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Abstract. We use whistler waves observed close to the mag-alyze and model the structure and dynamics of this complex
netopause as an instrument to investigate the internal strudsoundary.

ture of the magnetopause-magnetosheath boundary layer. We |_ately small-scale structures have received increased at-
find that this region is characterized by tube-like structurestention. The reconnection sites (diffusion regions), where the
with dimensions less than or comparable with an ion iner-jon and electron motions are decoupled and the conversion of
tial Iength in the direction perpendicular to the ambient mag'magnetic energy to partic'e energy takes p|ace, are the heart
netic field. The tubes are revealed as they constitute regi0n§f reconnection. Today’ Computer simulations and Spacecraft
where whistler waves are generated and propagate. We beyservations are beginning to resolve the fine-structure in-
lieve that the region containing tube-like structures extendyglyed (e.g. Vaivads et al., 2004a; Onofri et al., 2004; Retind
several Earth radii along the magnetopause in the boundargt 1., 2006 and Mozer, 2005). Multi-spacecraft missions,
layer. Within the presumed wave generating regions we findsych as Cluster (Escoubet et al., 1997; Escoubet et al., 2001),
current structures mOVing at the Whistler wave group VeIOCityoffer the Opportunity to reso've the Spatia|_tempora| ambigu_
in the same direction as the waves. ity associated with single spacecraft measurements and allow

Keywords. Magnetospheric physics (Magnetopause, cusp4S to determine the scale lengths of spatial structures.

and boundary layers; Plasma waves and instabilities) — Space Fascinating micro-physics are not only restricted to the
plasma physics (Wave-particle interactions) reconnection sites. Thin electron-scale layers presumably
associated with the separatrices are reported far away from
the diffusion regions (e.g. André et al., 2004; Vaivads et al.,
2004b and Retino et al., 2006). Stenberg et al. (2005) show
1 Introduction that whistler mode waves observed in the boundary layer on
the magnetospheric side of the magnetopause are generated

The magnetopause constitutes the outer frontier defense df thin (electron-scale) sheets. Furthermore, they suggest that
the magnetosphere_ The border is not Comp|ete|y closed b.ﬁlthough the sheets of whistler waves are observed thousands
the entry of the solar wind energy is restricted and regu_of ki|0meters from the magnetopause, they are St|” direCﬂy
lated by the so-called reconnection process (Dungey, 1961r€lated to the diffusion region. As an inherent property of
Paschmann, 1979). Ever since the magnetopause first wdge near-magnetopause region, the thin layers with whistler
Suggested to exist (Chapman and Ferraro, 1931) and evéWOde waves and other small-scale structures may be the key
more since the first in situ observations where made (e.gto understanding the larger scale phenomena. They may also
Sonett et al., 1959), there has been a huge interest in revearovide means of monitoring the micro-physics at the recon-
ing its secrets. Numerous studies are devoted to describe, aRection site at large distances.

Whistler-mode waves have been observed by a number of
Correspondence to: G. Stenberg spacecraft in the outer parts of of the magnetosphere. Elec-
(gabriella@irfu.se) tromagnetic waves in a broad frequency range are reported
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2440 G. Stenberg et al.: Internal structure and spatial dimensions of whistler wave regions

Gurnett et al., 1979 (ISEE 1 and 2); LaBelle and Treumann
(1988) (AMPTE/IRM); Zhang et al. (1998) (Geotail); Pick-
ett et al. (1999) (Polar) and Maksimovic et al. (2001) (Clus-
ter).

In this paper we examine the whistler wave-sheets reported
by Stenberg et al. (2005) in closer detail. In particular, we
determine the extension of these sheets in all three spatial di-
Ay mensions and we investigate the internal structure of the pre-
s sumed wave generating regions. We reveal that the whistler
5= wave source regions are characterized by current structures
63 moving at the whistler wave group velocity in the same direc-
tion as the waves themselves. We estimate the size (perpen-
) dicular to the background magnetic field) of these structures
‘% to be about or less than 20 km, which corresponds to about 6
§E‘ electron inertial lengthsc{w,.). Simultaneously, our anal-
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ysis suggests that the whistler wave emitting regions extend
several Earth radii along the magnetic field lines.
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The four formation-flying Cluster spacecraft recorded the
data used in this study. The satellite orbits are polar with
3 a perigee of 4 Earth radiiRr) and an apogee of 19.8g.
Close to the magnetopause the satellites form almost a tetra-
hedron. The spacecraft separation, which changes during
the mission is 600 km and 100 km, respectively, for the two
events considered below. The spacecraft are spin-stabilized
with a spin period of 4 s and the instrumentation is identical
on all four of them (Escoubet et al., 1997; Escoubet et al.,
2001).

Data from six of the Cluster instruments are used in this
study. The electric field experiment (EFW) (Gustafsson
et al., 1997) and the search coil magnetometer (STAFF-

06:28 0e:27 08:28 06:29 08:30 SC) (Cornilleau-Wehrlin et al., 1997; Cornilleau-Wehrlin et
07-Feb-2001 al., 2003) provide time series wave field data. STAFF-SC
measures three orthogonal magnetic wave field components,
Fig. 1. The top panel shows the probe-to-spacecraft potential, whichwhile EFW records two orthogonal electric field components
can be used to estimate the density. The increase in density assodi the satellite spin plane. Both instruments are run in burst
ated with the magnetopause crossing in clearly seen at 06:29:10 Unode, i.e., with a sampling rate of 450 samples/second, dur-
Frequency-time spectrograms of the electric and magnetic waveng hoth the events considered. The wave field signals are
fields (from EFW and STAFF-SC) are presented in pat®)and o pass filtered with a cutoff frequency of 180 Hz. We still
(C). The artificial looking regularly spaced signatures in panel C choose to show data in all the spectrograms up to the Nyquist

as well as the regularly spaced small dips in pgA¢lare due to . - :
the active mode of the WHISPER instrument. Electron flux versusfrequenCy (225Hz), even if there is a small effect of the filter

energy and time (from PEACE) for pitch angle§ 9¢° and 180 on both the wave amplitude and the phase above 180 Hz.
are displayed in the three bottom panels. During the two minutes |N addition, the STAFF Spectrum Analyser (STAFF-SA)
of intense wave activity preceding the magnetopause crossing ther@ives electric and magnetic wave field spectral data in the
is a mixture of cold {100 eV) magnetosheath electrons and hot frequency range 64 Hz—4kHz. The WHISPER instrument
(~1keV) magnetospheric electrons. All data are from Cluster 2.  (Décréau et al., 1997) captures electric wave field emissions
in the frequency range 4-80 kHz, and provides a way of de-
termining the plasma density from observations of the elec-
from regions close to the magnetopause, in the outer cusp dron plasma frequency.
in association with the bowshock by, e.g., Smith et al. (1967) The particle environment is investigated using the electron
(OGO-1); Olson et al. (1969) (OGO-3); Rodriguez and Gur- experiment PEACE (Johnstone et al., 1997) and the ion in-
nett (1975) (Imp-6); Tsurutani and Smith (1977) (OGO-5); strument CIS/CODIF (Réme et al., 1997). Both instruments

Energy [eV]
[ergicm? sec st V]

[ergfem? sec st eV

Energy [eV]

[ergfcm? sec sr V]
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can measure a 3-D distribution each spin period. CIS data : i
are also used to estimate the plasma drift velocity. 200 .\ ||r W r, IIrr ‘H

We also use high resolution data (67.2 vectors/s) from the i 150 N_I':l
fluxgate magnetometer (FGM) (Balogh et al., 1997) to trans- & oy
form magnetic wave field data into a background magnetic § 100 =
field oriented coordinate system. g s

L 5p )

06:08:05 06:08:10 06:08:15 06:08:20
07-Feb-2001

3 Boundary layer whistlers

An outbound magnetopause crossing is generally precedec o9 B
by a passage through a boundary layer, presenting plasm:
populations of different origins (Eastman et al., 1976). The
nature of the boundary layer depends on the latitude and the
magnetic local time as well as solar wind and interplanetary
magnetic field conditions (Haerendel et al., 1978).

The scene of action for the events to be discussed in this :
paper is a several thousand kilometer thick boundary layer 06:28:05 06:28:10 06:28:15 06:28:20
characterized by a mixture of magnetospheric and magne- 07-Feb-2001
tosheath plasma. The thickness of the boundary layer is esti-
mated from the time the spacecraft spend in the layer and the. ) )
magnetopause velocity. The magnetopause passes the diffdrd- 2+ The near-magnetopause plasma features two different fine-
ent spacecraft at different times, which allow us to calculateStrUCtured whistler wave emissions. Pag&) shows chorus ele-

. . ; L ments observed in an environment of hot magnetospheric plasma
its velocity to about 100 km/s. With a transit time through the only. The striped whistlers in panéB) are recorded in the bound-

boundary layer of about two minutes we arrive at a thickness,y'jayer just inside the magnetopause, where both magnetospheric
of 12000km. In the case that the magnetopause is flappingnd colder magnetosheath plasma is present. The data are from
back and forth during the two minutes, the thickness is over-sTAFF-SC on Cluster 2.

estimated.

The study is based on two events; the first is introduced in

Fig. 1. The observations are made by the Cluster spacecrafions are not captured by the time series wave field data, but
close to magnetic noon (13:24 MLT) at fairly high latitude > AFF-SA shows that the emissions extend up to 400 Hz.

(GSE:x=4.4 Re, y=5.7 Re, z=9.1 Re) on 7 February 2001. The bottom panels expose the characteristics of the bound-

The top panel presents the negative of the probe-to-spacecreﬁ'{y layer: hot {-1keV) magnetos_p_heri_c electrons mixed
potential. This quantity varies as the density, where a lesdVith colder (~100eV) electrons originating from the mag-
negative value (closer to zero in panel A) corresponds to ‘,Qetosheath. The three_panels display electron flux versus en-
higher density (Pedersen et al., 2001). An outbound (magne€rdy and time for the pitch angles,®C> and 180.

tosphere to magnetosheath) magnetopause crossing is seen ad '€ second event we consider is an outbound magne-

a sharp gradient at 06:29:10 UT, where the density suddenl{OPause crossing, recorded on 2 March 2002. This event is
increases. extensively presented in Stenberg et al. (2005), and at first

The middle panels show the electric and magnetics'ght very similar to the event just discussed; waves in the

. i . whistler-mode frequency range are detected within a bound-
frequency-time spectrograms revealing substantial electro-

magnetic wave activity in the frequency range 100-200 1Y region on the ma}gnetospherlc side of the magnetopause
; . . ' boundary. The particle data reveal a mixture of magneto-
during two minutes prior to the crossing. The electron . .
. spheric and magnetosheath plasma. The reader is referred to
plasma frequency (from WHISPER) is 7.5 kHz and the back- : : i
L . Stenberg et al. (2005) for details and figures corresponding
ground magnetic field strengtiBg, (from FGM) is about 0 Fig. 1
20nT (GSE:Bo,=—14nT, Boy=—14nT, Bp,=5nT), giving g-
an electron gyrofrequency of 560 Hz. Assuming a proton-
electron plasma the lower-hybrid frequency can be estimated  Comparing boundary layer whistlers and chorus
to about 13 Hz. Hence, the observed electromagnetic waves
are within the whistler mode frequency range, above theApproaching the magnetopause we observe a change not
lower-hybrid frequency and below both the electron gyrofre- only in the the particle distributions but also in the character
quency and the plasma frequency. We note that the emissioraf the wave emissions. The structure of the waves reveal the
show a striped pattern, that is, they seem narrow in time anekntry into the boundary layer. For example, fine-structured
broad in frequency. The high-frequency part of the emis-whistler waves are intermittently observed for at least half

Frequency [Hz]
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10 risers (lowest frequencies recorded first, higher frequencies
x 10 later) or fallers (the other way around). Although not very
clearly seen, the strongest chorus elements in panel A are
risers. The boundary layer whistlers, on the other hand, may
05 _ show time dispersion (e.g., at 06:28:05 UT) but are most of-
N':T:' ten non-dispersive (e.g., at 06:28:10 UT). Another outstand-
0 E ing feature of the boundary layer whistlers is the extremely
=3 narrow-in-time but broad-banded feature extending all the
way from the lowest frequencies up to the main whistler
emission above 100Hz. This feature, which is nicely illus-
trated in panel B at 06:28:10 UT, plays a key role in this paper
— and we will return to this later.
200t B ' Ii : We conclude that two types of fine-structured whistlers
f 7.5 in the same frequency range are present in the near-
magnetopause region. Chorus emissions are observed on
field lines with magnetospheric plasma only, while the
boundary layer houses whistlers showing a slightly striped
pattern in the spectrogram. The remaining sections of this
paper are devoted to the latter type.

200+
150+

100}

Frequency [Hz]

50

1501 o o N

100 |

Frequency [Hz]
(2]
(4]

[4)]
o

5 Wave properties and generation regions

07-Feb-2001

We begin our exploration of the boundary layer whistler
mode waves by taking a closer look at the emissions asso-

whistler mode waves{100 Hz) all propagate parallel to the ambi- Cla_‘ted with the dmagnhetopiause crossmg at7 Febrl(JjarK 21‘001
ent field. Pane(B) shows E/B, which is an estimate of the phase (Fig. 1). Base_ on t_ e electromagnetic nature and the fre-
velocity. A phase velocity of about 1n/s corresponds to a wave- duency range in which the waves are observed, we have

length of 100 km at 100 Hz. EFW and STAFF-SC data from Cluster@lready concluded that the observed emissions are whistler
2 are used. mode waves. A hodogram (not shown) confirms the ex-

pected right-handed polarization and a Poynting flux calcu-

lation (Fig. 3, panel A) shows that the whistlers propagate
an hour preceding the magnetopause crossing on 7 Februaparallel to the background magnetic field. Panel B in Fig. 3
2001, this is, long before the spacecraft enter the boundarpresents an estimate of the whistler wave phase velocity pro-
layer. Panel A in Fig. 2 presents an example of such whistlevided by the ratioE /B, yielding 10’ m/s. At 100 Hz this
mode waves detected before the Cluster spacecraft encounteorresponds to a wavelength of 100 km. We note that a cor-
the boundary layer. Although close to the Nyquist frequencyresponding analysis for the March 2-event is performed in
at 225 Hz, the fine-structure of the emission is evident. WeStenberg et al. (2005), where the parallel wavelength is found
believe that these waves are chorus (e.g. Burtis and Hellito be about 50-200 km at 100 Hz. In that case the whistler
well, 1976) generated either close to the equatorial plane owaves instead propagates anti-parallel to the ambient mag-
in magnetic field minima at higher latitudes (Tsurutani and netic field.
Smith, 1977). Chorus waves propagate along the magnetic A feature of boundary layer whistlers, already mentioned
field lines and can sometimes be reflected at lower altitudesn Sect. 4, is occasionally occurring broadbanded signatures
and travel back toward the region of generation (Parrot et al.extending to very low frequencies. One such case is ev-
2004). ident in Fig. 2, panel B. We focus on the single stripe at

The structure of the chorus emissions should be compare6:28:10 UT associated with a clear low frequency signa-

with that of the whistler emissions displayed in panel B. ture that extends (in frequency) all the way up to the whistler
While the chorus emission is observed on closed field linesemission. An enlargement of this detail is shown in panel A
well inside the magnetosphere, the latter whistlers are obof Fig. 4.
served in the boundary layer just inside the magnetopause. To understand this structure we examine the wave vector
The boundary layer whistlers differ from the chorus emis- (k) direction by applying Means’ method (Means, 1972). We
sions in several ways. While the chorus waves appear agse a magnetic field oriented coordinate system with the z-
emissions well separated and almost regularly spaced imaxis alongBo. The direction ofk is specified by the polar
time, the boundary layer whistlers are more irregular. Also,angle,6, (the angle betweek and Bp) and the azimuthal
chorus emissions always show time dispersion, either asingle,¢, (the angle in the plane perpendicularBg). In

Fig. 3. Panel(A) presents the computed parallel Poynting flux. The

Ann. Geophys., 25, 2439-2451, 2007 www.ann-geophys.net/25/2439/2007/
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Fig. 4 (panel B) the polar angle versus time and frequency
is presented. For clarity all time-frequency bins with a spec-
tral density below &10~"nT2/Hz or a polar angle outside
the interval 0—90 are removed. The analysis does not dis-
tinguish betweet and—k and we invoke the Poynting flux
calculation (Fig. 3) to remove this ambiguity. We conclude
that the waves propagate almost paralleBipin a 30 wide
cone.

In panel C the direction of the wave vector in the plane
perpendicular td is plotted versus time and frequency. As E
in the previous panel all time-frequency bins with a spectral
density below &10~nT2/Hz are removed for clarity. We =
see a clear shift of the wave vector direction in the middle &
of the wave emission coinciding with the signal at lower fre- ._qf
quencies.

The local plasma drift,vqit, iS estimated from the
ion drift (CIS/ICODIF) andExB (EFW and FGM). The §
components in the magnetic field oriented coordinate sys-
tem arevgritt, x =+ 40 kKm/s,vgritt, , =100-200 km/sygritt, ;. =0— S ]
150km/s. The situation is outlined in Fig. 5. It depicts a 3
small-scale structure, in which wave generation occurs, that . ]
passes the spacecraft. The waves are assumed to propaga L. | === b
out from the generation region. Hence, prior to the passing .5 06:28:10.0 5
of such a region the spacecraft will observe waves approach- 07-Feb-2001
ing from one direction (blue arrows), while after the region
has passed the waves would reach the spacecraft from the opiy_4. panel(A) shows a detail of the wave emission presented in
posite direction (yellow arrows). Thus, we interpret the ob- Fig. 2 (paneB). We note the low frequency signature marked with
servations as a wave-generating spatial structure passing thecircle. Panels B and C present the results from the Means’ analy-
spacecraft with the plasma drift velocity. We conclude thatsis. The polar anglé, is displayed in panel B. The wave propagate
such a generation region is recognized by a shift in the waven a 3¢ wide cone almost parallel tBg. The azimuthal angle is
vector azimuthal angle, but also by a simultaneous narrowplotted versus time and frequency in the bottom panel. Coinciding
(in time) low frequency emission. During the two-minute with the low frequgncy signature, thgre is a shift in. the azjmuthal
long wave emission there are additional examples of suddeave vector direction. We interpret this as a generation region pass-
and distinct changes in the azimuthal wave vector compo-"9 the spacecraft.
nent, all coinciding with low frequency features. Thus, the
low-frequency signatures appears to be markers of whistler
wave generation and we will take a closer look at them in the6  The low frequency signatures
next section. Equivalent shifts in the azimuthal angle coin-
ciding with low-frequency waves are found also in the March As seen in Fig. 4 the region with low frequency waves is
2-event (Stenberg et al., 2005). much smaller than the region where the whistler wave emis-

It should also be mentioned that in both of the discussedsion (100 Hz) is detected. In the presented spectrogram the
events the WHISPER instrument record waves in a broadize of the structure is just a few pixels wide and the actual
frequency range around the local electron plasma frequencwidth cannot be determined from there. Instead, we consider
(4-24 kHz). These high frequency waves occur at the saméhe original time series data. To easily identify the struc-
times as the whistler-mode waves and hence the propagaticire we low pass filter the time series, removing frequencies
properties and/or generation/damping processes are probabapbove 50 Hz. Figure 6 presents the filtered time series of the
related. Simultaneous whistlers and electron plasma oscillathree magnetic field components. It turns out that the broad-
tions have previously been observed, e.g., in the solar windanded signature in the spectrogram is not a wave feature at
by Kennel et al. (1980). The WHISPER observations fromall, but appears as a narrow gradient structure in the middle
the March 2-event are discussed in Canu et al. (2006). of the time interval shown. The amplitude of the structure

is about 0.2 nT, which is same as the typical whistler-mode
wave amplitude. No corresponding signature is seen in the
electric wave field data (not shown). Investigating the other
cases during two-minute-long emission, where a shift in the
azimuthal component of the wave vector coincides with a
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Frequency [Hz]
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Fig. 5. A whistler wave structure containing a generation region
passes the spacecraft with the plasma drift velocity. The observefid- 7. Time-frequency spectrograms for spacecraft C1 and C4
wave vector directions are illustrated by colored arrows, where thedbserved in the boundary layer about 1.5 min before an outbound
colors are the same as used in panel C in Fig. 4. The waves arBagnetopause crossing. The magnetic wave field is recorded by
assumed to propagate out of the generation region, with an angl€ TAFF-SC. The waves with frequencie$0 Hz are whistler mode
betweerk andB in the range 0-30 As the generation region pass Waves. In the middle of the two panels a low frequency signature is
we record a sudden shift in the propagation direction in the planeSeen (indicated by a circle in par).
perpendicular taBg. Note that we only indicate the perpendicular
component of the plasma drift velocity.
Figure 7 shows frequency-time spectrograms of the mag-
netic field observed by Cluster 1 (C1) and Cluster 4 (C4) on
o2 2 March 2002, prior to an outbound magnetopause crossing
at 03:31 UT. All data is recorded in a boundary layer, where

__of both magnetospheric and magnetosheath plasma are present.
= We note the wave activity at whistler mode wave frequencies
T-02 (>50Hz) but also a low-frequency signature (marked by a

© circle in panel A), that seems to be seen by both spacecraft.
©-04 As in the previously shown cases this signature coincides
:;é’ with a clear shift in the azimuthal wave vector component

|
o
o

(Stenberg et al., 2005).

Low-pass filtering the time series yields the result pre-
sented in Fig. 8. The three magnetic wave field components
are plotted versus time for the two spacecraft C1 and C4.
The coordinate system used is background magnetic field ori-
Fig. 6. The time series from STAFF-SC on Cluster 2 is low €nted with thez-component along the ambient field. We see
pass filtered with the maximum frequency 50Hz. The low fre- that there are several different magnetic structures present
guency emission seen in the spectrogram (e.g. Fig. 4) now appeaturing the time interval shown. They are seen in all three
as gradient structures in the components of the magnetic field afield components and they all have about the same ampli-
06:28:09.96 UT. tude. In particular, we note that the paralle) €component

is no different from the perpendicular &ndy) components.

Again, the amplitude of the structures is comparable to the
low-frequency signature, we find similar features: The time whistler wave amplitude.
series data reveals not low frequency waves but instead mag- Although it is obvious that the same signatures truly are
netic field structures. Unfortunately, we cannot find a casecaptured by both satellites, their appearance differ consider-
where we are convinced that the same singular structure iably between the spacecraft. Furthermore, there is a small
seen by two different spacecraft. Hence, we have no meansme shift between the recordings, where C4 lags C1 with
of determining the temporal and spatial characteristics of thed.01s. It is worth mentioning that the sequence contain-
structures. Fortunately, the second event we consider turnig this type of magnetic structures is actually much longer.
out to be a source of further knowledge. It starts at 03:29:24.7 UT and lasts for 3s. The magnetic

|
©
S}

.9 06:28:10.0
07-Feb-2001

o)
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A Filtering: 1-50 Hz C1

B [nT]
Frequency [Hz]

B [nT]
Frequency [Hz]

B [nT]
Frequency [Hz]

.6 8 0329260 2 4 .6
02-Mar-2002

Fig. 8. Time series of the three magnetic wave field components
(STAFF-SC) observed by C1 (black) and C4 (red). The data are
band pass filtered between 1-50Hz. The coordinated system use
is magnetic field oriented with thecomponent along the ambient

field. (L ST

Frequency [Hz]

06:28:20 06:28:40 06:29:00

structures shown in Fig. 8 are typical and the time span is 07-Feb-2001
chosen to make the time shift between the spacecraft clearly
visible. Fig. 9. Time-frequency spectrograms (STAFF-SC) for the four

To sort out the situation we notice that the two Spac(_J_spacecraft. The horizontal Iin(_as mark regions where two satellites
craft are almost on the same magnetic field line, separated b§PPear to record the same emissions.
100 km along the field. Hence, for a signal to reach C4 0.01
seconds after being detected on C1 it must move with th S
speed 16m/s anti-parallel to the field. This velocity is the 630_100 km (Ilessbthan a:jn |c.)rr11.|nert|a}l Iength%. The_se feat#res
group velocity of the whistler waves. We can then estimatea;]re cc;:nnron y% served within or ¢ gse to the reglons where
the parallel size of magnetic step-like structures in Fig. 8. As—t e whistler mode waves appear to be generated.
suming a typical jump takes about 0.01 s the corresponding
size is 100 km, which is about an ion inertial lengttic,; ).
The perpendicular size is likely to be of the order of the
spacecraft separation, noting that the observations made bigeturning to an overview of the whistler wave emission
Cland C4 are considerably different. The satellite separatiofecorded on 7 February 2001 (Fig. 9), we proceed with esti-
perpendicular to the background magnetic field is 30km.  mating the three-dimensional size of the singular stripe-like
We argue that the discovered magnetic step-like featuresvhistler emissions. Figure 9 shows about 70s of data. All
are current structures moving together with the whistlerfour Cluster spacecraft observe whistler waves while cross-
waves at the group velocity and with a perpendicular size ofing the boundary layer. A comparison between the emissions

7 Size matters
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time period of 150 km/s, we would expect a time difference
®B of a few seconds between the observations if the structures
are fixed with respect to the plasma. In addition, each indi-
vidual stripe seems to be about one second long in the time-
frequency spectrograms. That means their physical size is
about 150 km. The typical width of a stripe can be estimated
,° (%20 from Figs. 2 and 4. Hence, we conclude that the whistler

(382) — wave emissions are 150km wide, spatial regions moving
=y i with the background plasma. Furthermore, we conclude that

C4 the structures are preserved for at least a couple of seconds.

It should also be noted that neither C1 nor C4 observe
these whistler wave structures. Thus, these wave regions
move with the plasma from C2 to C3 without hitting the other
two satellites. Hence, the dimension perpendicular to the
drift velocity in the plane shown in Fig. 10 must be smaller
than the spacecraft separatiee600 km).

Next, we compare spacecraft C1 and C3. As seen from
Fig. 10, these two satellites are close to each other in the
plane perpendicular tBg. C1 and C3 detect the same emis-

(334) sions on two occasions, one at the beginning and one towards
¢ .‘>§§<ﬁ the end of the time interval shown in Fig. 9. These regions
X are marked with horizontal light blue lines in panels A and C.
It is difficult to observe any time shift at all between the ob-

Fig. 10. The location of the Cluster spacecraft in the magnetic field S€Tvations in either of the cases. This is not surprising con-
reference frame. The background magnetic field is directed out oSidering the short distance between the spacecraft in the di-
the figure. An estimate of the magnetopause normal is shown. llfection perpendicular t8q. With a plasma drift of 150 km/s
lustrated is also the plasma drift, which is varying during the time the time difference would never exceed fractions of a sec-
interval analyzed. The numbers in parenthesis are the spacecrafind. Along Bg the waves themselves propagate at a speed
distances (in km) in the direction parallel By with respectto the  of 10 000 km/s and two satellites on the same field line sep-
reference Cluster 3. arated by no more than 600 km will record the waves almost
simultaneously. The observation confirms our conclusions
) ) _ from comparing C2 and C3.

seen by _the different satellites allows us to add new pieces of We emphasize that we determine the width of the whistler
information. emission structure in the direction parallelgix, but we

We realize that although all panels show the similar stripedhaye no means to directly measure the size perpendicular to
wave emission character, it is not easy to identify the samgne grift velocity. From the C2/C3 comparison can only say
structures on the different spacecraft. We concentrate on gyat it is less than 600 km. However, we also note that all the
few time intervals, where such an identification is possible. striped whistler wave emissions seem to have about the same

Comparing Cluster 2 (C2) and Cluster 3 (C3) we find asize in the spectrogram. This implies that the structures are
sequence in the middle of the time interval shown, wheregither almost symmetric in the plane perpendiculaBtg
the spacecraft appear to capture the same wave emissions: they are oriented so that the minor/major axis is always
The roughly 12 s long sequence is indicated by a horizontabarallel to the drift velocity. While some kind of ordering
white line in the two panels. There is a timeshift of about with respect tovgrirt is not impossible, we believe that the
two seconds between the observations, where C2 detects thgfect is mostly due to the fact that the structures are compa-
emissions before C3 does. This time delay fits nicely withrable in size in both directions perpendicula®g. Figure 5
the estimates of the plasma drift velocity and the location ofrepresents a compromise with one perpendicular dimension
the spacecraft. slightly larger and aligned perpendicular to the drift velocity.

Figure 10 presents the situation in the magnetic field ori- The generation of the whistler mode waves probably takes
ented system used throughout the paper. The location of thplace in smaller regions in the middle of the observed emis-
four spacecraft is indicated as well as an estimate of the magsions, where also the current structures discussed in the pre-
netopause normal. Note though that all spacecraft are welious section are found.
on the magnetospheric side of the boundary. The plasma In summary, we believe that the regions in which the
drift is varying as indicated in Fig. 10 but is mainly in the whistler waves are observed, as well as the presumably
y-direction. With a perpendicular distance of 400 km be- smaller generation regions within them, are tube-like struc-
tween C2 and C3 and an averaged plasma drift during theures. The regions, where waves are observed have a

Vdrift =150 km/s

w 0ST
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Fig. 11. Examples of risers and fallers. Paf&) is an example of Fig. 12. The dashed lines show the parallel group veloaigy, ver-

riiers foundl bY Clustelr32 @n thi bo;mdary layer on 7 February 2,001sus frequency for two cases. Pa(®) presents a case where risers
The example in pandB) is taken from a magnetopause crossing can be formed above 100Hz. In parfB) the group velocity in-

on 2 March 2002. The presented whistler waves are observed bY:reases with frequency in the interval 0—200 Hz, which would give

Cluster 1 in a boundary layer with the same mix of high and low ise 44 fallers. The phase velocity,, (solid lines) increases with
energy electrons. Several fallers are clearly visible. In both panelsfrequency for both cases

data from STAFF-SC is used.

perpendicular size parallel to the drift velocity of about 100— &tion mechanism. - However, the boundary layer whistlers
200 km. The size perpendicular to drift velocity is most prob- 0bserved on 7 February 2001 show a large number of sud-
ably comparable to, but definitely less than, 600 km. den changes of the azimuthal component of the wave vector
indicating that the satellites pass through several generation
regions. In all these cases the whistler wave elements are
8 The third dimension: risers and fallers non-dispersive. This speaks in favor of explaining the time
dispersion of boundary layer whistlers as a propagation ef-
The extension of the whistler mode wave stripes along thefect.
field lines still has to be estimated. This section will be de- To investigate if it is possible that the risers and fallers
voted to that issue, and we will focus on the dispersive ele-observed in the boundary layer are due to propagation ef-
ments observed in the wave emission. fects we investigate the wave properties using the dispersion
The accepted view of chorus (cf. Sect. 4) is that the risingsolver WHAMP (Rénnmark, 1982). The plasmas observed
and/or falling tones are created by the particular mechanisnin the two events shown in Fig. 11 are modelled as presented
generating the waves (Helliwell, 1967). This is in contrast toin Table 1. For the risers’ event we use a plasma density of
lightning-generated whistler waves in the ionosphere, wherd.7 cn 3 and a background magnetic field of 20 nT. The ions
the observed time dispersion is due to a propagation effectare isotropic 5keV protons, the magnetosheath electrons are
(e.g., Storey, 1953). Boundary layer whistlers are observedegarded isotropic with a thermal energy of 70 eV, and the hot
not far from regions of chorus and they sometimes show anagnetospheric electrons are modelled using a 1keV loss-
clear time dispersion. This is shown already in Fig. 2. An- cone distribution. The model describing the fallers event is
other example of risers taken from the same event is disdiscussed in Stenberg et al. (2005). In that case the total den-
played in Fig. 11 (panel A). Whistlers in the boundary layer sity is higher and there is no loss cone distribution. Instead,
may also appear as fallers. Panel B in Fig. 11 shows such the magnetosheath electrons have a temperature anisotropy.
case taken from the magnetopause crossing on 2 March 2002. Figure 12 shows that both risers and fallers are possible
It is not clear what causes the time dispersion of boundaryto explain using these plasma models. Panel A shows the
layer whistlers, propagation effects or a chorus-like gener-attempt to model the situation in the major event discussed
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Table 1. The plasma models used to recreate risers and fallers. AII9 The global picture

components are assumed to be Maxwellians, in one case includin . . . . )
a loss-cone, as indicated in the table. The models are based ohNe Whistler mode waves occur on field lines with a mix-

PEACE and CIS observations. The model for the 2 March 2002ture of magnetospheric and magnetosheath plasma. Hence,

event is previously used in Stenberg et al. (2005). these are, or have recently been, open field lines in order
to allow inflow of magnetosheath plasma. Moreover, Sten-

FEBRUARY 7, 2001: RISERS berg et al. (2005) suggests that the generation of the waves
Species Density [cm®]  7j [eV] T, [eV] is due to an electron anisotropy, resulting from connecting

magnetospheric and magnetosheath field through the mag-

Ht 0.7 5000 5000 - . . .
_ netopause, i.e., magnetic reconnection. This result agrees
e 06 70 70 Iso with Vaivads et al. (2007). H for both th
o 0.1 1000 1000 (Loss cone) also with Vaiva §eta.( ). owever, for oth t eevent;
Bg=20nT considered in this paper a northward interplanetary magnetic
field (IMF) is observed. We would therefore expect the ma-

. MARC'%SZ' 2002: FALLERS jor reconnection X-line to be located tailward of the cusp,
Species  Density [cm’] 7 [eV] 7, [eV] where the IMF and the magnetospheric field lines are anti-
H+ 3.0 2000 2000 parallel. The Cluster spacecraft cross the magnetopause at
e 2.6 40 10 high latitude sunward of the cusp and should not record any
e 0.4 400 400 signs of this process. Neither do we observe any clear rota-

Bo=30nT tion of the magnetic field in the magnetopause plane, when

the Cluster spacecraft pass this boundary minutes after the
wave emission encounters. Hence, we can not provide any
in this paper (7 February 2001). Here the group velocity de-strong evidence of reconnection southward of the cusp. If
creases with frequency above 100 Hz, producing risers in thisuch active processes exist at this time, our results suggests
frequency range. Lower frequencies propagate faster and athey are probably local, patchy and/or intermittent.
rive a head of the higher frequencies. In panel B both the
group and phase velocities increase with frequency in the
interval 0-200 Hz. Parallel propagating whistlers would in 10 Discussion
such a plasma evolve into fallers as the high frequencies
travel faster. In a previous paper (Stenberg et al., 2005) we suggest that the
More work is required to fully understand the dependencewhistler waves just inside the magnetopause are generated
of the wave properties on different parameters in the mod-n thin sheets. Now we are inclined to believe that whistler
els. Our aim is merely to show that both risers and fallerswaves are generated and propagate in tube-like, perhaps even
are possible outcomes of realistic plasma models. The brie¢ylindrically symmetric, structures. The generation is lo-
investigation show that the behavior of the group velocity is cated in the center of the tubes. It is not the first time tube-
sensitive to the relative temperatures of the two electron comlike structures have been found in this region of space. Exam-
ponents as well as to the width and depth of any loss-cone. ples of such spatial structures are discussed in, e.g., Rezeau
Viewed as a propagation effect, the observed time disperet al. (1993), Alexandrova et al. (2004) and Alexandrova et
sion is consistent with a picture where the whistler emissionsal. (2006), who study low-frequency Alfvénic activity at the
extend great distances along the magnetopause. For instanddagnetopause and in the magnetosheath respectively.
consider the riser in panel A of Fig. 11, where the time dif- This study presents evidence of a large amount of tightly
ference between waves at 100 and 200 Hz is about a quartgracked wave generating tubes in the magnetopause bound-
of a second. Furthermore, assume that the group velocitieary layer. Moreover, the apparent mix of locally generated
at 100 Hz ¢100) and 200 Hz {,00) are given by the the an- waves and waves that have propagated substantial distances
alytical results presented in Fig. 12. Then, to produce thesuggests that a large region of the boundary layer is char-
observed time difference the wave must travel a distance, acterized by such small-scale structures. In Stenberg et al.
given bys /vo0o—s/v100=0.25S. Withvo00=1.38x10" m/s (2005) it is argued that a whistler generation region pro-
and v100=1.44x10" m/s, s=12 Re. The numerical result vide a direct link to the reconnection diffusion region. The
should not be regarded an exact value, but serve as an indimagnetospheric electrons are found to disappear at the same
cation of that the whistler wave emission regions may extendime as the whistlers are observed. From this it is argued
for long distances along the field lines. that the whistlers are observed on field lines directly con-
nected to a reconnection region, thereby allowing the mag-
netospheric electrons to escape. The duration of a single
generation region in the present paper is too short to allow
us to study the electrons in such detail. However, the event is
in other respects very similar to that studied in Stenberg et al.
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(2005). Hence, a speculation is that also in the present case  with the whistler wave group velocity in the same di-
the whistlers are observed on field lines directly connected rection as the waves. The amplitude of the current struc-
to diffusion regions at the magnetopause. In that case, the tures is comparable to the whistler wave amplitude.
tube-like emission structures found indicate a patchy and/or
intermittent reconnection geometry. We note, however, that — Other whistler emission elements are clearly dispersive.
there are no global signs of reconnection processes sunward They manifest themselves as risers or as fallers. Using
of the cusp. Bursty whistler-mode waves observed by the Po-  simple plasma models we conclude that it is possible to
lar spacecraft in the outer cusp have also been suggested to  explain both cases as a propagation effect. This allows
originate from a diffusion region (Pickett, et al., 2001). us to estimate the extension of the emissions along the
Another interesting question is the small perpendicular ~ ambientfield. We find that the whistler waves propagate
size of the whistler wave elements. Observations as well as  atleast 10 R.
simulations show that magnetic field and density perturba-

tions often correlate with whistler mode activity, (Moullard, ~ — The large amount of detected generation regions (iden-
2002; Eliasson and Shukla, 2005a). Enhancements or cav- tified as non-dispersive emission elements) indicates a
ities duct whistler waves along the ambient magnetic field. ~ high density of the tube-like structures in the plasma.
In our case we do not observe any field or density fluctua- ~ Referring to Stenberg et al. (2005), where a whistler
tions correlating with the individual wave elements but the ~ generation region is believed to couple directly to the re-

situation, especially for the February 7-event, is complicated ~ connection site, we speculate that the observed pattern
with overlapping wave regions. Thus, we cannot rule outthis  Of tube-like regions reflects ongoing intermittent and/or
explanation. patchy reconnection.

We also lack the full explanation of the step-like magnetic
field structures observed within the waves. They are ob-/Acknowledgements. We are grateful to A. Balogh and S. Buchert
served in or close to regions where the waves are generate" ST”pP'y'lnngGMngt; t%th's ‘Zt”d?(’ and for useful dlscufssmns.f
and where the waves are most intense, although the intensitp(1 Topical Editor F. D'Andrea thanks two anonymous referees for
. . . . eir help in evaluating this paper.
is not extraordinary. It is known that whistler mode waves
can be subject to linear or non-linear self-focusing, (Elias-
son and Shukla, 2005b). One suggestion is then that such B
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