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Abstract. Observations by the Viking and Cluster satellites 1  Introduction

at altitudes up to 35000 km show that Lower Hybrid Cavi-

ties (LHCs) are common in the inner magnetosphere. LHCY ocalized wave packets in the lower hybrid frequency range
are density depletions filled with waves in the lower hybrid were first observed by LaBelle et al. (1986) in data from the
frequency range. The LHCs have, until recently, only beenMarie sounding rocket. Similar features have later been ob-
found at altitudes up to 2000 km. Statistics of the locationsserved on several other sounding rockets (e.g. Kintner et al.,
and general shape of the LHCs is performed to obtain an992; Vago et al., 1992; Pingon et al., 1997; Lynch et al.,
overview of some of their properties. In total, we have ob-1999; Knudsen et al., 1999) and on the Freja satellite (e.g.
served 166 LHCs on Viking during 27 h of data, and 535 Eriksson et al., 1994;&seli et al., 1996; Dovner et al., 1997;
LHCs on Cluster during 87 h of data. These LHCs are foundHgymork et al., 2000), all between 700 km and 1800 km alti-
at invariant latitudes from the auroral region to the plasma-tude. As the wave intensification generally coincides with
pause. A comparison with lower altitude observations showsa density depletion of the same perpendicular size (a few
that the LHC occurrence frequency does not scale with thegon gyroradii), we use the term “Lower Hybrid Cavities”
flux tube radius, so that the LHCs are moderately rarer afLHC) to denote this phenomenon. Another common name
high altitudes. This indicates that the individual LHCs do not is “Lower Hybrid Solitary Structure” (LHSS). The theory
reach from the ionosphere to 35000 km altitude, which givesand observations of LHCs have recently been reviewed by
an upper bound for their length. The width of the LHCs per- Schuck et al. (2003).

pendicular to the geomagnetic field at high altitudes is a few A statistical examination of the Freja data (Dovner et al.,
times the ion gyroradius, consistent with observations at |OW1997) showed that the LHCs were mostly distributed in two
altitudes. The estimated depth of the density depletions Var¥egions. One region was the auroral oval, including the day-
with altitude, being larger at altitudes of 20 000—35 000 km gjqe cusp, with no preference in local time. The other re-
(Cluster, 10-20%), smaller around 1500-13 000 km (Viking gion was at invariant latitudes betweer°5d 65 in the

and previous Freja results, a few percent) and again largeforningside sector, at magnetic local times between 8 and
around 1000 km (previous sounding rocket observations, 1012 Fyrthermore, the LHCs were usually observed in groups
20%). The LHCs in the inner magnetosphere are situated ifrom a few tens to several hundreds, and they seemed to
regions with background electrostatic hiss in the lower hy-pe closely associated with background wave activity in the
bri_d frequengyi range, consistent with investigations at low|ower hybrid frequency range.

altitudes. Individual LHCs observed at high altitudes are sta- Another statistical survey of Freja data by Haymork et al.

pledat Ii"’.‘s’:‘ on timel scales .Or: 0'25. (about tr|1e ionl gyro ple'(ZOOO) showed that a cylindrical Gaussian is a good model
ro ), which is consistent with previous results at lower al- ¢, ¢ density depletion and that the depth of this depletion
titudes, and observations by Fhe four_CIu_ster satel_htes ShoV\‘arely exceeds 10% of the background plasma density. There
thhat the occurrenlce of LHF:S Ina Teglofn n Epace IS a Stab|€have also been higher altitude satellite observations of LHCs.
phenomenon, at least on time scales of an hour. Pottelette et al. (1992) observed a structure with the Viking

Key words. Magnetospheric physics (auroral phenomena;sate”ite that they interpreted as collapsing lower hybrid cavi-

plasma waves and unstabilities) — Space plasma physict?n- This structure does not closely resemble the LHCs iden-
(general or miscellaneous) tified in the ionosphere, which convincingly have been shown

not to be collapsing cavitonseseli et al. (1996)). However,
LHCs similar to the ionospheric observations have recently
Correspondence toA. Tjulin been found in the data sets from the Viking and Cluster satel-
(tjulin@cnrs-orleans.fr lites (Tjulin et al., 2003). The Viking LHCs were found in the




2962 A. Tjulin et al.: LHC observations by Cluster and Viking

5 L] L] L] L] L] L] L]
S
c
s -5f '
o
_10 L L L L L L L
—_ 5 L] L] L] L] L] L] L]
E
S o0 e — :
E
>\_5- T
L
_10 L L L L L L L
0 0.5 1 15 2 2.5 3 35 4

Seconds from 28/03/1986 11:31:53

Fig. 1. Typical example of lower hybrid cavities in Viking data. The upper panel shows the density variation and the lower panel the electric
field. The electric field amplitude is probably underestimated due to undersampling.

inner magnetosphere at altitudes up to 13 000 km, and a Clussupporting data from the electric field filter banks of the V4L
ter LHC was found at an altitude of 23 500 km. The purposeand V4H instruments (Bahnsen et al., 1988), for the study of
of the present study is to expand the Viking and Cluster ob-waves of higher frequencies.

servations by Tjulin et al. (2003). By scanning all available  1q jdentify an LHC, we need measurements of both the
data in relevant data taking modes, we establish the occurgensity variations and the wave electric field at a suffi-
rence frequency of LHCs at higher altitudes, and study thesjent sampling rate. For the range of lower hybrid fre-
altitude dependence of the cavity depths and widths. We alsgencies encountered in the regions scanned by Viking, this
compare the background lower hybrid hiss with observationsneans that we have to confine ourselves to data sampled
from lower altitudes. By using observations of an LHC re- 5t g56 samples/s, with one channel measusing: and the
gion by all four Cluster satellites, we investigate the stability other measuring the electric field. This makes the total data
of aregion where LHCs are found. set available rather small: in total we can only use 12 orbits
out of Viking's total fully operational time of about one year.
All these orbits have been found between March and May
1986. An example of LHCs in the Viking data is shown in

The identification of LHCs is performed differently on the Fig 1. The upper pan_el _shows the density variation and the
lower panel the electric field.

Viking and Cluster satellites depending on the instrumenta- _ _ _ . -
tion on board. Below follows a description of the instruments ~ Density depletions are readily found in the Viking data

2 Instrumentation and LHC identification

and how the identification is done. by visually inspecting thén/n data. In the upper panel of
Fig. 1, we see two clear examples. In order to identify these
2.1 Viking depletions as LHCs, we check if these density variations are

corresponding to increases of at least 25% in the wave elec-
The Viking satellite (Hultgvist, 1990) was launched in 1986 tric field. From the lower panel, it is evident that the ampli-
into a polar orbit with perigee at 817 km and apogee attude of the wave electric field is larger at the cavities, and
13530 km altitude. We have used data from the V4L low- hence we have identified two LHCs. Even at 856 samples/s,
frequency wave instrument (Eriksson et al., 1997). This in-the time resolution of the electric field wave form measure-
strument uses four spherical Langmuir probes mounted oments is often too low to fully resolve waves near the typical
wire booms with 40 m tip-to-tip distance, and samples twolower hybrid frequency of 1 kHz at Viking altitudes, but by
waveforms simultaneously at 428 or 856 samples/s. Thaising a combination of undersampled wave form data and
waveforms can either be relative density variatiofs/(), filter bank data, the LHCs can still be unambiguously iden-
estimated from the probe current variations from a singletified, particularly as previous studies have shown trapped
probe when the probe is at a fixed voltage with respect to thavaves well below the local lower hybrid frequency inside
satellite (Eriksson and Bogtm, 1998), or the electric field, LHCs (Fecseli et al., 1996; Pincon et al., 1997; Tjulin et al.,
estimated from the potential difference between two opposite2003). Only density depletions in the Viking data with du-
probes with the same bias current. In addition to these mearation less than 0.5s have been considered candidates for
surements, the probe current to the probes in density mode iseing LHCs which corresponds to a cavity width less than
also sampled, at 107 samples/s. This can be used to estimatdout 2km. The widest confirmed LHC was observed dur-
the background density of the plasma. We also use somég 0.33s. In order to detect the increase in wave activity, we
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need at least about 10 samples of the electric field time seFluxGate Magnetometer (FGM) instrument (Balogh et al.,
ries, which corresponds to about 0.012 s when the samplind.997).

frequency is 856 samples/s. This gives a lower limit to the  An example of typical Cluster LHCs is shown in Fig. 2.
observable widths. Density depletions that are smaller tharHere the upper panel shows the potential of probe 2 with
0.5% are difficult to detect in the data because of baCkgrOUnqespect to the Spacecraft measured at 450 Samp'es/s_ A de-
noise, so this value is used as a lower limit for identifying crease in this potential indicates a decrease in the density.

LHCs. The middle panel displays the electric field measured be-
tween probes 3 and 4, also sampled at 450 Hz. Here the
2.2 Cluster spacecraft spin period of 4 seconds is clearly seen. While

the upper two panels show data from the EFW instrument,

The Cluster mission (Escoubet et al., 1997, 2001) consists of€ bottom panel displays a STAFF-SA electric field spectro-
four identical spacecraft flying in formation in a polar orbit 9ram for frequencies up to 4 kHz. The upper panel indicates
with perigee at 19 000 km and apogee at 119 000 km. Thank§everal density cavities lasting about 0.2s. The background
to this wide variation in altitude, Cluster will be in several density is here about 33 cr (corresponding to around -

different environments during the orbit, and so it is possible3-5 V) while the deepest cavity after 7s has a relative de-
to look for LHCs in regions with a large range of plasma Crease of 25% (25 cn? at—4V). To identify a density cav-

parameters. In order to limit the study, we only consider dataly &s an LHC, we also require an increase of the electric

from the inner magnetosphere, which we here define to bdield amplitude in the lower hybrid frequency range. The 12
altitudes up to 40 000 km. confirmed LHCs in Fig. 2 are indicated with dotted lines.

Most of the Cluster data used here are from the Electric |n our statistical search for LHCs in the Cluster data, we
Field and Wave (EFW) instrument (Gustafsson et al., 1997)have required that a density depletion of at least about 2%
This instrument measures electric fields using two pairs ofshould coincide with a clear increase of the electric field
spherical probes mounted on wire booms in the spin plan&vave amplitude in the lower hybrid frequency range, at least
of the satellite. Each pair has a probe-to-probe distance 0#5%. The limit of the density depletion comes from diffi-
88m. The instrument mostly samples the electric field atculties to distinguish cavities smaller than 2% from back-
25 samples/s, which is insufficient for LHC identification. In ground noise. This is not as high a level of sensitivity as we
this study, we therefore concentrate on data taken in “burshave used for Viking, where a different technique (Langmuir
mode” (BM1), when the EFW sampling rate is 450 samples/spmbe at voltage bias) allowed going down to 0.5% depletions
with an anti-aliasing filter at 180 Hz. Such data are available(see Sect. 2.1 above).
for intervals of a few hours, normally occurring once or twice  In the regions from which we use Cluster data in this study,
per week. Sometimes shorter periods with much higher timethe lower hybrid frequency is typically around 250 Hz. Since
resolution are available and can be used for detailed studiethe EFW electric field data is sampled at 450 sanmygles
of LHCs (Tjulin et al., 2003). waves above the lower hybrid frequency can often not be ob-

In addition to the electric field data, the potential of each Served with this instrument.
probe with respect to the spacecraft is routinely sampled at There are still two ways to identify waves within LHCs.
5samples/s. From these measurements the spacecraft pBirst, as noted above, we should find trapped modes well
tential can be estimated, and thus also the plasma densityelow the lower hybrid frequency inside the cavities. This
(Pedersen, 1995; Pedersen et al., 2001). However, individincrease of lower frequency waves is often easy to identify
ual LHCs are often observed during less than 0.2 s in Clustem EFW data, since most of the background hiss emissions
data, and hence routine EFW estimates of the density do nadt higher frequencies are removed by the anti-aliasing filter.
have the time resolution to detect these cavities. In order tarhe middle panel of Fig. 2 shows clear increases in the elec-
correctly identify LHCs, we need to have at least one meadric field wave data, coinciding with many of the density cav-
surement of a single-probe potential at 450 samples/s. Due tities. Second, in the burst mode intervals, the STAFF-SA
telemetry limitations, we usually only have differential probe electric field spectra often has the time resolution of 0.25s,
voltages (electric field) measurements at this high samplingvhich is sufficient to identify waves associated with the den-
frequency when in burst mode, but following failures of one sity cavities, also well above the lower hybrid frequency.
of the probes on each of spacecraft 1 (28 December 2001Jhis is clearly seen in the bottom panel of Fig. 2.
and spacecraft 3 (29 July 2002), such data have been avail- Often the EFW wave form data for lower frequencies are
able from these spacecraft in almost all burst mode intervalssygficient to decide that a density cavity is an LHC, and

In order to study waves at higher frequencies in and aroundSTAFF-SA spectrograms covering higher frequencies can be
LHCs, data from the Spectrum Analyzer of the Spatio- used for confirmation, but for some cavities the STAFF-SA
Temporal Analysis of Field Fluctuations (STAFF-SA) instru- high frequency data are needed for the identification (see the
ment (Cornilleau-Wehrlin et al., 1997) are also used. Thistwo cavities about 2.5 s into the interval in Fig. 2). Only cav-
instrument provides on-board analysis of three magnetic andties measured during less than 2 s were considered to be po-
two electric wave field components up to 4kHz. The back-tential LHCs, and the widest confirmed LHC was observed
ground magnetic field is determined using data from theduring 1.4s. The time resolution of the instrument gives a
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Fig. 2. Typical example of LHCs observed by Cluster 1. The upper panel shows high resolution observations of the potential of probe 2 with
respect to the spacecraft, which can be used as an estimate of the density (a decrease in this parameter indicates a decrease in the densi
The regular increases of this potential every 2 s are caused by asymmetries in the spacecraft and the 4 s spin. The middle panel displays th
electric field measured between probes 3 and 4 with a 180 Hz low-pass filter. The satellite spin is obvious in this panel. The bottom panel

gives an electric field spectrogram up to 4 kHz. The lower hybrid frequency is about 240 Hz, and the identified LHCs are indicated by dotted
lines.

lower limit to the observable widths of about 0.02 s, which cover only a small part of the diagram, so it is difficult to

typically corresponds to about 100 m along the satellite pathsay something conclusive about the occurrence of LHCs but
the amount of data is at least sufficient to obtain an overview
of the locations.

The distribution of the identified Viking LHCs with in-
variant latitude is shown in Fig. 4, where the occurrence fre-
uency is the number of LHCs found per five minutes of ob-
ervation time in the given latitude range. Five minutes typ-
ically corresponds to about 1000 km along the satellite path.
Most of the Viking cavities were found at invariant latitudes
Below 70, and no cavity was found below 80The occur-

rence frequency goes down with increasing invariant latitude.

3 Location of the LHCs

Itis of interest to see where the LHCs are found in the Viking
and Cluster data, so that we can compare with occurrencg
investigations from the Freja satellite (Dovner et al., 1997;
Kjus et al., 1998). We also compare how common the LHCs
are in the inner magnetosphere with those observations fro
the upper ionosphere.

3.1 Viking
3.2 Cluster

As discussed above, the data set used for the survey of the
Viking cavities consists of all data from the V4L instrument The search for LHCs in the Cluster data was performed us-
during times when one channel is samplifyyn and the ing all EFW data where the spacecraft potential was mea-
other channel is sampling the electric field, both with the bestsured with 450 samples/s resolution, i.e. from 28 December
time resolution of 856 samples/s. There were 12 orbits with2001 on spacecraft 1 and 29 July 2002 on spacecraft 3, as de-
these favourable settings of the instrument, providing in totalscribed in Sect. 2.2. In this study, we use data up to 24 April
27 h of data. Lower hybrid cavities were found on 7 of these2003, when the study was initiated. In addition, since the
orbits, and a total number of 166 individual LHCs were iden- scope here is to study phenomena that had previously only
tified. been observed at lower altitudes, only data taken close to

The examined Viking orbits are shown in Fig. 3, which perigee of the rather eccentric Cluster orbits are taken into
is a diagram with Magnetic Local Time (MLT) and invari- account. The total data set therefore consists of 45 Cluster
ant latitude. The locations of the individual identified LHCs burst mode data intervals, or 87 h of data in total. LHCs were
are marked with dots in this diagram. All examined orbits found on 32 of these 45 passages, and a total number of 535
are from the Northern Hemisphere. The examined orbitsindividual LHCs were identified.
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18

18 Midsummer

Fig. 3. Diagram with Magnetic Local Time (MLT) and invariant Fig. 5. Diagram with Magnetic Local Time (MLT) and invariant
latitude, showing the investigated data intervals (the lines) and thdatitude, showing the investigated data intervals (the lines) and the
location of the identified LHCs (the dots) in the Viking data set. location of the identified LHCs (the dots) in the Cluster data set.
The total number of LHCs is 166, so many of the dots in the figure The total number of identified LHCs is 535, so many of the dots in
overlap. The altitudes of the orbits are shown in Fig. 7. the figure overlap. The altitudes of the orbits are shown in Fig. 7.

25
during autumn. This may be of some importance if LHCs de-

pend on ionospheric conditions, which vary with season. De-
spite these sources of bias, the statistics provide an overview
of where we may find LHCs. The locations of the identified
LHCs are marked with dots in Fig. 5.

The distributions of the identified Cluster LHCs in invari-
ant latitude and MLT are shown in Fig. 6. The normalisation
used here is the same as in the Viking statistics (Fig. 4), the
number of LHCs per five minutes in the region of interest,
and it typically corresponds to 1400 km along the spacecraft

. . path when effects of the plasma drift are not included. We see
& w0 63 o 69 72 75 78 81 84 that the highest occurrence frequency of the Cluster cavities
invariant adtude is found between 60and 76 invariant latitude, but we must
Fig. 4. Distribution of the invariant latitude of the identified Viking note that t_he orbits of the Cluster spacecraft (_jo not reach in-
LHCs. The normalisation used here is the number of LHCs foundVariant latitudes below 60 Furthermore, the highest occur-
per five minutes in the latitude range of interest. Five minutes typi-rence frequencies are found at noon or midnight magnetic
cally corresponds to about 1000 km along the satellite path. local time, but because of the uneven distribution of orbits in
MLT, the occurrence frequencies for MLT between 4 and 8
are very uncertain and are therefore not included in the fig-

The examined orbits of the Cluster spacecraft are dis-ure.
played in Fig. 5. This is the same kind of diagram as for the
Viking orbits (Fig. 3), covering MLT and invariant latitude. 3.3 Discussion of occurrence statistics
The examined Cluster orbits are more evenly spread in the
diagram than the Viking orbits, but the data are still not very The investigated data intervals may also be displayed in
evenly distributed in MLT, with almost no data taken betweenterms of the altitude as a function of the invariant latitude
04:00 and 08:00 MLT and much data at magnetic noon. Theor the MLT. This is done in Fig. 7, where the investigated
polar orbits of the Cluster spacecraft also introduce a seaViking orbits are marked with dashed lines and the Cluster
sonal dependence of the MLT coverage, since all data arerbits with solid lines. The location of the identified LHCs
from the Northern Hemisphere. The orbits are such thatare marked with dots. The altitudes of the spacecraft are evi-
18:00 MLT is covered around midsummer and 12:00 MLT dently dependent on the invariant latitude, but not so clearly
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Fig. 6. The distribution of the identified Cluster lower hybrid cavi- Fig. 7. The geocentric distance as a function of invariant latitude
ties in invariant latitude (upper panel) and MLT (lower panel). The (upper panel) and MLT (lower panel) for the investigated data inter-
normalisation is the number of cavities per 5min of observationvals for Cluster (the solid lines) and for Viking (the dashed lines).
time in the region of interest. Five minutes typically corresponds to The dots mark the locations of the identified LHCs. There are in

about 1400 km along the spacecraft path. Note that between 04:0®tal 701 identified LHCs, so many of the dots overlap.
and 08:00 MLT, almost no data were taken, so this MLT interval is
not included in the lower panel.
large as the Freja data set used for previous statistical inves-
tigations at low altitudes, we may do some comparisons.
on MLT because of the polar orbits. We may once again First, statistical analysis of data from the Freja satellite has
point out that the coverage of different MLT is very uneven, shown that the LHCs in the upper ionosphere are mostly ei-
especially for the Viking satellite. ther in the auroral oval without preference in MLT, or at in-

In general, the LHCs in this study are found in groups variant latitudes between 5&nd 65 and at MLT between
with up to twenty cavities, so the value of the occurrence8 and 12 (Dovner et al., 1997). Our observations at higher
frequencies in Figs. 4 and 6 give only statistical information. altitude do not conflict with these results, though it appears
You may, as in the example in Fig. 2, find 12 cavities within that we can see hints of a concentration just after rather than
30s, or no cavities in one hour. The LHCs found here arejust before magnetic noon.
at invariant latitudes from the auroral region, including the Since the LHCs are supposed to be structures elongated
dayside cusp, down to the plasmapause. A common featuralong the magnetic field (Vago et al., 1992), it is useful to de-
of the LHC distributions for the Viking (Fig. 4) and Cluster termine the LHC occurrence frequency in terms of the num-
(Fig. 6) data sets is that the occurrence frequency goes dowher of LHCs per kilometer of the satellite path perpendic-
with increasing invariant latitude. The absence of LHCs be-ular to the magnetic field. For the Cluster observations we
low invariant latitude 60 in the Viking observations cannot have about 0.001 LHCs per kilometer for the invariant lat-
be verified by the Cluster observations because the Clustatudes with most LHC activity. An estimate for the Viking
orbits never reach to such low invariant latitudes. There is aobservations gives about 0.02 identified LHCs per kilometer
peak at about 7invariant latitude in the Cluster data, and along the satellite orbit. These are values in an inertial frame
it can also be seen in the Viking data, but not as clearly, aof reference. On Cluster, the plasma drift speed generally
a disruption in the trend of decreasing occurrence frequencylominates over the spacecraft speed in this frame, so that the
for larger invariant latitudes. Although our data set is not asnumber of LHCs encountered in the plasma reference frame
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Table 1. Comparison of some parameters relevant for the occur-
rence frequency of the LHCs. The occurrence density is the number
of LHCs per unit length perpendicular to the magnetic field, and the
occurrence frequency is the number of LHCs per normalised flux 50}
tube radius. All parameters are normalised to the Freja numbers.

60f

I
o

w
(=]

Spacecraft Occ. density Flux tube radius  Occ. frequency

Occurence number

Freja 1 1 1 201
Viking 1/100 4 004 10
Cluster 12000 10 0005

0

0 1 2 3 4 5 6 7 8 9
Density depth [%)]

100

90F
will be even smaller. We will show in Sect. 4 that the dif-

ference in occurrence frequency cannot be due to the slightly
different identification criteria used on Viking (Sect. 2.1) and
Cluster (Sect. 2.2).

The occurrence frequency for some of the Freja orbits has
been determined by Kjus et al. (1998) to be about 2 per kilo-
meter perpendicular to the magnetic field. The LHCs thus
were a factor 2000 more common per kilometer in the Freja 20
data compared to Cluster. If most LHCs should reach from 10
a few thousand to many thousand kilometers in length, we o
would expect that the occurrence frequency per flux tube 0 02 04 Cavity width ] ! 12
width should be constant with altitude. The radius of a flux
tube, however, is only about 10 times larger at Cluster al-Fig. 8. The distribution of the depths and widths of the identified
titudes compared with the Freja. The Viking LHC occur- Viking LHCs. The widths are determined under the assumption
rence frequency is a factor of 100 lower, and the flux tubethat the spacecraft passes the cavity with the typical perpendicular
radius a factor of 4 larger, compared to Freja. These observelocity of 3.5km/s.
vations are put together in Table 1, where we see that the rel-
ative occurrence frequency decreases with altitude. It is not )
clear what causes this decrease. The necessary backgroufid  VIKing

VLF waves could be more common at lower latitude, orthesel_he depths of the Viking LHCs are given directly by the

waves could for some reason accumulate more easily to for . . :
LHCs in the denser low-altitude plasmas. As LHCs are Iesrsgn/n measurements of the V4L instrument, while the widths

o : are determined by the time it takes for the Viking satellite
abundant at Viking and Cluster altitudes than expected fronlo traverse them.yThe speed of the Viking satell?ce is typi-

simple field line scaling from Freja height, one may at least S . o
infer that individual LHCs do not extend all along a geomag- cglly between 3 and 4 k_m/s N th'? region, Wh'Ch is generally
higher than theE x B drift speed in this region. Under the

netic field line from the ionosphere up to 35000 km. This . L :

. s g ) assumption that the spacecraft velocity is perpendicular to
result is by no means surprising, but is in fact the first upper, - : : .
e . . the magnetic field during the LHC crossings, we can esti-
limit to LHC parallel extension that has been presented in the : ; N
literature mate an approxmate width of the_ LH_Cs. The distributions
' of depths and widths are shown in Fig. 8. The depths can
only be considered as a lower limit of the actual LHC depth,
since the satellite generally does not pass through the centre
of the cavity (Recseli et al., 1996). They may still serve as a
guideline, though.

From Fig. 8, we see that all identified Viking LHCs have
After finding the locations of the LHCs in the Viking and depths smaller than 8%. The occurrence number of LHCs
Cluster data sets, we turn our attention to the individual cav-with really small depth is very low, but this may be an ef-
ities. Their depths and widths are determined, and the statisfect of the difficulty in identifying those LHCs. On the other
tics are compared to results from lower altitudes. The deptthand, it has been shown by Tjulin et al. (2004) that the depth
is the difference between the density at the centre of the LHGf an LHC cannot be arbitrarily small in order for LHCs
and the density just outside it, and the width is here the fullto exist, so this should not be a problem. It may also be
width at 10% of the maximum density depth. more difficult to observe the smallest LHC widths, since the

70F
60f
50f
40F

Occurence number

30f

4 Widths and depths of the LHCs
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150 Table 2. The typical LHC widths determined by different space-

— craft. Some typical parameters relevant to the widths are included.

3 100 | Spacecraft Cavity width  lon gyroradius  El. inertial length
% ] Amicist 40m 7m 100m
g Freja 50m 8m 250m
§ 50 Viking 300m 50m 600m
Cluster 1000 m 600m 1200m
GO 20 40 60 8‘0_ 100
Density depth [%] (Vago et al., 1992), so in order to calculate the width of an
, , , , , , , , , LHC, we need to know the plasma velocity perpendicular to
8r M ] the magnetic field, with respect to the satellite. For Viking,
7ot ; we could assume this velocity to be the spacecraft velocity

M | in a geostationary frame, but at Cluster altitudes, the plasma
drift speed will usually dominate. Under the assumption that
the plasma is infinitely conducting, the plasma drift velocity
can be estimated from

E x B

B>’

(o2}
(=]

a1
(=]

Occurence number
[ B
[=] (=]

v =

N
(=]

[
(=]

whereE is the electric field in the spacecraft frame of ref-
o erence. Three components of the background magnetic field
ot 2 3 are available from the FGM instrument (Balogh et al., 1997).
The two components of the background electric field in the
Fig. 9. The distribution of the depths and widths of the identified Satellite spin plane are estimated, making a satellite spin fit of
Cluster LHCs. The widths are determined using the plasma velocitythe electric field measured by the single probe pair measur-
relative to the spacecraft, calculated from the measured electric anihg the electric field (see Sect. 2.2). The third component of
magnetic fields. the electric field can be found usidg B=0, as long asB is
not close to the spin plane. The lower panel of Fig. 9 shows
the distribution of widths of the identified Cluster LHCs. In
satellite may pass the cavity too fast to see the density deplegrder to keep the errors down on the estimation of the per-
tion in the data, but this only applies to widths smaller than pendicular velocity, LHCs where the angle between the back-
40m. These are not likely to exist, since the typical widths ground magnetic field and the satellite spin plane is less than
observed by the Freja satellite are 50m (Hgymork et al.,5c gre excluded in Fig. 9.
2000), and the LHC widths are probably larger at higher al-
titudes since all typical scale lengths increase with altitude. 4.3 Discussion of widths and depths

4 5 6
Cavity width [km]

4.2 Cluster The LHCs in the Freja data set had a typicaé Width of
30 m (Hgymork et al., 2000), which is equivalent to a cavity

The depths and widths of the identified Cluster LHCs havewidth of about 50 m, and the LHC width from the AMICIST
also been determined. The depths are determined by estrocket was about 40 m (Pingon et al., 1997). This should be
mating the plasma density at the minimum of the densitycompared with the typical LHC widths from Viking (300 m)
depletion as seen by the spacecraft, and the density outsidend Cluster (1000 m). In Table. 2, these typical LHC widths
the cavity, using the probe potential (Pedersen, 1995; Pedare compared with typical values of the ion gyroradius and
ersen et al., 2001). The values of the measured depths aréhe electromagnetic skin depth or electron inertial length
of course, dependent both on the actual density depth of the/wpe, of the plasma in the different regions. We assume
LHC and how close to the centre of the cavity the satellitethat the relevant ions to be hydrogen for Cluster and oxy-
passes. The upper panel of Fig. 9 shows the distribution otjen for the other spacecraft, and that the ion temperatures
cavity depths for the identified Cluster LHCs. We see thatare 3 eV for Cluster and Viking, 0.2 eV for Freja (Hgymork
most of the cavities are below 20% depletion, but some ofet al., 2000) and 0.3 eV for AMICIST (Pincon et al., 1997).
them are very deep. The widths of the cavities lie between the ion gyroradius

The width of an individual LHC is, as for the Viking obser- and the electron inertial length for all four spacecraft. One
vations, determined from the time it takes for the satellite toshould note that rocket investigations, where the density may
traverse it. The LHCs are elongated along the magnetic fieldrary over several orders of magnitude but the magnetic field
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Fig. 10. Spectrum of the background wave electric power spectral
density for the Cluster events in the example in Fig. 2. The solid % 5 4 3 2 4 0 1 2 3
line is obtained using STAFF data and the dashed line is from EFW Hiss power [log((mV/m)*) ]

data. The lower hybrid frequency is indicated for comparison.
Fig. 11. The distribution of the estimated background lower hybrid
hiss wave power for the Cluster LHC events.
strength is essentially constant, have shown no sign of scal-
ing with the skin depth (Knudsen et al., 2003). The appar-
ent consistency with skin depth scaling seen in our studywere between 10 and 50% (Kintner et al., 1992). The typ-
may thus just be a coincidence due to the variation of denical estimated depths of the LHCs thus seem to vary with
sity with altitude. Scaling with skin depth could be expected altitude, with larger depths around 1000 km (sounding rock-
if LHCs originate from processes involving inertial Aflm  ets), smaller around 1500-13 000 km (Freja and Viking) and
waves (Shapiro, 1998), while the gyroradius is a natural scal@gain larger at altitudes of 20 000-35 000 km.
for processes relying on perpendicular ion expulsion (Knud- Finally, we may note from the distributions of observed
sen et al., 2003). We may also note that the widths also seerdensity depletions in Fig. 8 and Fig. 9 that the different mini-
to scale with the relative magnetic flux tube radius, given inmum values for density depletions accepted as LHCs that we
Table 1. used for Viking (0.5%) and Cluster (2%) should not signifi-
The estimated depths of the LHCs from the Cluster satelcantly influence the occurrence statistics, as none of the dis-
lites are in general larger than those from Viking. This could, tributions peak at the lowest bin in the histograms but show
in principle, be due to the fact that they are determined in dif-clear signs of a decrease at the lowest bin. The same also
ferent ways. The VAL instrument on Viking used the current holds for the width. We may note that if there are cavities
measured by Langmuir probes as a density measure, whilemaller than the ones detected here, they are also smaller than
Cluster EFW uses the spacecraft potential. While this is ahe ion gyroradius.
difference, each technique should in fact be the more appro-
priate for the plasma densities encountered around LHCs by
that mission. The spacecraft potential is a good indicator5 The background hiss
of plasma density variations in sufficiently tenuous plasmas
(Pedersen, 1995), which in the Cluster case means an ele@he identified LHCs are situated in regions with background
tron density below a few hundred per EifPedersen et al., lower hybrid hiss; see, for example, the bottom panel of
2001), but in denser plasmas the spacecraft potential is leshe Cluster example in Fig. 2. The spectrum of the back-
sensitive to density variations. On the other hand, variationgground electric wave emissions in that example is shown in
in current to a Langmuir probe are contaminated by otherFig. 10. This spectrum is obtained using both the STAFF and
effects than plasma density fluctuations if the density is toothe EFW instruments on data taken during 16 s immediately
low, so that method is better suited for the denser plasmasfter the data in Fig. 2. Since there were no LHCs in this
encountered by Viking (Eriksson et al., 1997). time interval, the spectrum can be considered to show the
Another difference is that Viking V4L only had 8-bit background. We see a clear enhancement of wave power at
analog-to-digital converters and therefore had to use autofrequencies around the lower hybrid frequency, which is typ-
matic gain control to cover a large dynamic range, while thisical for lower hybrid hiss. The spectrum in Fig. 10 is similar
is not needed for the 16-bit data from Cluster EFW. How- to observations at lower altitudes.
ever, indications of “clipping” of the wave forms is rare in  The total power of the background hiss has been estimated
the Viking VAL data we have used, and we therefore interpreffor the Cluster LHCs. This power is here defined as the total
the difference in cavity depth seen on Viking and Cluster asintegrated wave power at frequencies from the lower hybrid
a real variation with altitude. frequency up to four times the lower hybrid frequency, and
A comparison with previous observations shows that thewe have used STAFF electric field spectrum analyzer data
typical depth of an LHC in the Freja data was less thanfor this estimate. The resulting distribution of background
10% (Haymork et al., 2000). Although density depletions hiss wave power is shown in Fig. 11. Some of the LHCs
up to 90% were found on the TOPAZ Il rocket (Vago et al., are situated in very weak background hiss but most of the
1992), a major fraction of the observed density depletionsLHCs are found in regions with hiss wave power between
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in a region of space when the E-field data from spacecraft
2 and 4 show signatures similar to those clearly correlating
with density depletions in the data from spacecraft 1 and 3
(see Sec. 2.2). This means that the region can be identified
- - - - - with all four spacecraft.
16:20 ~ 16:40 17:00 The upper panel of Fig. 12 is a timeline of the data for
Universal time all four spacecraft, where the narrow line means that we
. . . . have electric field data with high resolution and the thick line
85t ; means that there are identified LHCs in the region. We see
that the first identified LHC in the spacecraft 3 data is more
2 ] than half an hour later than the last identified LHC for space-
a1 craft 1. We may now look at the lower panel of Fig. 12, where
the orbits of the spacecraft are indicated in terms of invariant
latitude and MLT. We clearly see that the identified LHCs
in this time interval are confined in a small region between
68 and 73 invariant latitude. Note that spacecraft 1 and 2
show the existence of LHCs already at the beginning of the
, , , , ¥ time interval. The conclusion from this example is that the
12.4 12.6 Magnetic e 13 132 existence of LHCs in a region in space seems to be a stable
feature, at least on the time scale of hours. The stability of
Fig. 12. The four Cluster satellites observing the same region with the individual LHCs cannot be determined from this exam-
LHCs at different times. The narrow lines means that we have highPl€, except that they are at least stable on the time it takes for
resolution (BM1) data, and the thick lines that there are identified@ Satellite to pass~0.2s), which is about the time scale of
LHCs. Note that spacecraft 1 and 2 have LHCs already at the bean ion gyro period. In this sense, the existence of LHCs seem
ginning of the time interval. to be more a spatial phenomenon than a temporal.
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103 (mV/m)? and 10 (mV/m$§, which is still a very wide 7 Conclusions
range of wave electric power.

Some comparison with rocket data can be of interest hereA major point is that Lower Hybrid Cavities are a common
The wave electric power spectral density for rocket dataphenomenon also in the inner magnetosphere at altitudes be-
is typically in an interval between 18 (mV/m)?/Hz and  tween 10000 and 35000 km. During 87 Cluster (27 Viking)
5x10-3 (mV/m)?/Hz (Lynch et al., 1999). To be able to hours of observation, a total of 535 (166) LHCs were found,
compare this number with the Cluster result, we note that thegiving an average of about 6 cavities per hour for all space-
lower hybrid frequency is typically about 4 kHz in the rocket craft. Previous studies have concentrated on altitudes below
measurements. If we assume that most of the wave elec2000 km, and a recent study has shown that the properties of
tric power is at frequencies from the lower hybrid frequency the LHCs are very similar at high and low altitudes, even in
to twice that number, see, for example, Fig. 10, we obtaindetail (Tjulin et al., 2003). Other important conclusions from
estimates of the total wave electric power that are betweerthis study are:

0.4 (mV/mY and 20 (mV/mj. The total power of the back-
ground hiss for the Cluster LHCs thus seems to be slightly — The LHCs we study are found at invariant latitudes from
lower than it is for sounding rocket rocket LHC observations. the auroral region, including the dayside cusp, down to
the plasmapause. This is consistent with earlier obser-
vations at lower altitudes.
6 Observations with four Cluster satellites
— Comparing one Freja orbit at low altitude to our Viking
As the Cluster mission consists of four satellites it is possible and Cluster data sets, we find that the occurrence fre-
to compare the data from all of them to see how the occur- guency of LHCs with a given density depletion does not
rence of LHCs in a region is changing with time. In the data scale with the flux tube radius. In this sense, LHCs seem
from 29 August 2002, the LHCs are so clear in the electric somewhat less common at high altitudes.
field measurements alone that we can identify a region where
they occur not only in the data from spacecraft 1 and 3, where — It is not clear how this different occurrence frequency

high resolution spacecraft potential measurements are avail-  should be interpreted in physical terms, as no complete
able, but also in the data from the other two spacecraft where  theory is available for LHC formation and dynamics in
we only have electric field data. While the availability of absolute terms. It may be that the density depletion of

electric field data alone invalidates our identification criteria the LHCs should scale with altitude in such a way that
for individual LHCs, we can certainly say that they do occur the identification criteria used in different studies cause
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us to identify a smaller fraction of the LHCs at high alti- Pingon, J. L., Poirier, B., Kofman, W., and Louarn, P.: The Clus-

tude than in the ionosphere. However, the difference in ter Spatio-Temporal Analysis of Field Fluctuations (STAFF) Ex-

occurrence frequency is so big that it is hard to believe periment, Space Sci. Rev., 79, 107-136, 1997.

this to be a dominating effect. If our result on the oc- Dovner, P. O, Eriksson, A. |, Bogm, R., Holback, B., Walde-

currence frequency indeed can be interpreted as LHCs Mark. J., Eliasson, L., and Boehm, M.: The occurence of lower

being less common at higher altitudes than what is ex- hybrid cavities in the upper ionosphere, Geophys. Res. Lett., 24,
. . . . L . 619-622, 1997.

pe(_:ted from simple scaling with the magnetic field, it Eriksson, A. I. and Bostm, R.: Wave measurements using elec-

indicates that LHCs generally do not extend all the way

) i trostatic probes: Accuracy evaluation by means of a multiprobe
from the ionosphere up to Cluster altitudes (35000 km).  technique, in: Measurement techniques in space plasmas, edited

This is the first observationally derived upper bound on  py Borovsky, J., Pfaff, R. and Young, D., vol. 103AGU Geo-
the parallel extension of LHCs. physical MonographAGU, 147-153, 1998.
Eriksson, A. ., Holback, B., Dovner, P. O., Batn, R., Holmgren,
— The width of the LHCs is a few times the ion gyroradius,  G., Andg, M., Eliasson, L., and Kintner, P. M.: Freja observa-
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