N

N

Multi-spacecraft observations of broadband waves near
the lower hybrid frequency at the Earthward edge of the
magnetopause
M. André, R. Behlke, J.-E. Wahlund, A. Vaivads, A.-I. Eriksson, A. Tjulin, T.
D. Carozzi, C. Cully, G. Gustafsson, D. Sundkvist, et al.

» To cite this version:

M. André, R. Behlke, J.-E. Wahlund, A. Vaivads, A.-1. Eriksson, et al.. Multi-spacecraft observations
of broadband waves near the lower hybrid frequency at the Earthward edge of the magnetopause.
Annales Geophysicae, 2001, 19 (10/12), pp.1471-1481. hal-00329204

HAL Id: hal-00329204
https://hal.science/hal-00329204
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00329204
https://hal.archives-ouvertes.fr

Annales Geophysicae (2001) 19: 1471-148j1European Geophysical Society 2001 —

Annales
\ G Geophysicae

Multi-spacecraft observations of broadband waves near the lower
hybrid frequency at the Earthward edge of the magnetopause

M. Andr &, R. Behlke!, J.-E. Wahlund?, A. Vaivads!, A.-I. Eriksson?, A. Tjulin1, T. D. Carozzil, C. Cullyl? G.
Gustafssort, D. Sundkvistt, Y. Khotyaintsev!, N. Cornilleau-Wehrlin3, L. Rezea#, M. Maksimovic?*, E. Lucek®, A.
Balogh®, M. Dunlop®, P.-A. Lindqvist®, F. Mozer’, A. Pedersefi, and A. Fazakerley’

1swedish Institute of Space Physics, Uppsala division, Sweden

2University of Calgary, Canada

SCETP, \klizy, France

4DESPA/CNRS, Observatoire de Paris, Meudon, France

SThe Blackett Laboratory, Imperial College, London, UK

5Royal Institute of Technology, Stockholm, Sweden

’Space Science Laboratory, University of California at Berkeley, Berkeley, USA
8Department of Physics, University of Oslo, Norway

9Mullard Space Science Laboratory, University College London, London, UK

Received: 13 April 2001 — Revised: 21 June 2001 — Accepted: 23 June 2001

Abstract. Broadband waves around the lower hybrid fre- global perspective, particles, energy and momentum are es-
quency (around 10 Hz) near the magnetopause are studiedgntially constantly transferred across the magnetopause to
using the four Cluster satellites. These waves are commothe magnetoshere. Waves at frequencies from well below the
at the Earthward edge of the boundary layer, consistent wittproton gyrofrequency (of the order of 1 Hz) up to higher fre-
earlier observations, and can have amplitudes at least up tquencies may be important for particle diffusion across the
5 mV/m. These waves are similar on all four Cluster satel-magnetopause, and for the onset of reconnection. We present
lites, i.e. they are likely to be distributed over large areashere observations of electric and magnetic field variations up
of the boundary. The strongest electric fields occur duringto 10 Hz and higher in the spacecraft frame of reference, ob-
a few seconds, i.e. over distances of a few hundred km irtained by the four Cluster satellites during multiple crossings
the frame of the moving magnetopause, a scale length comef the duskside magnetopause. Our investigation includes
parable to the ion gyroradius. The strongest magnetic oscildata from the first double probe electric field experiment that
lations in the same frequency range are typically found inat high sampling rates, 25 samples/s or higher, routinely pro-
the boundary layer, and across the magnetopause. During andes observations from the outer boundaries of the magne-
event studied in detail, the magnetopause velocity is consistosphere.

tent with a large-scale depression wave, i.e. an inward bulge The large-scale shape and location of the magnetopause
of magnetosheath plasma, moving tailward along the nomihave been mapped by earlier spacecraft, and this boundary
nal magnetopause boundary. Preliminary investigations indiis structured on many length scales (Russell, 1995; Fairfield,
cate that a rather flat front side of the large-scale wave is as1995). In addition, waves covering a broad frequency range
sociated with a rather static small-scale electric field, while agre usually present near the magnetopause, as observed by
more turbulent backside of the large-scale wave is associategeveral single spacecraft (Holzer et al., 1966; Gurnett et al.,
with small-scale time varying electric field wave packets.  1979: Blecki et al., 1988; Labelle and Treumann, 1988; Tsu-

Key words. Magnetospheric physics (magnetopause, CUSIO'rutani et al., 1989; Thorne and Tsurutani, 1990; Anderson,

and boundary layers) — Space plasma physics (waves and i995; _Lucek et_al., 2(_)01) and there are also oc_casional ob-
stabilities) servations obtained simultaneously by two satellites (Rezeau

etal., 1993). The importance of these waves for diffusion and
for the onset of reconnection is discussed in reviews by La-
) belle and Treumann (1988), Sibeck et al. (1999) and Rezeau
1 Introduction and Belmont (2001).

. In the following, we present observations from the four
The magnetopause is a complex boundary between thf&l g P

Earth’s maanetosphere and the shocked solar wind. The s uster satellites of electric and magnetic fields and waves,
. 9 P . . ' .~and plasma density from an orbit where the spacecraft ex-
lar wind-magnetosphere interaction never ceases, and in

Serienced multiple crossings of the duskside magnetopause.
Correspondence tdvl. André (mats.andre@irfu.se) We investigate the details of the electric field at the boundary
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the difference between the probe and the satellite potential

=r ] for all four probes. This difference is often referred to as
7 1 the negative of the spacecraft potential. The potentjalis

positively correlated with the density, i.e. a higj, corre-

sponds to a high density. During the 7 hours displayed in

_2o0p ‘ W‘F\ )‘ | J{W 1 the figure, the satellites moved from (3, 11, 9 iR GSE
i”’MWWWM WW KWA MMM WM coordinates to (6, 15, 7) Rwith spacecraft separations of

. ! ‘ ‘ ‘ ‘ ‘ ‘ typically a few hundred kilometres to a thousand kilome-
so WM”WWTMM WM mvwwr%

ters. In Fig. 1, av,, of =20, —10 and -5 V corresponds to
9

about 0.8, 2 and 20 particles cth The middle panel of
Fig. 1 shows the magnitude of the magnetic field observed
by FGM, while the bottom panel shows the elevation angle
of the magnetic field in GSE coordinates (so th&0° cor-
responds to a northward field). In the upper panel of Fig. 1,
Fig. 1. Observations by Cluster satellite 4 on 31 December 2000.2 low v, corresponds to the magnetosphere, with several in-
The upper panel shows the potentigk. This parameter is posi- creases to around —10 V indicating entries into a boundary
tively correlated with the density, i.e. a high, corresponds to a  layer, while increases to around -5 may represent crossings
high density. Av,,; 0of —20, —10 and -5 V corresponds to about 0.8, of the magnetopause into the magnetosheath. An increase
2 and 20 particles cmP. The middle panel displays the magnetic in vps, together with a clear decrease in the elevation of the
field from FGM, and the bottom panel shows the elevation angle ofmagnetic field, such as around 10:20 and 11:30 UT, indicate
this field in GSE coordinates (so that9Corresponds to a strictly  clear excursions into the magnetosheath. Since the satellite
northward field). speed of the order of 1 km/s is much lower than the plasma
speed, a more appropriate description may be that the mag-
. . ._netopause motion brings the satellite into the magnetosheath.
of a large-scale magnetopause wave, a tailward moving in- . X
L ._In comparison to a nominal model magnetopause, the satel-
ward bulge of magnetosheath plasma. Preliminary results in;. ; ; :
: . lites are always outside this boundary at distances from 0.5
dicate that on the front side of the large-scale wave, the elec:

tric fields are rather static in the magnetopause frame, whileRe (beginning of the period) to 2(Yend of the period). The

the electric fields on the more turbulent “backside” of the multiple crossings in Fig. 1 indicate significant motion of the

. . . o magnetopause, although the WIND spacecraft (at a distance
large-scale wave consist of time varying electric field wave f about 2 f h) ob d h d |
packets. of about 250 R from Earth) observed a rather steady solar

wind with a pressure of about 1 nPa. As discussed below,
at least some of the magnetopause crossings correspond to
large-scale surface waves rather than just radial motion of
the magnetopause.

Cluster is a unique four satellite mission designed to inves- Figure 2 shows 22 minutes of data, starting at 10:00 UT,
tigate the Earth's magnetosphere and its boundaries in detain 31 December 2000. Panel (a) shawsas in Fig. 1, i.e.
(Escoubet et al., 1997). In this study, we use data from thedn indication of the density, plotted for all four Cluster space-
Electric Field and Wave (EFW) instrument with two pairs Craft. The satellites encounter a boundary layer and possibly
of probes on wire booms in the spin plane of each satellite !"® magnetosheath for about a minute after 10:02 UT,; there
Each pair has a probe_to_probe Separation of 88 m (Gustafés a Slgnlflcant denS|ty perturbatlon jUSt after 10:05 UT, and
son et al., 1997, 2001). For the event presented here, a sari1€ Spacecraft then enter the magnetosheath between about
pling rate of 25 samples/s with an anti-aliasing filter at 10 10:17:30 UT and 10:21:00 UT. Panels (b-e) show EEW

Hz was used for the electric field. In addition, the potential (in GSE coordinates) electric field data from satellites 1 to
of the probes with respect to the spacecraft was sampled 4t at frequencies up to 10 Hz. Itis clear that broadband (in
5 samples/s, and this measurement can be used to estimdf satellite frame of reference) waves are seen on all space-
the plasma density (Pedersen, 2001). We also use data froffaft at density gradients, and sometimes in nearby low den-
the STAFF search coil magnetometers (Cornilleau-WehrlinSity magnetospheric regions. (The signal up to around 1 Hz

et al., 1997) and the FGM fluxgate magnetometers (BalogHn this figure is primarily caused by an artificial non-linear
etal., 1997). coupling between the plasma and the probes. In the magne-

tosheath, such signals can be seen up to about 3 Hz.) Panel

(f) displays the electric field between 10 and 50 Hz, and panel
3 Observations (g) shows the magnetic field up to 10 Hz; both panels use data

from the STAFF instrument on satellite 4. The proton gy-
On 31 December 2000, the Cluster satellites crossed theofrequency is about 0.3 Hz, and the lower hybrid frequency
high-latitude duskward magnetopause several times. The ugs approximately 10 Hz. Panel (f) shows that the broadband
per panel of Fig. 1 shows the probe-to-spacecraft potentialvaves observed by EFW exist also at higher frequencies. By
vps (EFW on satellite 4) obtained by taking the average of comparing panels e and g, we find that the strong electric and

© [deg]

13
31 December 2000, UT [h]

2 Cluster instruments
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Fig. 2. Cluster observations from 31 December 2000. Péagl
shows the potentiad,; from EFW (satellites 1-4 correspond to
black, red, green and blue, respectively)v A of —20, —10 and -5
V corresponds to about 0.8, 2 and 20 particles‘énPaneIs(b—e)
display EFWE) electric field up to 10 Hz. (The signal from around
the satellite spin frequency (0.25 Hz) to 1 Hz is primarily artificial,
see text). Panel) and(g) show satellite 4 STAFF electric fields Fig. 3. Cluster observations from 31 December 2000. This display
(10-50 Hz) and the total magnetic (up to 10 Hz) fields, respectively.corresponds to the latter part of Fig. 2, and the upper seven panels
Note the broadband electric emissions at the potential gradients, angre similar to that figure. (Note the data gap during the first minute
the magnetic emissions in regions of highy. in panel(d). Panelgh) and(i) show the magnitude of the magnetic
field from FGM on satellite 4, and the elevation angle of this field
(so that 90 corresponds to a strictly northward field), respectively.
magnetic oscillations at a few Hz are nearly anti-correlated;
the former is confined to density gradients at well at the low
density magnetosphere, and the latter is primarily occurringgle near 10:18:00 UT (10:20:30 UT) is consistent with the
in the boundary layer and the magnetosheath with highespacecraft crossing the magnetopause and entering (leaving)
densities. the magnetosheath. Note that the sharp increase (decrease) in
Figure 3 displays the latter part of the event in Fig. 2 in v, occurs a few seconds before (after) the sudden change in
higher time resolution. It is again clear that the strongestthe elevation angle of the magnetic field. Starting at the mag-
electric field emissions are detected near density gradients)etospheric side, these data are consistent with first, a den-
and also that such waves may occur elsewhere in the low dersity increase when moving into a boundary layer, and then
sity magnetosphere. (As in Fig. 3, some signals in the maga change in the magnetic field direction, which is consistent
netosheath up to about 3 Hz are due to artificial non-lineawith a current sheet when moving into the magnetosheath.
coupling.) Note that satellite 2 moved into a boundary layer(The decrease im,; to —24 V just after 10:17:30 UT may
around 10:17:35 UT, a few seconds before the other spacehe due to not only low density but also to low electron tem-
craft, and that the broadband emission shown in panel (c) acperature.) Panel (h) shows magnetic fluctuations consistent
cordingly occurs a few seconds before the emissions on th&ith the low frequency part of panel (g). Considering the
other spacecraft. Panels (h) and (i) of Fig. 3 show the magniwaves at frequencies up to 10 Hz, at least during this event,
tude of the magnetic field and the elevation angle on satellitehe strongest broadband wave electric fields tend occur at the
4 (from FGM). The decrease (increase) in the elevation anEarthward edge of the boundary layer, while the strongest

20
12 Dec 2000 UT, min after 1000 UT
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Spacecraft potential 31 Dec 2001, 1017 UT ous methods. One method is to consider one specific value
a) -5 ‘ ‘ ‘ s v of v, and note the times when each of the four spacecraft
e daaa san reaches that level (Fig. 4a).
10T With this information and the knowledge of the spacecraft

positions, the velocity of the density structure can be calcu-
lated. This is done under two assumptions: that the magne-
topause locally is flat, and that the velocity is constant and
normal to the magnetopause. Another way is similar to the
method used by Bale et al. (2001). By computing cross-
correlations of the derivatives of the time-seriewgf, it is
possible to find the time delay between the different space-
craft passing the structure (Fig. 4b). Using the same assump-
tions as above, the velocity can be calculated. By using the

'300 10 20 <30 40 50 60 derivative in the cross-correlation rather thag, the tran-
- c0 s . sition into the structure is emphasized. Having estimated
4 ime derlvatlye of the spacecn"aft poteptlal the ma t locitv. th tential f diff i
b) — gnetopause velocity, the poten g from differen
3 spacecraft can now be shifted in time and we find that they
» 2 overlap (Fig. 4c). A certain time interval in the satellite frame
> 1 now corresponds to a certain length interval in the magne-
(0] \,_mf“»«*‘f~i—>—f#f—f—/;\'\;,ﬁ ‘ topause frame. The methods described above give similar
-1 : : : : velocities, around,, = (—100, —10, —55) km/s. The speed
0 10 2(2 OSSS Cgr?elaﬁofo 50 60 is about 110 km/s, with a \_/ar_iati(_)n b_etwgen estimates of less
0.8 /\\‘ 7 than 10 km/s, and the variation in direction of less thah 15
0.61 , \ Here we note that preliminary analysis of the FGM mag-
0.4r1 / \ netometer data, including minimum variance analysis, is in
0.2 / \ reasonable agreement with these observations. Future stud-
Op-— 7 T P ies should include more minimum variance analysis of elec-
-0.2 : : - tric and magnetic fields to estimate the normal of the magne-
20 15 10 -5 ;0 5 10 15 20 topause at each satellite, and to test the assumption of a flat
- Spacecraft potential 31 Dec 2001, 1017 UT magnetopause. Figure 5 shows a sketch of the location of the
c) S satellites, and the magnetopause and its velocity.
Some details of the moving magnetopause and boundary
-10} layer are considered in Fig. 6a. A time series of g
electric field component from satellite 2, near the boundary
14 crossing leaving the magnetosphere around 10:17:30 UT, is
a shown in the upper panel of Fig. 6a. (Compensation for slight
> differences between probes have been used in this figure.
-18¢ In addition, some effects of the wake caused by the satel-
o lite body in the magnetosheath has been removed by filter-
220 ing.) The electric field has one single major negative peak
at 10:17:35 UT. This peak occurs just before the increase in
26 v,s. This single peak gives a significant contribution to the

0 10 20 30 40 50 60

broadband spectrum in panel (c) of Fig. 3. Other electric field
oscillations are concentrated in the region of lowgst from
10:17:20 UT to 10:17:35 UT. As mentioned before, this low

Fig. 4. (a) The parameten,; for all four satellites, with a few  y,. may be due not only to low density, but also to low elec-
specific potentials indicatedbh) the derivative of this potential for  trgn temperature. The lower panel of Fig. 6a shows the elec-
two satellites and the corresponding cross-correlationthe low i field in the frequency domain, using a wavelet transform.
pass filtered potentials shifted in time to overlap. In this lower panel-l-hiS display gives a high time resolution at higher frequen-
10 s correspond to about 1000 km. . .
cies, and clearly shows the broadband character of the single
electric field peak in frequency space, and also the location
) o . of the electric field emissions to the region of loy.
magnetic oscillations appear in the boundary layer and also A time series ofE, from satellite 2, near the boundary
across the magnetopause into the magnetosheath. crossing entering the magnetosphere around 10:21:00 UT, is
The magnetopause and the associated electric and magisplayed in the upper panel of Fig. 6b. The electric field is
netic oscillations are moving across the Cluster satellitesfound in small regions, each including a few oscillations at a
The velocity of the magnetopause can be estimated by varifew Hz. The oscillations occur just after the sharp decrease
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in v,s. The lower panel of Fig. 6b shows this electric field
in the frequency domain. Similar to the example above, the St i ‘ i ‘ i . ‘ ]
strongest electric fields are found just after the decrease in 20 40 60 80 100 120 140 160 180

—

vps. In contrast to the example above, here we find a few Wavelet specgram of Ey (GSE), S/C2
small “wavepackets”, each containing a few ocsillations at a Ul — S/C potential

Hz

few Hz.

An important point is how much of the observed electric g
field variations are true time variations in the reference frame & 4
of the magnetopause, and how much is due to a Doppler shift 2
in the satellite frame caused by the motion of the magne-
topause. To investigate this, it is useful to plot the electric
field time series from each satellite in a common reference
frgme, using the magnetopause velocity esUm_ated above. IIn—ig. 6. (a) Ey, component of the electric field from satellite 2 (upper
Fig. 7a, theEy c_omponent from all four _satellltes near the panel) and a wavelet transform of this signal (lower panel), using a
outbound crossing at around 10:18 UT is plotted as & funCyinear color scale, for the boundary crossing leaving the magneto-
tion of time. The red line corresponding to satellite 2 is the sphere. The potential,s is indicated, see also panel a of Fig. 3,
same electric field as in Fig. 6a. The first major negative (b) similar to a, but for the boundary crossing entering the magne-
peak of the electric field is indicated for each spacecraft. Astosphere.
for satellite 2, each indicated peak occurs near (within about
a second) the start of the sharp risevify. In Fig. 7b, the
same time series are shifted using the magnetopause velocitppause frame.
obtained from changes in thg, parameter observed oneach  Our interpretation is that the electric field structures ob-
satellite (see Fig. 4). Here, the indicated peaks nearly overserved during the outbound crossing are rather static in the
lap, occurring within less than one second. In addition, atmagnetopause frame, and move across the satellites with a
times before 10:17:38 UT and after 10:17:42 UT in Fig. 7b, velocity of about 100 km/s. The time scale of the structure
the fluctuations are rather small. is a few times 0.1 s in the satellite frame, corresponding to a

An electric field with a component of a few mV/m in the length scale in the direction normal to the magnetopause of
negativey direction exists on all four spacecraft. The time a few times 10 kilometers (as observed by single satellites).
series from the different satellites are far from identical, andThe structures are reasonably static during at least a few sec-
it may be argued that other peaks should also be indicated a¥nds (as observed by satellites crossing the magnetopause at
major disturbances. However, we emphasize that we use ondifferent times). Along the magnetopause, the length scale
parametery,,,, obtained on all four satellites to estimate the is at least a few hundred kilometers (the separation between
magnetopause velocity. This velocity is then used to studysatellites).
another parameter, the electric field, and to dicover that sim- In Fig. 8a, v,, for the inbound magnetopause crossing
ilar structures overlap when plotted in the moving magne-near 10:21 UT is shown for all four satellites. In Fig. 8b,

5 2l L N S SR e s bt
0 20 40 60 80 100 120 140 160
Time [s] since 31 Dec 2000 1020 UT grsnm
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Fig. 7. (a) The E,, component of the electric field from 10:17:00 UT on 31 Decemeber 2000, for all four Cluster satellites (1:black; 2:red; 3:
green; 4:blue)(b) The same signals, but shifted in time to correspond to a common moving magnetopause frame.

these time series have been shifted, using an estimated mabut changes in the electric field up to a few mv/m can be
netopause velocity of (10, 43, 27) km/s in GSE coordinatesfound. No clear correlation between different satellites can
This corresponds to a speed of about 50 km/s. Compared tbe found.

the outbound crossing, itis here less clear how to estimate the Qur interpretation is that the electric field structures ob-
magnetopause speed. The blue line corresponding to satellitserved during the outbound crossing are primarily due to
4 indicates either a more structured magnetopause, or fasime variations in the magnetopause frame. If static struc-
time variations. Using the estimated magnetopause veloctures are present, their length scale along the magnetopause
ity above, theE, components have been shifted in time and must be less than a few hundred kilometers (the satellite sep-
plotted in Fig. 8c. The red line corresponding to satellite 2 aration). Alternatively, they must last less than a few sec-
is the same electric field as in Fig. 6b. As for satellite 2, onds (since they are not observed by satellites crossing the
most enhancements of the electric field occur within aboutmagnetopause at different times) and we would not call them
10 seconds after the sharp decrease,in Satellites 1 and  “static”. The time varying structures have a duration of a few
2 show a couple of wavepackets with a few oscillations at aseconds in the satellite frame, corresponding to a few hun-
few Hz each. Satellites 3 and 4 show no clear wave packetsdred kilometers in the direction normal to the magnetopause
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(as observed by single satellites). The structures must last One way to investigate the field oscillations is to study the
less than a few seconds (since they are not observed by satehtio of the electrid and magneti@ power spectra. This ra-
lites crossing the magnetopause at different times) or have 8o will of course vary near boundaries such as those in Fig. 3
scale length along the magnetopause of less than a few hursince eitherE or B or both simultaneously, are large. Elec-
dred kilometers (the separation between satellites). Our distric field power spectra from the boundary where satellite 4
cussion above only gives the limits for possible time and spas leaving the magnetosphere near 10:17:30 UT, are shown
tial variations. We interpret the structures as primarily timein Fig. 9a. The first (blue) spectrum corresponds to the re-
variations, since these limits exclude many reasonable essegion with the strongest electric fields, while the next (green)
tially spatial variations, including very low frequency Affim  spectrum is from the region with somewhat weaker electric
waves with long wavelengths. but stronger magnetic fields. The rafig' B is much smaller
Figures 6, 7 and 8 show that the strongest electric fielddn the second case, as shown in Fig. 9b. Note that these fig-
occur on time scales of about a second, corresponding to ares give an average description of the boundary region, and
length scale of about one hundred kilometers in the frame ofio not indicate phenomena such as small-scale bursts of the
the moving magnetopause. This scale is comparable to an ioelectric field. Although the rati& /B changes by about a
gyroradius. (A proton gyrofrequency of 0.3 Hz and a protonfactor of 10, the electric and magnetic perturbations could
temperature of 100 eV or 1 keV correspond to gyroradii of be due to same phenomenon if the change in the ratio is due
about 100 or 300 km, respectively). to a change in background plasma parameters. Although the
It is interesting to put the details of the two magnetopausemaijor field perturbations may be rather static in the magne-
crossings discussed above into a larger perspective. Thipause frame, in a preliminary investigation, it is still mean-
velocity of the magnetopause during the outbound crossingful to investigate these fields in terms of the Afvveloc-
ing leaving the magnetosphere was (100, —10, -55) km/éy. We note that the quasi-static magnetic field magnitude
in GSE coordinates and for the inbound crossing, (10, 43js nearly constant, while the density changes by about a fac-
27) km/s. Since the satellites were positioned near the nomitor of 25 (0.8 to 20 cm?®) during the boundary crossing near
nal duskside magnetopause, the magnetopause velocities at8:17:30 UT, corresponding to a change in the Aflfiwe-
consistent with a depression wave, i.e. an inward bulge ofocity by a factor of 5. The ratidZ/B changes by a factor
magnetosheath plasma, moving past along the nominal magf about 10 during this crossing. In order for a comparison
netopause boundary. In this interpretation, the outboundf E/B at frequencies much higher than the proton gyrofre-
crossing with static electric field structures corresponds to aquency (about 0.3 Hz) with the Alén velocity to be mean-
large-scale wave reaching the spacecraft, while the inbounéhgful, some model must be used. A possible interpretation
crossing with time varying electric field wave packets cor- of broadband spectra in terms of Doppler shifted low fre-
responds to a more turbulent “backside” of the large-scalequency Alfven waves is discussed by Stasiewicz et al. (2001),
wave. for other interpretations and discussions, see (Wahlund et al.,
The differences between the front side and the backside 01998; Stasiewicz et al., 2000; Lund, 2001; Stasiewicz and
large-scale magnetopause waves are known from other studkhotyaintsev, 2001). Electric field power spectra when satel-
ies, (e.g. Rezeau and Russell, 1992; Bale et al., 2001). Prdite 4 is entering the magnetosphere near 10:21:00 UT are
liminary investigations of other Cluster boundary crossingsshown in Fig. 9c, together with the correspondifigB ra-
during the time period in Fig. 1 show both electric field sin- tios in Fig. 9d. During this boundary crossing, the electric
gle peaks and wavepackets. The strongest electric fields arféeld is strong on the magnetospheric side of the boundary
typically around 5 mV/m. These strong fields are found ei- (blue line), but also during the decreasevif} (green line)
ther just before the increase i, or just after the decrease when the magnetic oscillations are also strong. As for the
in vy, as in Fig. 6, or a few seconds (typically a few hun- previous crossing, these figures give an average description
dred km) into the magnetosphere, or they are co-located wittof the boundary region. While Fig. 6 shows that phenomena
the strongest gradient af,,. It might be that a rather flat occurring during a few seconds may dominate the electric
front side of a large-scale wave is usually associated with dield near the magnetopause, Fig. 9 shows that even when av-
more static small-scale electric field, while a more turbulenteraging over several seconds, great care must be used when
backside of the large-scale wave is associated with smallselecting regions for detailed studies and that varying back-
scale time varying electric field packets. A statistical studyground plasma parameters must be considered.
is needed to confirm any differences in the fine structure of
the electric field observed at the front and backsides of large-
scale magnetopause waves. 4 Discussion and Conclusions
Preliminary investigations of the detailed STAFF magne-
tometer data show that the electric field structures in Figs. 6Broadband (in the satellite frame) electric field oscillations
7 and 8 are accompanied by similar magnetic variations, eiare common near the crossings of the boundary layer and
ther single peaks or wave packets. Before very detailed comthe magnetopause, which is consistent with earlier observa-
parisons of the electric and magnetic fields are performed, itions, and these oscillations can have amplitudes at least up
is useful to consider the average properties of the differento 5 mV/m. During a crossing, these waves are similar on
fields. all four Cluster satellites, i.e. they are likely to be distributed
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Fig. 8. (a) The potentiab,; from 10:21:00 UT on 31 Decemeber 2000, for all four Cluster satellites (1: black; 2: red; 3: green; 4(iblue),
The same signals, but shifted in time to correspond to a common moving magnetopausgdjdrne.E, component of the electric field
for all four satellites, shifted as in panel (b).

over large areas of the boundary. We have studied waves ugrave consist of time varying electric field wave packets.

to 10 Hz, corresponding to the approximate value of the 10~ \yhen investigating average wave properties over larger
cal lower hybrid frequency. These oscillations typically 0C- gistances, corresponding to several seconds, great care must
cur near the Earthward edge of the boundary layer. Magye aken since these properties may vary considerably near a
netic oscillations in the same frequency range are typically,oyngary. It should be further investigated if changes in the
found in the boundary layer and across the magnetopaus%verage wave properties, such as )8 ratio, can be ex-

The strongest electric fields occur during a few seconds, i.ej|qined by varying background plasma parameters, together
over distances of more than a few hundred km in the frame o{ i, some appropriate model.

the moving magnetopause, a scale length comparable to the .
ion gyroradius. Preliminary results indicate that on the front  Waves at the magnetopause can be important for transport

side of a large-scale magnetopause wave, the electric field&r0Ss this boundary. To investigate the importance of the ob-

are rather static in the magnetopause frame, while the elecserved field oscillations, it is necessary to reveal their nature.
tric fields on the more turbulent “backside” of the Iarge-scaleseveral possibilities should still be considered. Waves and
nearly static structures can be generated by currents, density
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Rezeau, 2001). In addition, shear in the plasma flow usu-
ally occurs across the magnetopause. One type of generation
mechanism causing broadband waves at frequencies of the

: order of the ion gyrofrequency depends on shear due to inho-
S1o7 ; , mogeneous plasma flow, either caused by changes in the flow
= TN G parallel to the ambient magnetic field (Gavrishchaka et al.,

g L\Mw\’ 1999) or by inhomogeneous perpendicular flows (Amatucci,

' 1999; Koepke et al., 1999; Reno and Ganguli, 2000). Re-
cent investigations of Freja data show that such perpendicular
shear may well contribute to the generation of waves at alti-
tudes around 2000 km in the auroral region (Hamrin et al.,
2001).

The EFW high resolution electric field observations on
aRna Cluster can be used to study the details of the elec_tric fi_eld
A — and wave structures near the magnetopause. In this article,

) . N we have used the probe-to-spacecraft potenfjialobtained
e Al on all four Cluster satellites to find density gradients, and
<, A to estimate the velocity of the magnetopause. This velocity
RN 5 k is then used to study the electric field in the magnetopause

LN Nz frame. The magnetopause velocity during an event studied
in detail is consistent with a depression wave, i.e. an inward
bulge of the magnetosheath plasma, moving tailward along
the nominal magnetopause boundary. Preliminary investiga-
tions indicate that a rather flat front side of the large-scale
wave is associated with a rather static small-scale electric
field, while a more turbulent backside of the large-scale wave
tained when satellite 4 is leaving the magnetosphere,(@ndnd  ig associated with small-scale time varying electric field wave
(d) corresponding spectra when the satellite is entering the magnel?ackets. A statistical study is needed to confirm any con-

tosphere. The blue line correspond to the Earthward part of eac . . : 2o
event. Times are in seconds after 10:17:00 UT, 31 Dec 2000. TheS|stent differences in the fine structure of the electric field

boundary between spectra for each crossing (43 s and 235 s) are irQ_bserved at the front and backsides of large-scale magne-
dicated in Fig. 3. The electric field is the total field in the satellite ~ [OPause waves.
spin plane, whileB is the total magnetic field.

o

0%
N

Hz Hz

Fig. 9. (a)and(b) Electric field power spectra anl/ B ratios ob-
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