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Abstract. LHR band emissions observed at mid-latitude The wave phenomena were soon presumed to be lower hy-
were investigated using data from the EXOS-C (Ohzora)brid resonance (LHR) emissions in the ionosphere (Brice and
satellite. A typical feature of the LHR band emissions is a Smith, 1964, 1965). This hypothesis was further supported
continuous banded structure without burst-like and cut-offby Barrington et al. (1965). In this paper, we use the term
features whose center frequency decreases as the satellittHR band emissions” for the present phenomena, although
moves to higher latitudes. A statistical analysis of the oc-some other terms, such as LHR emissions and LHR noise
currence characteristics of the phenomena showed that midband, were used in early studies on the phenomena. Some
latitude LHR emissions are distributed inside the plasma-statistical features of the LHR band emissions were studied
pause during magnetically quiet periods, and the polewardy McEwen and Barrington (1967) using the Alouette data.
boundary of the emission region moves to lower latitudesThey reported two different types of LHR band emissions,
as the magnetic activity increases. The altitude distributionpolar and mid-latitude emissions, and found that the mid-
of the waves suggests that the propagation in the LHR ductatitude LHR band emissions have a maximum occurrence
formed horizontally in the mid-latitude upper-ionosphere. at an invariant latitude of about %5 The frequency of the
The emission is closely related to the occurrence of iono-mid-latitude LHR band emissions varies systematically with
spheric ELF hiss. It is also shown that LHR emissions arerespect to the satellite latitude, (Barrington et al., 1963). The
commonly observed in the slot region of the radiation belt, latitudinal frequency variation of the LHR band emissions
and they sometimes accompany the enhancement of the ionavas also investigated in relation to magnetic disturbances
spheric electron temperature. The generation of the LHR(Boskova et al., 1983).
band emissions is discussed based on the observed charac-After the discovery of the LHR band emissions, numerous
teristics. observations of the phenomena were carried out with vari-
ous satellites, and the fundamental characteristics and origin
of the banded emission were discussed (Smith et al., 1966;
Taylor et al., 1969; Anderson and Gurnett, 1969; Laaspere
et al., 1969; Laaspere and Taylor, 1970; Laaspere et al.,
1971; Burtis, 1973; Ondoh and Murakami, 1975; Boskova
1 Introduction etal., 1983; Nishino and Tanaka, 1987; Boskova et al., 1992;
Chum et al., 2002). In these studies, the observed LHR

The history of the study of ionospheric LHR band emis- frequency was confirmed to coincide with the calculated
sions started with early scientific satellite observations. InLHR frequency from an in-situ ion composition observation
1963, the Canadian satellite Alouette 1 discovered VLF nois€Laaspere et al., 1969; Laaspere and Taylor, 1970). However,
bands enhanced in the electric field component (Barringtorit is also reported that the observed LHR band frequency
and Belrose, 1963). These VLF phenomena had never beegpuld not always be determined in the immediate vicinity of
observed on the ground. Just after the discovery, the wavéhe spacecraft (Laaspere and Taylor, 1970). The magneto-

phenomena were tentatively named the Alouette hiss bandgpheric LHR waves and related source characteristics above
~1 Rg (Rg: Earth radii) have been reported by many satel-

Correspondence toA. Morioka lite observations (e.g. Bell et al., 1994, Mikhailov et al.,
(morioka@pparc.geophys.tohoku.ac.jp) 1995; Jricek et al., 2001, Tjulin et al., 2003).
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The source mechanism of the ionospheric LHR band(PCM data) and recorded on the onboard data-recorder. The
emissions, which never propagate down to the groundime and frequency resolutions were sufficient to classify the
and exhibit a characteristic frequency band nearly associVLF phenomena into whistlers, ELF and VLF hiss, and LHR
ated with the local LHR frequency, has not been clarifiedemissions among others. A detailed description of the PPS
yet. Some arguments can be found from the standpoint osystem is given by Oya et al. (1985).
whistler-mode wave propagation in the ionosphere. Storey
and Cerisier (1968) claimed that non-ducted whistler-mode o
waves propagating from the source enhance their electri®@ LHR band emissions
field at the local LHR frequency in the ionosphere. On the .
other hand, Smith et al. (1966) proposed that the observeé'1 Spectral properties

noise bands are the trapped waves in the ionospheric LHI%_he typical dynamic spectra of the VLF phenomena ob-

duct. Gross (1970) exten_ded this .work and theoretigallyserved by EXOS-C (Ohzora) during the time when the space-
showed that an ionospheric duct oriented along a honzon-Craft passed the Northern Hemisphere from middle to high
tal direction can be formed with a narrow wave guide. They

laimed that the or tin roral hiss throuah the ion latitude are illustrated in Fig. 1. The usual intense auroral
claimed that the propagating auroral hiss through the€ 10N0y;. o ants were observed in the auroral region with distinct
spheric duct is the origin of the mid-latitude LHR emissions

(Smith et al., 1966: Gross, 1970). As for the excitation pro- equatorward boundaries (Morioka and Oya, 1985). At lower

o X latitudes, below the auroral region, emissions with a banded
cess of the LHR band emissions, Horita and Watanabe (1969 tructure whose center frequency increased systematically as

proposed that a Landau instability caused by an electroqhe magnetic latitude decreased were observed: from 5 to

S”?‘a".‘ of a few tens keV can excite cont!nuous LHR band20 kHz (upper panel of Fig. 1) and from 4 to 15kHz (lower
emissions with lower cut-off LHR frequencies. McBride and A :
panel). These banded and continuous wave phenomena in

Pytte (1970) discussed this process in more detail by CoNgL o VLE range are typical LHR band emissions, as origi-

zlr?:vcgg :ﬁaet?ﬁg'(s::;nozf][?gt Sgnt:ecehlgﬁtrgzt@ti'tﬁ\;\éasve:(;trgfg nally reported by the Alouette 1 satellite (Barrington and
thermal spread of the elec?ron styream 9 P %elrose, 1963; Brice and Smith, 1965). The approximate
. N : frequency of the lower hybrid resonance is given by Brice
Although the LHR band emissions in the ionosphere have, | 4 gmith (1965) as
been extensively studied since the discovery, the wave gen- ’
eration process and formation process of the banded LHR/ 1 m, 1 1 1
spectra in the upper ionosphere is not conclusive. The reaso M_m_) Py I B @
. : - eftmp) fivg Jp  Je
may lie partly in that the characteristics of the phenomena
to establish the wave generation mechanism have not beeni a;
sufficiently obtained. In this paper, we present some new; = Z M;
characteristics of the LHR band emissions using a VLF data
obtained by the EXOS-C (Ohzora), and discuss the possibl&vhere fiur, fp, fe, me, andm, are the lower hybrid reso-
generation mechanism of the emission. nance frequency, electron plasma frequency, electron gyro-
frequency, electron mass and proton mass, respectively.
the fractional amount of thgh ion, M; is the atomic mass
2 Observations of the ith ion, andMe.s is the effective atomic mass. The
systematic frequency variation in the LHR band emissions
The EXOS-C (Ohzora) satellite was launched on 14 Februwith respect to the magnetic latitude is caused by combined
ary 1984 into a semi-polar orbit with an initial apogee and changes in plasma frequency, electron gyrofrequency, and
perigee of 865 and 354 km, a 74.6rbital inclination, and  ion composition along the satellite pass.
a 96.1-min period. The plasma wave phenomena in the The expanded dynamic spectrum of the LHR band emis-
upper ionosphere were observed by the Planetary Plasmsion phenomena is shown in Fig. 2. One of the distinct spec-
Sounder (PPS) Experiment. This experiment had two catiral characteristics of the emission is the long-lasting banded
egories of observational function: Stimulated Plasma Wavestructure with a typical bandwidth of about 2-3kHz. An-
Experiments (SPW) and Natural Plasma Wave Experiment®ther notable characteristic of the phenomena is less burst-
(NPW). The observations of the natural plasma wave phelike features different in contrast to the auroral hiss, as can
nomena in the VLF range were made in the operational modée seen in Figs. 1 and 2. This indicates that these emissions
of NPW experiments in the VLF range (NPW-V). Electric are generated continuously and steadily.
field signals received by a dipole antenna with a 40-m tip- The typical frequency spectra of LHR band emissions are
to-tip length were analyzed by a frequency-swept spectrashown in Fig. 3 to illustrate the characteristic bandwidth and
analyzer on board the spacecraft. The analyzer swept theut-off feature. The waves in the frequency range from 5
frequency from 0.5 to 20 kHz with a 125-ms time resolution to 12 kHz in the figure are LHR band emissions, and the
and a 400-Hz frequency resolution. The dynamic range ofwaves below 5kHz are ionospheric ELF hiss. These spec-
the spectrum analyzer was 90 dB with a two-step gain conira were obtained in the Southern Hemisphere at an altitude
trol. The analyzed spectra were converted to digital dataof approximately 650 km. The typical bandwidth of the LHR

: @)
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Fig. 1. Dynamic spectra of electric field observed in middle and auroral latitudes on two successive days on 17 and 18 October 1984.
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Fig. 2. Expanded dynamic spectrum of LHR band emissions observed on 31 May 1984.

emissions (half power bandwidth) was about 2—-3kHz. TheThe number of occurrences in the night-side region was low.
ratio of the bandwidth to the center frequengyf/f) seemsto  This is partly because the satellite operation was restricted to
be considerably large (30-50%) when we consider the locah light power-load mode when the satellite was in the Earth’s
resonance of LHR waves. It is also noteworthy that the slopesclipse, resulting in limited chances for NPW experiments.
of the spectrum was fairly gradual at both sides of the spectralhus, the local time distribution in Fig. 4 is inconclusive.
peak, with a spectral gradient of 10-15 dB/kHz. This featureHowever, it can be said that the LHR band emissions have
suggests that the LHR band emissions are not the result afio local time dependence, at least between the early morn-
the cut-off effect of the descending whistler mode waves ining and late evening. The latitudinal occurrence region of
the ionosphere. the emissions is distributed betweerf 4hd 63 in invari-
ant latitude, which correspond to L=1.7-5.6. The poleward

3.2 Spatlal distribution and relationship to magnetic activ- boundary of the phenomena Scarce|y made contact with the

ity average auroral oval (hatched area in the figure: Feldstein,

) o ) 1963). This indicates that the LHR band emissions are not
We selected typical 58 LHR band emissions during the PE-irectly related to the auroral phenomena.

riod from 1 June to 7 November 1984, for the statistical anal-

ysis. The spatial distribution of 58 emissions is shown in The relationship between the spatial distribution of LHR
Fig. 4. The satellite trajectories where the LHR band emis-band emissions and the magnetic activity is illustrated in
sions were detected are plotted on the polar plot which is coFig. 5. The lower panel in the figure shows tikg, de-
ordinated with an invariant latitude and magnetic local time.pendence on the invariant latitude of the emissions. The
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Fig. 5. Lower panel:K , dependence of LHR band emissions with
respect to invariant latitude. The horizontal solid lines indicate the
latitudinal range of the emissions. The open circles show the lower

Fig. 3. Frequency spectra of LHR band emissions in the frequencylatitude boundaries of the auroral hiss region. The blue line indi-
range from 5 to 12 kHz and ELF hiss below 5 kHz detected near thecates the empirical plasmapause position. The red dotted-line indi-

plasmapause on 25 September 1985.

cates the average flux-peak position of the radiation belt electrons.
Upper panel: Latitudinal distribution of the relativistic electrons of
1MeV (AE-8 model). The triangles show the flux distribution dur-
ing the solar maximum period and the crosses during the solar min-
imum period.

horizontal solid lines indicate the latitudinal range of the
emissions, and the open circles show the lower latitude
boundaries of the auroral hiss region, which could be a good
indicator for the particle precipitation in the auroral region.
The figure shows that the high-latitude boundaries of the
LHR band emissions shift to lower latitudes as the magnetic
activity increases. This tendency is almost parallel to the mo-
tion of the equatorward boundary of the auroral hiss emission
(open circles in the figure). The oblique blue line in the lower
panel shows the empirical plasmapause position (Carpenter
and Anderson, 1992), where the instantane&iysis used
instead ofK ,max (Maximumk , during the preceding 24 h).
The oblique red dotted-line in the lower panel indicates the
average flux-peak position of the outer radiation belt elec-
trons (E>300 keV) with respect to th& , index, which was
statistically obtained from the data in 1984 using NOAA-

Fig. 4. Latitudinal and local-time distribution of LHR band emis- 6/MEPED (Raben et al., 1995) observations. These illustra-
sions. The polar plot is coordinated with an invariant latitude andtions suggest that the poleward boundary of LHR band emis-
magnetic local time. The absence of LHR band emissions aroungjons is located near the plasmapause duringkgyperiods,

midnight is due to our suspending satellite observations during that; 4 during disturbed periods, the boundary seems to follow
time. The hatched area shows the average auroral oval (Feldsteirehe peak-flux position of the o’uter radiation belt

1963).

The frequency range of the LHR band emission is sta-
tistically investigated as a function of the invariant latitude
as shown in Fig. 6. The filled circles show the observed
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the straight lines do not show the frequency trace of each
phenomenon but only the linear link between the lowest and
highest frequencies, and that highest frequency of 20kHz is 15 /

lowest and highest frequencies of the emissions. Note that 2p /

not the natural upper limit of the emission but the instrumen-
tal limit of the receiver. Figure 6 shows that the average emis-
sion frequency in higher latitude is about 3kHz, on average, 7
and it increases up to 20 kHz or more as the invariant latitude %‘
decreases. The altitude distribution of the LHR band emis-
sions was also investigated with respect to the invariant lati- 5 9, /

tudes (Fig. 7a) and center frequencies of emissions (Fig. 7b). /

The straight lines in each panel show the intervals between

the beginning and end of the phenomena. These statistical %, 70 60 50 40 30 20
results show that observed LHR band emissions appear ev- INVARIANT LATITUDE

erywhere in the ionosphere, at least in the altitude range of

the EXOS-C (Ohzora), without relation to both the invari- Fig. 6. Frequency band of the LHR band emissions with respect to
ant latitude and emission frequency, strongly suggesting thagvariant latitudes. The filled circles show the observed highest and
they are not always local resonance phenomena but propaswest frequencies of the emissions. Note that the line connecting
gating waves generated and trapped in the ionosphere. two circles is not the frequency trace of the phenomena.

=
o

FREQUENCY kHz

3.3 Relationship with energetic particles and ionospheric
heating

8004——

The LHR band emissions showed some relationships with
electron heating phenomena in the topside ionosphere anc 704
energetic particles in the radiation belt. A typical example

€ £
on 17 October 1984 is illustrated in Fig. 8. The LHR band : 600+ — . s00d—
emissions (top panel) were detected twice at middle latitudes?2 ‘ 5 - //
in the morning and afternoon sector in the frequency range = s E 5001 —52 —
from 15 to 3kHz and vice versa. The middle panel of Fig. 8 < < %
400-1—

illustrates the simultaneous electron temperature detected by 4007
probes for the Temperature of ELectron (TEL) (Oyamaetal.,
1985) on board the EXOS-C (Ohzora) satellite. We cansee g S N A R A
clear electron-temperature enhancement of about 1000K in INVARIANT LATITUDE FREQUENGY KHz
the magnetic latitude range of 4860 in both the morning
and afternoon sector. It should be noted that these electropig. 7. Altitude distribution of the LHR band emissions with respect
temperature enhancement phenomena just coincide with the invariant latitudega) and frequenciegb). Straight lines in each
occurrence region of the LHR band emissions. panel show intervals between the beginning and end of phenomena.
Low energy electrons with 16-300eV and with 0.2—
10keV taken by the EXOS-C (Ohzora) (Mukai et al., 1985)
showed good correlation with the auroral hiss, but they didwave particle interaction with plasmaspheric hiss (Lyons et
not show any correspondence with the LHR band emissiongl., 1972; Lyons and Thorne, 1973; Abel and Thorne, 1998).
(not shown). In looking at the quasi-trapped relativistic elec-
tron flux (0.19-3.2 MeV) data in the bottom panel (Nagata et3.4 Correlation with ionospheric ELF hiss
al., 1985), itis suggested that the LHR band emissions appear
in the lower latitude side of the outer belt. This implication of The EXOS-C (Ohzora) observations showed that the LHR
the relationship with the radiation belt can also be seen fromband emissions have a close relationship with the iono-
the average distribution of trapped energetic electrons, as ilspheric ELF hiss. As can be seen in the dynamic spectra of
lustrated in Fig. 5. Triangles and crosses in the upper pandFig. 1, ionospheric ELF waves below approximately 3 kHz
of Fig. 5 indicate the average fluxes of 1-MeV electrons dur-were simultaneously observed with LHR band emissions,
ing the solar maximum and minimum period, respectively, while the auroral hiss shows little correlation with the ELF
derived from the AE-8 model (Vette, 1991). From the com- waves. The simultaneous occurrence of the ionospheric hiss
parison with the spatial distribution of the LHR band emis- with the LHR band emissions is also illustrated in Fig. 3,
sions (lower panel of Fig. 5), we can see that the emissionsvhere the ionospheric ELF waves have larger amplitude as
commonly lie in the slot region. The slot region has beenthe frequency decreases. The correlated occurrence between
considered to be the diffusive precipitation region of the rela-LHR band emissions and ELF hiss was statistically analyzed
tivistic electrons due to the pitch-angle scattering through thefrom the 1984 observation data. LHR band emission events

300
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Fig. 8. Relationship among the LHR band emissions, the ionospheric electron temperature, and the energetic particle phenomena on 17
October 1984. Top panel: Dynamic spectrum of the VLF waves. LHR band emissions were detected in the middle latitude between about
43° and 60. Second panel: electron temperature. Third panel: relativistic electron flux (0.19 to 3.2 MeV).

and ionospheric ELF hiss events were separately picked ughe LHR frequency because the waves near that frequency
and listed. Then the rates of the coincident and exclusivestay in a certain altitude range longer during the reflection
occurrence of these events were investigated. The resulfgrocess. However, the LHR waves observed at mid-latitude
showed that the probability of both waves appearing simulta-by EXOS-C (Ohzora) did not show a cut-off signature but a
neously was 79.7%. However, the probability of LHR emis- banded nature with a gradual slope of the spectrum at both
sions without ELF phenomena was 9.4% and that of ELFsides of its spectral peak as illustrated in Fig. 3. This in-
emissions without LHR phenomena was 10.9%. This meanglicates that the cut-off effect at the LHR frequency is not
that the occurrence of both events is strongly related, alessential for the present LHR wave phenomena.

though it is not certain which one is primary and which one

; The second likely source of mid-latitude LHR is the in-
is secondary.

situ waves generated near the LHR frequency (Barringtonet
al., 1965; Taylor et al., 1969; Horita and Watanabe, 1969).
Laaspere and Taylor (1970) reported that the frequency of
the LHR waves corresponds to local ion composition. How-
ever, they also presented that the observed LHR frequency is
not always determined in the immediate vicinity of the space-
craft. This observational discrepancy can be understood from

As mentioned in the Introduction, three categories of oc- ) o o
currence mechanisms have been considered for interpretinff/€ Present investigation that the detected LHR emissions

the LHR band emission phenomena: (1) cut-off phenom—are not only generated waves in the vicinity of the satellite

ena of the waves descending from the topside ionosphere &?Ut also trapped and pro_pagating onesin thg ionosphere, be-
the magnetosphere2)(a local resonant emission generated c2use the observed emissions have a relatively wide band-
in the ionosphere, or3 trapped waves in the ionospheric ywdth f:ompe_tred with the_ cente_r frequency and they distribute
duct. The first possibility (cut-off phenomena) was claimed N & Wide altitude range in the ionosphere.

by Storey and Cerisier (1968). They showed that non-ducted The third mechanism to explain mid-latitude LHR band
whistler mode waves have a large energy density at the alemissions is the propagation in the duct formed horizontally
titude where the waves are reflected in the ionosphere neadn the upper ionosphere. Kimura (1966) first showed that the

4 Discussion

4.1 Ducted propagation
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horizontal VLF duct can be formed above the ionospheric F 559q
layer associated with the lower hybrid resonance. Smith et

al. (1966) suggested that the LHR band waves are the result

of the duct propagation of the auroral hiss. To explain the 1600
bandwidth of the VLF banded hiss, Gross (1970) calculated
the duct properties under the conditions of a diffusive equi-
librium ionosphere. The result showed that the VLF ducts
can be formed and that the possible bandwidth is of the or-
der of 2.5 to 3kHz. Here, we examined the vertical profile

of the LHR frequency in the ionosphere using the Interna-
tional Reference lonosphere model (IR12001; Bilitza, 2001)

referring to the 31 May 1984 data (Fig. 2). Figure 9 shows
calculated altitude profiles of the LHR frequency (solid line) B e
and Mt (solid broken line) at the time of 01:05:30 UT in 0 L L ! ! ! ! :
Fig. 2, where the magnetic latitude and magnetic local time 0 5 10 15 20
are 49 and 19.2 h, respectively. The result demonstrates LHR Frml;fency -kHz

well the ionospheric trapping of the LHR waves in the fre-

quency range betweer_] the minimum !—HR frequency and t.hq:ig. 9. LHR frequency and/g¢ distribution with respect to altitude
smaller of the two maximum frequencies, as proven by Smithcajcylated from IRI2001 model. The solid and solid broken lines
etal. (1966) and Gross (1970). This trapping corresponds t@re LHR frequency ande profiles, respectively, corresponding to
the frequency range from 5.8 to 7.5 kHz in the altitude rangethe geographical and geomagnetic coordination at 01:05:30 UT in
from 250-840 km, as indicated by the hatched area in Fig. 9Fig. 2. The hatched portion on the LHR frequency profile shows the
These calculated features roughly agree with the observetpnospheric LHR duct. The thin broken line indicates the LHR fre-
frequency range and its bandwidth in Fig. 2 and with the ob-guency profile at around the ionospheric trough region correspond-
served altitude range of the LHR by the EXOS-C (Ohzora),nd to 01:02:30 UT in Fig. 2.
as seen in Fig. 7. Thus, the horizontally-formed LHR duct
is most reasonable to interpret the fundamental features of
the mid-latitude LHR band emissions as originally discussedd€en widely accepted that plasmaspheric ELF hiss generated
by Smith et al. (1966) and Gross (1970). Their speculationthrough cyclotron resonant instability (Thorne et al., 1973)
that the origin of the ducted LHR is the auroral hiss is, how- should resultin the formation of the slot region due to scatter-
ever, not evident, as can clearly be seen in Figs. 1, 4, aning of radiation belt electrons into the ionosphere (Lyons et
5. The LHR phenomena at mid-latitude are not connectechl-, 1972; Lyons and Thorne, 1973). On the other hand, elec-
to the auroral hiss. At the latitude of the ionospheric troughtromagnetic ion cyclotron waves (EMIC) can also precipi-
region, the LHR duct disappears due to specific changes iftate relativistic electrons through the pitch-angle scattering
electron density and ion composition, as shown by the thin(Thorne and Kennel, 1971; Lyons and Thorne, 1972; Thorne,
broken line in Fig. 9, where ionospheric conditions are ob-1974; Albert, 2003). Summers and Thorne (2003) calculated
tained from IRI2001 referring to the spacecraft location atthe detailed pitch-angle diffusion rate due to EMIC waves
01:02:30 UT (magnetic latitude of 8Bin Fig. 2. Thus, the under the magnetically disturbed condition and showed the
mid-latitude LHR band emissions are separated from the au€fficient precipitation of the relativistic electrons. Thus, there
roral region. Based on these considerations, we concludéémains a possible discussion that EMIC waves might cause
that the mid-latitude LHR band phenomena should originatethe slot of the radiation belt, although it is not certain that the
in the topside ionosphere and become trapped in the ionowaves are detectable in the deep inner-magnetosphere around
spheric LHR duct. the slot region.
It has been suggested that ELF hiss in the ionosphere is
4.2 Relationship to energetic particles and ionospheric ELRhe penetrated component of the plasmaspheric hiss. Stud-
hiss ies by polar-orbiting ionospheric satellites (e.g. Thorne et
al., 1974; Smith et al., 1974; Ondoh et al., 1983) showed
The LHR banded emissions have no relationship with lowerthat characteristics of the ionospheric ELF hiss is very sim-
energy particles, at least in the energy range of 200 eMlar to those of the plasmaspheric ELF hiss, and thus the
to 16 keV, as observed by the Energy Spectrum of PartiHonospheric ELF hiss is considered to be generated in the
cles (ESP) on board the EXOS-C (Ohzora). However, theplasmasphere. Muzzio and Angerami (1972) and Ondoh et
LHR phenomena have been found to occur around the real. (1983) showed, by means of the ray-tracing method,
gion where the relativistic electrons show a slot between thahat whistler mode waves with a large wave-normal angle
inner and outer radiation belts. Quantitative studies haven the plasmaspheric equatorial region can penetrate into
shown that the resonant interaction with whistler mode wavedhe ionosphere, indicating that the ionospheric ELF hiss is
causes a pitch-angle diffusion of the radiation belt electronghe penetrated component of the plasmaspheric ELF hiss.
(Kennel and Petschek, 1966; Lyons et al., 1972). It has als@hus, the existence of ionospheric ELF hiss may indirectly
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range of the interested phenomena is wider than that of the
mid-latitude ionospheric trough (e.g. Watanabe et al., 1989;
Werner and Rilss, 1997). One of the possible heat sources
for the present phenomena may be the LHR wave itself.
outer Belt However, the energy density of the wave seems too low to
heat up the plasma in the topside ionosphere. Thus, the heat-
ing process of the present temperature enhancement of iono-
spheric electrons is quite uncertain at this time.

Loss-cone particles

4.3 Generation of mid-latitude LHR band emissions

Based on the observed results, we herein discuss the gen-
eration of LHR band emissions. In the plasmasphere, the
drizzly precipitation due to the pitch-angle scattering of en-
ergetic electrons takes place through a cyclotron resonant in-
teraction with the plasmaspheric hiss. These loss-cone elec-
trons into the ionosphere may become the free energy source
of the LHR emissions. For the fundamental wave-particle
interaction relating to the LHR band emissions, the Landau
interaction,

manifest the precipitation of energetic electrons scattered by
plasmaspheric hiss, and the strong correlation between LHR

emissions and the ionospheric ELF hiss may suggest the eXs most likely because the resonance condition can be satis-
citation of LHR waves by precipitated energetic electrons.  fied for a wide range of particle energy at the LHR branch,

Recently, Meredith et al. (2004) reported that the plasmaswherew, k, V,andd are the wave frequency, the wave num-
pheric hiss amplitudes depend on substorm activity, and sugber, the particle velocity, and a wave normal angle, respec-
gested that the enhanced hiss during the substorm aCtiVitﬂve|y_ LHR waves that have a |arge wave normal ang|e with
will cause the increase of pitch-angle scattering and play &espect to the magnetic field can interact with the precip-
significant role in radiation belt electron dynamics. Their re- jtating energetic electrons with a relatively small value of
sult seems to be rather consistent with the present analysig cosp. After the LHR waves are generated in the iono-
in Fig. 1. The upper spectrogram in the figure was observedphere, they can become trapped in the duct in the upper
during the medium intensity substorm of AEL52nT, and  jonosphere, as shown by Smith et al. (1966) and Gross (1970)
bottom spectrogram was observed during the intense suband in Fig. 9. Figure 10 illustrates the synopsis of the present
storm of AE'=794nT. Here, AE is the maximum value scenario responsible for the generation of the LHR band
of the AE index in the previous 3h defined by Meredith emissions.
et al. (2004). We can see that ionospheric ELF hiss and
LHR band emissions showed the more intense amplitude and
wider frequency band during the intense substorm (bottond Summary and conclusions
panel) compared with the medium intensity substorm (upper ] o
panel). This feature can be understood that the intensificatiofVe derived some occurrence characteristics of LHR band
of ionospheric ELF hiss will correspond to the propagation of €MISsIons In the upper ionosphere using VLF spectral ob-
the enhanced plasmaspheric hiss and the intense LHR emi§€rvations with the EXOS-C (Ohzora) satellite:
sion will be the result of the reinforced energetic electron
precipitation.

The coincidence between the mid-latitude LHR band
emissions and the enhanced electron-temperature structure
in the topside ionosphere was found in this study. The mid-
latitude ionospheric trough is known to show the enhanced
electron temperature due to heat conduction from the plas-
masphere near the plasmapause (e.g. Rees and Roble, 1975 The atitudinal range of the LHR band emissions was
Burke et al., 1979; Kozyra et al., 1986). However, the en- from 40 to 65 corresponding to L=1.7-5.6. The
hanced structure of electron temperature which coincides poleward boundary of the phenomena was separated
with the latitudinal range of the LHR band emissions, as de- from the auroral oval and seems to correspond with the
tected in this study, is found to be different from the mid- plasmapause during magnetically quiet periods.
latitude ionospheric trough, because the present phenom-
ena occur inside the plasmasphere, at least during magnet-3. The spatial distribution showed the relationship with the
ically quiet periods, as seen in Fig. 5, and the latitudinal magnetic activity. The high latitude boundary of the
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Fig. 10. Schematic illustration of the hypothesis responsible for
LHR band emission generation.

kV cost = 0, 3)

1. The LHR band emissions observed at mid-latitude in-
dicated clear banded-spectra without burst-like and cut-
off features. The emission frequency changed roughly
from 3 to 20 kHz as the spacecraft moved from subau-
roral to lower latitude. The bandwidth of the emissions
is relatively wide withAf/f=0.3-0.5.
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emissions moved toward lower latitudes asAf)gindex Anderson, R. R. and Gurnett, D. A.: Observations of the lower hy-
increased. This latitudinal motion with the magnetic ac-  brid resonance phenomena on the Injun 5 satellite, paper pre-
tivity seems to correspond with that of both the plasma- sented at URSI Spring Meeting. Washington, D. C., April, 1969.

pause position and peak-flux position of the outer radi-Barrington, R. E. and Belrose, J. S.: Preliminary results from the
ation belt. very-low-frequency receiver aboard Canada’s Alouette satellite,

Nature 198, 18 May, 651-656, 1963.
4. The LHR band emissions were detected in the wholeBarrington, R. E., Belrose, J. S., and Keeley, D. A.: Very-low-
altitude range of (f the EXOS-C (Ohzora) satellite —  frequency noise observed by the Alouette 1 satellite, J. Geophys.
does not make sense) from 380 to 860 km without a de-_ R€S- 68, 6539-6541, 1963.

pendence on frequency and invariant latitude, indicat-52"ngton. R. E., Belrose, J. S., and Nelms, G. N.. lon composi-
. L S tion and temperatures at 1000 km as deduced from simultaneous
ing that the emissions are not always in-situ resonance

b d inthe i heric d observations of a VLF plasma resonance and top side sounding
waves but trapped waves in the ionospheric duct. data from Alouette 1 satellite, J. Geophys. Res., 70, 1647-1664,
1965.

5. The emissions showed no local time dependence atleaséeII T E Inan. U.S. Lauben. D.. Sonwalkar. V. S.. Helliwell

betweer: theh?a”y ”?0”"”@{ and Iage e\t/enlng. kT hfe ok‘):c“r' R. A., Sobolev, Y. P., and Chmyrev, V. M.: DE-1 and COSMOS
rence at night was Inconclusive due 1o a lack ot ObSer- g9 gpservations of lower hybrid wave excited by VLF whistler
vational data. mode waves, Geophys. Res. Let., 21, 653-656, 1994.

. N Bilitza, D.: International Reference lonosphere 2000, Radio Sci.,
6. lonospheric ELF waves and the LHR band emissions 36, 261-275. 2001.

showed a good correspondence; they have a Slrnultane'E’Zoskova, L., Jicek, F., and Triska, P.: Latitude variation of the

ous occurrence probability of about 80%. LHR frequency in the outer ionosphere as an indicator of the de-

. I gree of magnetospheric perturbance, Studia Geophysica et Geo-
7. The observations showed that the LHR band emissions daetica, 27, 298-304, 1983.

are commonly detected in the slot region of the relativis- Boskova, J., Jicek, F.. Smilauer, J., Triska, P., Lundin, B. V., Shk-

tic electrons. liar, D. R., and Titova, E. E.: LHR whistlers and LHR spherics

8. The observations also revealed the enhanced electron- " the outer ionosphere, J. Atmos. Terr. Phys., 54, 1321-1328,

. - . oo 1992,
temperature structure which cgques with the latitudi- Brice, N. and Smith, R. L.: Recordings from satellite Alouette 1:
nal range of the LHR band emission. A very-low-frequency plasma resonance, Nature 203, Aug. 29,

- 926-927, 1964.
From these ot_)se_rved characteristics, We_ suggest(—_}d that trB‘?ice, N. and Smith, R. L.: Lower hybrid resonance emissions. J.
LHR band emissions are waves trapped in the horizontally- Geophys. Res., 70, 71-80, 1965.
formed LHR duct in the upper ionosphere. A hypothesis forgurke, W. J., Braum, H. J., Munch, J. W., and Sagalyn, R. C.:
the generation of the LHR band emissions in the ionosphere Observations concerning the relationship between the quiet-time
is proposed: precipitating radiation belt electrons scattered ring current and electron temperature at trough latitudes, Planet.
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cite the LHR waves near the LHR frequency through LandauBurtis, W. J.: Electron concentration calculated from the lower hy-
type wave-particle interactions. Then, the LHR waves gen- brid resonance noise band observed by Ogo 3, J. Geophys. Res.,
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