hypothesis can be tested
by discriminating the LORAN transmitters in two groups,
one at low geomagnetic latitudés< 2.4 and one at high
geomagnetic latitudels > 2.4. The discrimination value of
L=2.4is chosen here to splitthe LORAN transmitters in two

Atmos. Chem. Phys., 1168672011
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Fig. 2. The average LORAN transmitter (solid dot) illuminates Fig- 3. The latitude scans through the mean luminosity patches
a circular area (red/black blob) of the plasmasphere-660 km from all LORAN transmitters (solid line), transmitters at low
height. The luminosity patch has a radius-e800km (ellipse), (L <2.4) geomagnetic latitudes (dashed line), and at High 2.4)

a power density of~22 p{W/Hz, and it exhibits a southward dis- 9eomagnetic latitudes (dotted line) are referenced to the mean
placement of~450 km with respect to the location of the LORAN transmitter location (dot). The apparent transmitter locations at
transmitter. The apparent location of the LORAN transmitter at ~660 km height are located southward when an upward propaga-
~660 km height is located-300 km southward (star) when an up- tion of the radio waves along the geomagnetic field lines is assumed
ward propagation of the radio waves along the geomagnetic fieldor low latitude transmitters (plus), for all transmitters (star) and
line is assumed. The remaining residual southward displacemenfor high latitude transmitters (circle). The remaining residual dis-
of ~150 km suggests that the radio waves undergo sub-ionospherielacement between the apparent transmitter locations and the maxi-

propagation prior to entering a magnetospheric duct and escapin§um intensities of the corresponding luminosity patches range from
into near-Earth space. ~100 km for low latitude transmitters;150 km for all transmit-
ters and up te~200 km for high latitude transmitters. The varying
residual displacement suggests that the smaller inclination of the ge-
equal groups with 25 transmitters. The southward dismacepmagnetic field lines at low latitudes helps to trap the radio waves
ment is best studied with a latitude scan across the maxi&nd to keep them in the magnetospheric duct.
mum of the luminosity patch because the latitudes are great
9 P ' P lows to quantify the apparent attenuation of 100 kHz radio

ment is indeed dependent on the geomagnetic latitudes of the ; . X
transmitters. The luminosity patch from LORAN transmit- waves for nadir observations as planned with the TARANIS

. : o . satellite. The mean luminosity patch from all transmitters ex-
ters at low geomagnetic latitudes & 2.4) exhibits a resid- eire yp

. 20" hibits a maximum of-0.34 pV nt 1 Hz=Y/2 with a~450 km
ual southward displacement 6100 km and the luminosity = ¢, oarg displacement apn€0.09 uV nrtHz=1/2 directly
patch from LORAN Fransm|tt_ers at high geomggnetm lati- above the transmitter location (Fig§). The ratio between
tudes ( > 2.4).exh|b|ts a residual southward d|splacementthe observed electric field intensities at maximum and min-
of ~200_km. (Flg.S). This result stroqgly suggests that the imum determines an attenuation-©8.2dB. However, it is
§maller inclination of the ge_omagnetlc field lines at Iow_lat- not clear whether the minimum electric field intensity is de-
itudes helps to_ trap the radio waves and _to kee_zp t.he".‘ n th?ermined by the amplitude resolution of the electric field in-
magnetospheric duct. Alternatively, the higher inclination of strument of~0.1 pV Tt Hz—/2 (Berthelier et al.200), or
the ggomagnetic f[eld lines at high latitudes may inhibit theif the minimurﬁ is determined by the natural eIe.ctrom,agnetic
trapping of the radio waves and help to keep them out of theradio noise environment in space. As a result, the real at-

magnetospheric duct. In any case, the experimental resulFtSénuation of the radio waves resulting from the southward

indicate that 100 kHz radio waves penetrate magnetOSpherl8isplacement may be larger such that the determined attenu-

ducts more easily from the side, i.e., with wave normal an-__. .
. o . L ation of~10dB can only be considered to be a lower bound
gles perpendicular to the magnetic field lines. This sideway . .
or the signal attenuation.

coupling of electromagnetic energy into a magnetospheric
duct was predicted by use of model calculations for 5 kHz ra-
dio waves Strangeways and Rycroft980), but it was never
confirmed by radio wave experiments.

Atmos. Chem. Phys., 11, 666#3 2011 www.atmos-chem-phys.net/11/667/2011/
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5 Northward displacement in Southern Hemisphere

The ducting of 100 kHz radio waves along the geomagnetic
field lines suggests that the radio waves could be observed ir
the magnetically conjugate hemisphefarfaka et a).1989

and that the radio wave energy is spread over many thou-
sand kilometersHorng 1995. A close inspection of the
100 kHz radio wave energy observed on DEMETER at the
geomagnetic conjugate locations of the LORAN transmitters
reveals that some transmitters in East Asia exhibit indeed
a diffuse luminosity northward of their conjugate locations
in Australia and Southeast Asia (Fid). All these trans- e
mitters are located at extremely low geomagnetic latitudes | il

(L < 1.36) with comparatively short geomagnetic field lines. : 21 [
The diffuse character of the luminosity strongly indicatesthat ~ *% 9 100 110 120 130 140 150 160 170 180
the energy of the radio waves is indeed spread evEMm [ing]=deg

when propagating along the geomagnetic fields lines. This

spreading of the radio wave energy seems to be proportiona{'_fig- 4. Some LORAN transmitters i_n EasF Asig (d_ots) emit radio
to the length of the geomagnetic field line, as no diffuse lu-"Yaves which are observed as a diffuse illumination of the plas-
minosity is observed at the conjugate locations of the I_O_masphere northward of their corresponding geomagnetic conjugate

. . . . locations in Australia and Southeast Asia (circles in dashed box).
RAN transmitters at high geomagnetic latitudes>(1.36) These conjugate locations correspond to LORAN transmitters at

in North America and Europe (Fid). The observational  gyremely low geomagnetic latitudels ¢ 1.36). The observed dif-
limit is given here by the amplitude resolution of the radio fyse |luminosity suggests that the propagation along the geomag-
wave experiment on board the DEMETER satellite and/ornetic field lines spreads the radio wave energy over large spatial
the natural electromagnetic noise environment in space. Fudistances of-1 Mm.
ture satellite missions with a lower instrumental noise floor
may therefore be able to detect the faint diffuse luminosity
signals of 100 kHz radio waves at the conjugate locations ofis limited to LORAN transmitter powerg 1000 kW listed by
high geomagnetic latitudé. & 1.36) transmitters. the International LORAN Association because larger trans-

mitter powers at low geomagnetic latitudes in East Asia

are only known with little confidence from private sector
6 Variability of 100 kHz radio wave intensities sources.

The 100kHz radio wave intensities observed on the

The 100 kHz radio waves launched into near-Earth space bfDEMETER satellite show that more powerful LORAN trans-
the LORAN transmitters undergo sub-ionospheric propagamitters generally produce larger electric field intensities, but
tion prior to magnetospheric ducting along the geomagnetiadhe electric field intensities exhibit a natural variability with
field lines. It is therefore expected that the naturally varyinga factor~2-3 which corresponds te3-5dB (Fig.5). This
state of the ionosphere and the plasmaphere affect the olvariability is related to the sub-ionospheric propagation of
served radio wave intensities. For example, solar short wavéhe radio waves, the transionospheric attenuation, and the
radiation affects the electron density of the ionosphere andlucting along the geomagnetic field lines in the plasmas-
hence the sub-ionospheric and transionospheric propagatiophere. The discrimination between LORAN transmitters at
Particles from the solar wind are trapped along the geomaghigh (L > 2.14) and low [ < 2.14) geomagnetic latitudes
netic field lines and they affect the electron density in theseems to indicate that the observed electric field intensities
plasmasphere and hence the ducting along the geomagnetit low latitudes may be less variable. The smaller variabil-
field lines. Both effects are more generally related to solarity at low latitudes may result from the shorter radio wave
variability associated with transient bursts of solar activiy, propagation distance along the geomagnetic field lines and/or
the differential solar rotation 0£20-30 days, and the solar the more efficient trapping of the radio waves by the ducts
cycle of ~10-12 years. The revolution of the Earth around forming along geomagnetic field lines which have a smaller
the Sun introduces a characteristic latitude dependent seaaclination at low latitudes as compared to high latitudes.
sonal variability of the ionosphere which affects the iono- The smaller variability at low latitudes may therefore sup-
spheric plasma frequency and hence the sub-ionospheric arbrt the prediction that the radio waves are more efficiently
transionospheric propagation. It is therefore interesting totrapped from the side of the du@ttangeways and Rycroft
ask the question how well the electric field intensities ob-1980. However, a detailed analysis of the seasonal varia-
served on the DEMETER satellite are related to the actuation of electric field intensities observed by the DEMETER
power of the LORAN transmitters. The subsequent analysissatellite may help to quantify the annual modulation of the

=deg

[lat]
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08 ‘ ‘ ‘ ‘ wave intensities~130 pV nt 1 Hz=1/2 from ~40-400 kHz.
The radio wave intensity at 100 kHz will then be reduced
0.7f . 1 to ~0.4 uV nr1Hz~1/2 after a total transionospheric atten-
o5l 5 | uation of ~50dB at nadir. This estimate is considered to
' . . be only a first order approximation because it does not yet
S o5k x * i take into account the relativistic forward beaming of the elec-
TE * L o7 tromagnetic radiation, the fact that lightning discharges at
% 0.4f * * .o L equatorial latitudes are more powerful than at mid-latitudes
i o % o ° and the estimate does not take into account the ionospheric
w 0.3f o — e . .
2 . 0. variability from monthly to decadal time scales which are
o2l ° Z . | the subject of future studies. It is interesting to note that
° this contribution is focused on a radio wave frequency of
01f ° * ~100 kHz where the large number of terrestrial transmitters
enables a thorough experimental simulation. Yet, relativis-

o 200 400 600 800 1000 tic electron beams exhibit a broadband spectrum which ex-
(PI=w tends at least from-40-400 kHz and very likely well be-
yond into the MHz frequency range such that the determi-
nation of the frequency dependence of the transionospheric
radio wave propagation constant becomes of prime scientific
and at low [ < 2.14) geomagnetic latitudes (circles), but they ex- m_tereSt'_ The comparison of space based radio observatlpns
hibit a large variability as a result of the sub-ionospheric propaga-V_VIth radlo_measurements on the ground e”a*?'es a quantita-
tion and ducting along the geomagnetic field lines. The electrictiVe experimental assessment of the attenuation of the tran-
field intensities at low latitudes appear to be less variable as a resuionospheric radio wave propagation constant and will be the
of the shorter radio wave propagation distance along the geomagsubject of intense research in the years to come.
netic field lines. The smaller variability may also be related to the
more efficient sideways trapping of radio waves by the ducts form-acknowledgementsThis work was sponsored by the Science and
ing along geomagnetic field lines which have a smaller inclination Technology Facilities Council (STFC) under grant PP/E0011483/1.
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dio waves undergo sub-ionospheric propagation prior to en-

tering a magnetospheric duct sideways and propagating sub-

sequently along the geomagnetic field line to the conjugatereferences

hemisphere where the radio wave energy spreads out over

spatial distances of1 Mm. The trapping of the radio waves Benson, R., Desch, M., Hunsucker, R., and Romick, G.: Ground-
in the magnetospheric duct results in an average southward level detection of low- and medium-frequency auroral radio, J.
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