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Abstract. Oscillating magnetic field lines are frequently ob- whose knowledge we owe ground-based and in-situ obser-
served by spacecraft in the terrestrial and other planetaryation of space plasmas using spacecraft observations. The
magnetospheres. The CLUSTER mission is a very suitablgheoretical basis for resonant coupling processes was estab-
tool to further study these Alen waves as the four CLUS- lished by Tamao(1969, Chen and Hasegaw@d974, and

TER spacecraft provide for an opportunity to separate spaSouthwood(1974 who were the first to provide a theoreti-
tial and temporal structures in the terrestrial magnetospherecal framework to understand the resonant coupling between
Using a large scaled configuration formed by the four spacecompressional waves with small azimuthal wave nunsoer
craft we are able to detect a poloidal Ultra-Low-Frequencyand Alfvén waves in an inhomogeneous plasma.

(ULF) pulsation of the magnetic and electric field in orderto  The physical resonant mode coupling can be understood
analyze its temporal and spatial structures. For this purposeonsidering electric current continuity. From Maxwell’s
the measurements are transformed into a specific field linequations the following wave equation is derived for low-
related coordinate system to investigate their specific amplifrequency waves:

tude pattern depending on the path of the CLUSTER space-

craft across oscillating field lines. These measurements ar¢) | v , g 4 Moa—j —o. 1)

then compared with modeled spacecraft observations across

a localized poloidal wave resonator in the dayside plasmas

S o ) Here E h lectric fiel ids the electri
sphere. A detailed investigation of theoretically expected ere E denotes the wave electric field, ajids the electric

: . . . é:urrent density driving the wave. A magnetohydrodynamic
poloidal eigenfrequencies allows us to specify the observe . . o
wave in a homogeneous plasma carries polarization currents

16 mHz pulsation as a third harmonic oscillation. Based on
this we perform a case study providing a clear identification 1 dE
of wave properties such as an spatial scale structure of aboultr = -
0.67Rg, the azimuthal wave number~30, temporal evo-

lution, and energy transport in the detected ULF pulsations\yherev, = By/ 11000 defines the Alfén velocity andBy and
po denote the background magnetic field and the plasma

Keywords. Magnetospheric physics (MHD waves and in- Mmass density, respectively. For an Affvmode this polariza-

stabilities; Plasmasphere) — Space plasma physics (Waven currentis curl-free in a plane whose normal is the back-
and instabilities) ground magnetic fieldp. The fast mode carries a source-

free polarization current. Considering a fast mode type per-
turbation with its source-free current in an inhomogeneous
medium with spatially changing Al&n velocity current con-

tinuity requires the fast mode carried current to be partially

Next to processes such as magnetic reconnection or coIIi(-:.IOSed via field-aligned currents .dI’IV.II’]g Aimic perturba-
ns carried by a curl-free polarization current system. If

sionless shock waves the process of resonant mode couplint§O

)

2 b
Hovy dt

1 Introduction

I : ; - e phase velocity component of the fast mode parallel to the
or magnetospheric field line resonance is a physical proces e
9 P phy P ackground magnetic field is equal to the local &lfvve-

Correspondence tdS. Sclafer locity both waves have ample opportunity to exchange their
(seb.schaefer@tu-bs.de) energy; resonance takes place.
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1012 S. Schfer et al.: Characteristics of poloidal waves: a CLUSTER case study

Observational evidence for the existence of such resothrough the magnetosphere on polar orbits forming various
nances was provided by egamson et a[1971) andWalker  scaled configurations with distances betweedl6Rr and
et al. (1979 using ground-based and ionospheric observa-2.0 R;. Compared to previous missions with one or two
tions, respectively. Also spacecraft observations providespacecraft the advantage of the CLUSTER mission consists
some evidence for the existence of field line resonances itin the availability of four measurement points either close to
the terrestrial magnetosphere (eEmgebretson and Cahill each other within the same region of interest or located in
1981, Engebretson et al1986. The azimuthal variation of different regions. Due to its polar orbit the region close to
these observed resonances was found to be rather small; tyfhe plasmapause is of particular interest. Here plasma condi-
ical azimuthal wave numbers are of the ordemsf5 (e.g.  tions are more complex than in the outer region of the mag-
Olson and Rostokerl978. In the radial direction widths netosphere as steep plasma density gradients, finite plasma
of standing Alf\en waves are observed betwee Br and beta, field line curvature, and the ring current may influ-
1.6 Rg (e.g.Walker et al, 1979 Singer et al.1982 Mitchell ence the ULF pulsation wave field. Also, as the plasmapause
etal, 1990. is located deep in the magnetosphere wave sources are not
The source for the primary fast mode wave is in many oc-necessarily associated with processes at the magnetopause.
casions a Kelvin-Helmholtz instability of the magnetopauseRather local populations of energetic particles are generally
(e.g.Engebretson et al1997). A dominating wave damping accepted as a wave source of poloidal oscillati@meke and
mechanism for the coupled A&n mode is Joule heating in Mann 2001 leading to plasma instabilities such as the drift
the ionosphere (e.@lassmeier et 311984). mirror (Hasegawpal969 and the bounce instabilitiySouth-
However, many ULF pulsation observations, though inter-wood et al, 1969 Southwood and Kivelsqri982.
preted as field line resonances, lag a definite proof of their A suitable theoretical framework to interpret the spatial
resonant character as single spacecraft observations do netructure of poloidal oscillations with large-values has
allow to demonstrate the spatial localization of the wave am-been presented by e.geonovich and Mazu¢1990. Some
plitude and the typical 180phase change of the toroidal of their results can be understood again considering the dif-
component in radial direction. What is observed is usu-ferent currents associated with the restoring forces influenc-
ally a spatial localization in the radial or poloidal compo- ing the wave. For example, the influence of a finite plagma
nent, not the toroidal component (e inger et al. 1979 can be incorporated in EqL)by a diamagnetic current
1982 Singer 1982 Cramm et al. 2000. Furthermore,
such poloidally localized waves exhibit large azimuthalwave , VP x Bg
numbers m=50-150. For such large-value ULF pulsations I8 = Bg '
the field line resonance mechanism is a rather inefficient one
(e.g.Kivelson and Southwoqd 986 Lee and Lysak1990 Magnetic field line curvature introduces curvature currents
and cannot be used as an explanation to understand thegg. If the background plasma carries a significant electric
poloidal resonancesLeonovich and Mazuf1990 give a  current/ as observed in the ring current region a further cur-
simple reason for this: in the limit— 0 the azimuthal com-  rent,
ponent of the wave vectdsy is equal to infinity. But also
the radial componerit,. tends to infinity in case of an ideal . _ (J xb) x Bg )
resonance. Because%fB=0 the direction of the transverse B Bg ’
magnetic field component is not defined.
The question thus arises on how to understand the spaieeds to be considered when solving Bq; fereb denotes
tial structure of poloidal ULF pulsations with large val- the magnetic field perturbation vector. This current describes
ues. Observations from single spacecraft have only a limitedorces associated with work done by the perturbed plasma
value in providing the necessary experimental backgroundagainst the current-carrying background.
to tackle this question. Due to spacecraft motion a separa- Each of these additional currents influences wave disper-
tion between spatial and temporal variations is not possiblesion and propagation velocity of ULF waves observed in
Temporal variations can be introduced by the dynamics ofthe magnetosphere. Based on theonovich and Mazur
the wave source itself. They also reflect the described cou¢199Q 1993 1995 andKlimushkin (19983 have derived a
pling processes which take a finite time to reach a steadyather general theoretical framework to describe the disper-
state situation. Phase mixing as discussed in more detail bgion characteristics of ULF waves in more complex back-
e.g.Mann and Wrigh{1995 thus causes significant tempo- ground plasma situations. Especially the curvature currents
ral variations and polarization changes which cannot be reare important as they introduce transverse dispersion caus-
solved by single spacecraft measurements. ing largem waves to propagate in radial direction. Wave
Here the four CLUSTER spacecrafigcoubet et 311997 propagation inwards is hampered by the increasing plasma
represent a very suitable tool to analyze magnetospheric ULFnass density and magnetic field strength; the inner magneto-
pulsations as shown in a recent study of poloidal ULF pul- sphere/plasmasphere becomes opaque and a poloidal turning
sations byEriksson et al(20050). These spacecraft move point exists.

©)
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Wave propagation outwards, however, is possible. As the AR AR LALARLRLE) L/ LA ZR RS LALAAALAR) ALY
local eigenfrequencies of toroidal and poloidal modes are dif- a / / ‘ ]
ferent any outward propagating largepoloidal wave may September 15, 2002 ‘
couple to a toroidal oscillation. Poloidal perturbations are | ' /A

related to toroidal transverse currents carrying the wave. As

the azimuthal wave numbesr is large this toroidal current 2
changes sign rapidly also in azimuthal direction. Current
continuity requires the transverse divergence of this current
to be closed via field-aligned and poloidal currents. This
causes coupling between the primary poloidal magnetic field
perturbation and a secondary toroidal magnetic field oscilla-
tion. If the local eigenfrequencies of the poloidal and toroidal =
oscillations match a local toroidal field line resonance occurs. ¢
Wave propagation is thus restricted to a region bounded by
the poloidal turning point and the toroidal resonance point.
This region thus defines a magnetospheric resonator or wave
guide Ceonovich and Mazyrl995.

This toroidal resonance is the true equivalent to the clas-
sical field line resonance first described Tymao(1965,
Chen and Hasegawél 974, and Southwood(1974. In
case of the classical field line resonance the primary, low-
m poloidal wave is generated at the magnetopause, while the
primary, largem wave of the magnetospheric resonator field
line resonance is generated within the resonator region.

The above discussion indicates that the radial structure
of largem poloidal waves in the magnetospheric resonator
will be more complex than that one of a classical field line Fig. 1. The CLUSTER orbits in the dayside magnetosphere on
resonance. A polarization change may happen between thtb September 2002, 06:00, 07:00, 08:00 and 09:00 UT. The satel-
poloidal inner turning point and the outer toroidal resonance lite move from south to north. The thick black line represents the
The spatial structure within the resonator needs to be consid?lasmapause found a&=4.7.
ered.

Furthermore, the outer boundary of the resonator can b& pgervations
another poloidal turning point, not a toroidal resonance, de-
pending on plasma background properties (gegoulis and A poloidal wave event has been detected onboard the CLUS-
Chen 1994 1996 Leonovich and Mazyrl993 Denton and  TER spacecraft on 15 September 2002 between 06:50 and
Vetoulis 1998 Klimushkin, 19983. The existence oftwora-  08:00 UT. The CLUSTER orbits during this time interval are
dially arranged turning points suggests that a poloidal waveyjsplayed in Fig.l. Field lines have been calculated using
trapped in this kind of resonator can propagate in both di-the Tsyganenko magnetospheric magnetic field mobsf<
rections, inward as well as outward. Detailed studies of theganenko 1995 Tsyganenko and Sterd996. The space-
radial variations of the ULF wave field in magnetospheric ¢raft move from the southern dayside magnetosphere into
resonator regions are thus desirable and will allow a deepefhe northern part of the magnetosphere with a velocity of
insight into the plasma physical processes there. vse~2km/s. The spacecraft form a large scale tetrahedron

With the present study we intend to initiate a series of stud-with distances between 3000 km and 16 000 km. This config-
ies on poloidal ULF waves in the outer region of the plasma-uration provides for an opportunity to investigate ULF pulsa-
sphere/inner region of the magnetosphere. In this first reportions simultaneously observed on different field lines by ap-
we shall demonstrate the complex spatio-temporal structurglying a specific analysis method described in detail further
of wave fields as seen by the four CLUSTER spacecraft, in-down.
troduce a new way of representing the observed wave field, Spatial and temporal parameters of poloidal oscillations
and use the theoretical frameworklofonovich and Mazur are controlled by the local background conditions, e.g.
(199Q 1993 1995 andKlimushkin (19983 to model the ob-  plasma mass density and temperature as well as magnetic
served wave fields. Fluxgate magnetometer (FGM) measurefield strength and curvature. An accurate interpretation of our
ments Balogh et al. 2001) and electric field observations observations requires the knowledge of the magnetospheric
of the EFW instrumentGustafsson et al2001) onboard region where the CLUSTER satellites are located. As the
CLUSTER are analyzed. perigee of the spacecraft was rather low they most probably
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g Spacecraft Potential C4 E €y = &ﬁ;—i:z: (6)
4E =

=5 Ll” =2 @)
2F |B|
3 1 The mean magnetic field) is defined as a 512 s running av-

06:00 0620 084D OTOT o 40 0800 0820 erage magnetic field vector. In the MFA-systebp, by, b))

denote the magnetic disturbance field vectors. As we are only
interested in field perturbations the mean value of the field-
Fig. 2. Spacecraft potentid/ detected by Cluster C4. The arrows aligned component has been subtracted. The MFA-system
mark the times when spacecraft C4 crosses the assumed plasmgHows to inspect also the polarization of the analyzed oscil-
pause position at=4.7 (06:45 and 07:37 UT). lations with ¢,, bs, b)) approximately describing poloidal,
toroidal, and field-aligned components, respectively.

. To describe the electric field perturbations we furthermore
entered the terrestrial plasmasphere and traversed the Magzsume thak x B=0. i.e. no field-aligned electric field ex-

netospheric resonator region discussed in the introduction. ists. This allows to determine the third electric field compo-

To confirm this the position of the plasmapause is deterngn from the two spacecraft spin-plane electric field compo-

mined using the dynamical simulations of plasmapause forysens provided by the EFW instrument onboard CLUSTER.
mation developed bierrard and Lemair€2004 andPier-  1hg yector €, , E,, 0) denotes the electric field in the MFA-
rard and Cabrer@2005. This simulation uses the magneto- system.

spheric electric field model ESD determined from dynamical ~ qpservations from all four CLUSTER spacecraft for the

proton and electron spectra measured on board the geostgme interval studied here are shown in Figwhere the three
tionary satellites ATSS and @/cllwain, 1986. As the elec-  nher panels display the magnetic field measurements and
tric field model depends only on tli€, index the simulation  yhe o bottom panels the electric field measurements. To
of the plasmapause formation is fully determined by this ac-yiscriminate between the four spacecraft they are denoted as
tivity index. o _ ~ C1, C2, C3, and C4, respectively. The pulsation event is
For the given time interval we determine a radial dis- most clearly identified in records of spacecraft C3 and C4
tance of the plasmapause in the magnetic equatorial plangjith an onset time shift of about 30 min (Fig). The other
of 4.7 Rg. The field line with the correspondmg_vertex IS two spacecraft only detect minor field perturbations.
assumed as the plasmapause out of the equatorial plane andthe frequency of the observed signal is in the range of a
is indicated by the thick black line in Fig. The assumed  pcq pulsationf~16 mHz, observed in all components of the
plasmapause location &t=4.7 is confirmed by the space- magnetic and electric field. The pulsation at spacecraft C3
craft potential detected with the EFW instrument on boardig getected between 07:20 UT and 08:00 UT with transverse
spacecraft C4 (Fig). A decreased spacecraft potential indi- ejectric and magnetic field variations dominating. The ampli-
cates a higher electron densigystafsson et 82001 Ped-  y,des ofh, andb, are modulated exhibiting a maximum of
ersen et a).200]). During the time interval analyzed here 440yt 4 nT irb, and nearly constant field after 07:40 UT. The
the solar wind conditions were quiet and stable which jus-compressible componedy only shows a small amplitude
tifies the assumption of a constant position of the plasmasjyctyation of the order of 1nT. The electric field oscillates
pause. Except for one all satellites crossed the plasmapauggin a maximum amplitude of about 2 mivh in both com-
in the Northern and Southern magnetic Hemisphere and thuFonents and is almost zero between 07:37 UT and 07:48 UT.
moved into the dayside plasmasphere. Direct measurements at spacecraft C4 the oscillation is seen 30 min earlier than
of the electron density as well as ion density and plasmagt c3 and ceases at about 07:40 UT. Similar to the observa-
composition by the WHISPERDEcieau et al. 2009 and  tjon in C3 the pulsation is observable in every component of
CIS (Reme et al.200]) instruments, respectively, onboard j ang E. At C4 the radial amplitudé, is twice as large as
CLUSTER do not provide reliable observations for the time {ne azimuthal amplitudi, and exhibits a peculiar two-wave
period of interest. packet modulation. The electric field oscillates again with
Observations used are 4s averaged magnetic and electrigy amplitude of 2 mym and is zero between 07:05 UT and
field measurements. The data are transformed into a Meamy7:18 UT, whereas the amplitude increases in both compo-
Field-Aligned (MFA) coordinate systene,, es, ¢|), where  nents after 07:30 UT up to 5mvh in E; and 10mV/m in
e denotes the unit vector in the direction of the backgroundg
magnetic fielde, the unit vector perpendicular to the plane  Further information about the observed signal is provided

spanned by and the spacecraft position vectar.. The  py the Poynting vectof=-L E xb and the time-average en-
unit vectore, completes the right hand,( ey, ¢) triad. The  grgy flux ro

coordinate system used is thus defined as follows: ,
1
e, =es xe| (5) (S) = ?/(; S dt, (8)
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Fig. 4. Components of the Poynting vectSrobserved by space-
Fig. 3. FGM and EFW measurements for the four Cluster space-craft C3 and C4. The thick line represents the time-average energy
craft (C1: black, C2: red, C3, green, C4: blue), transformed intoflux.
a Mean-Field-Aligned coordinate system. The bars denotes ampli-
tudes of magnetic and electric field, respectively.

3 Analysis and interpretation
where T is the wave period (Fig), in our casel’'=63s. A
standing wave is indicated )=0 and oscillating Poynting 3.1 Phenomenology of the wave activity
vectorS (Chi and Russelll998. This is especially observed
until 07:20 UT in spacecraft C4. After that time the charac- The main aim of the present study is to investigate spatial
ter of the energy flux changes with both transverse compoand temporal structures of poloidal Aéa waves. In princi-
nents now indicating a non-zero energy flux transverse to thele, this requires a 4-D-representation of the measurements
ambient magnetic field. In particular, the large negative ra-made. To approach this requirement we introduce a special
dial componens, corresponds to an inward directed energy coordinate system, the L-D-M coordinate system, schemati-
transport indicating the presence of a propagating wave. Theally shown in Fig5. The coordinate L resembles the Mcll-
wave as observed by spacecraft C3 exhibits small transversgain Parametecliwain, 1966 and describes the distance
energy flux variationgs,) and (Sy). The field parallel en-  of the vertex of a specific field line with respect to the center
ergy flux is non-zero between 07:20 and 07:34 UT, but theof the Earth in units ofR. To identify the field line for a
oscillating component of is dominant. A non-zero com- given pointin space the Tsyganenko 96 modalyganenkp
ponent(S) is expected for a standing poloidal wave in case 1995 Tsyganenko and Sterti996 is used.
of asymmetric ionospheric conductances at the northern and The second coordinate D describes the position of the
southern footprint of the oscillating field line®feke et al.  spacecraft on the specified field line and is defined as the dis-
2009. We conclude that at this time interval an almost stand-tance between the spacecraft and the field line vertex along
ing field line oscillation is observed by spacecraft C3 as wellthe field line. Positive D values correspond to a spacecraft
as spacecraft C4 between 06:50 and 07:20 UT. location in the Northern magnetic Hemisphere. The third

www.ann-geophys.net/25/1011/2007/ Ann. Geophys., 25, 11124-2007
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Information about the time at which a spacecraft crossed
a specific field line is of particular interest. Spacecraft posi-
tions at five selected times, labeled by roman numbers, are
marked by squares in Fi§. These times have been selected
as they correspond to those times spacecraft C4 and C3 cross
the L=4.22 and L=4.4 field lines in the Southern and North-
ern Hemisphere and the time spacecraft C4 detects the max-
imum, radially directed energy flux.

At time | spacecraft C4 observed an amplitude maxi-
mum atL=4.22; the wave amplitude decreased while space-
craft C4 moved to lower L-values and increased after it
crossed the magnetic equatbe=0 Rr. Spacecraft C1 and
C2 were located far away from this field line lat-4.45 and
did not detect pulsations as seen in the magnetic and electric
field measurements (Fig). We conclude that at time | the
radial spatial extent of the pulsation event was too small to
be observed by C1 and C2. Afterwards both spacecraft move
further apart from the region of interest and in the following
we concentrate on the observations of spacecraft C3 and C4.
Fig. 5. Schematic illustrating the L-D-M coordinate system. The C3 was still too far away from the region of interest to detect
spacecraft positions are marked by rectangles, the dotted lines refany ULF signal at time |.
resent magnetic field lines. At time 1l another amplitude maximum was observed by

) _ ) ) C4 at the same field liné=4.22 as at time |. This clearly
coordinate, M, describes the magnetic local time (MLT) atjngicates the existence of a radially localized wave structure
which the measurements are taken. along this field line oscillating for at least 24 min. At time |I

The orbital coordinates of the different spacecraft areg pulsation was also detected by spacecraft C3, hiat5
transformed into this L-D-M coordinate system, fluctuations jndicating a more complex radial structure of the wave field
of the electromagnetic field are still represented using thegpserved by the two satellites.

Mean-Field-Aligned coordinate system. At first we concen-  at time 11l C3 and C4 were located at the same field line
trate on the actual observations faf and (S,) in the L-D  ghe||=4.4, but at slightly different M values. Approaching
plane as seen in the upper panels of Bigkffects of minor s field line shell C3 saw an increasing amplitude, indicat-
changes in the M coordinate (lowest panel of igare dis-  j,q a |ocalized wave packet. At the same time C4, moving
cussed later. For the repres_entatiorh,oan a_nalytic signalor  igwards the plasmapause only detected a minor change of
Carson-Gabor representation (63jassmeierl98Q Glass-  the field amplitude. This difference in the amplitude behav-
meier and Motschmani 993 is used, which allows to de- jor might be due to rapid azimuthal variations of the wave
termine instantaneous amplitude and phase of the given timgg|q.

series. As the ULF signals to be analyzed here are rather reg- Assuming an azimuthal variatian Eccexp(imé) the az-
ular the analytic signal representation is a very suitable tool;, .thal wave numbem can be determined from the mea-
The thickness of the lines denoting the spacecraft positiong o phase differencey, between radial magnetic field

in the first panel of Fig6 represents the instantaneous ampli- | 4 iations seen at C3 and C4 (eEgiksson et a].20053:
tude or signal envelope of the dominant radial component of

the magnetic field oscillation. The thickness of the lines in Ay

the second panel of Fi@.is related to the radial component ™ = A_¢ ©)

of the time averaged energy fl¢%.). The vertical black line

in Fig. 6 represents the plasmapause position, previously alsblere A¢ is the azimuthal distance between C3 and C4;
given in Fig.1. Wave activity occurs preferentially withinthe at time Ill A¢9=3.18. Comparing time series of both
plasmasphere. spacecraft around time Il the phase differencg is esti-

In the present case study each spacecraft covers differempated. The time differencar between minima and max-
ranges of L-values. The magnetic equator (D=0) is crossedma, respectively, is about 20 s (Fid), which corresponds to
by spacecraft C4 at the field line with its vertextat4.1, C3 Ay ~100; thusm~30. Such large azimuthal wave numbers
at L=4.35, C2 atL=4.45, and C1 at #7, that is the four ~are expected for poloidal oscillations (e/Radoskj 1967
spacecraft cover a radial extent of aboBR:, a value  and observed bEriksson et al(20050 recently.
comparable to earlier estimates of the radial extent of magne- After time 1l spacecraft C4 recorded regular fluctuations
tospheric pulsations. Therefore, the configuration is suitabldor about 10 min betweeh=4.4 R and L=4.6 Rg; these
to analyze the poloidal oscillation covered spatial region.  were not observed at any of the other spacecraft as they were

Z[Re]

Ann. Geophys., 25, 1011824 2007 www.ann-geophys.net/25/1011/2007/



S. Sclafer et al.: Characteristics of poloidal waves: a CLUSTER case study 1017
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Fig. 6. Positions of the CLUSTER spacecraft in the L-D coordinate system at different times, where the squares mark the positions of each
spacecraft. Time | corresponds to 06:58:38 UT, time |l to 07:23:42 UT, time 1l to 07:30:22 UT, time IV to 07:34:22 UT and time V to
07:50:06 UT. The arrows show the flight direction of the CLUSTER satellites. The thickness of the lines are related to the amplitude of the
radial oscillation of the magnetic fielg. (upper panel) and the radial component of the time averaged Poynting y&ctgsecond panel).

The bottom panel shows the orbit in the L-M plane, where M corresponds to the magnetic local time MLT.

located at other field lines. This period of regular oscillations spacecraft C3 observés, )=0 at L=4.36 andD=—0.3 Rg.
ceased when C4 reached the plasmapause region. Spacecraft C4 seems to transit a wave propagating in a de-

Between time | and time 11l the time averaged Poynting fined region as no energy flux is observed by spacecraft C3.
vector(S) is close to zero indicating the existence of a stand-One can speculate that a wave source is located near the ob-
ing wave field structure. Afterwards spacecraft C4 observes€rved maximum of the energy flux. The nearby plasma-
an increasing radial energy flux with its maximum at time Pause aL=4.7 acts as a very good wave reflector for the
IV located atZ=4.55 and D=1.4Ri. At the same time €xcited wave (e.d-ee 199 which can thus only propagate

www.ann-geophys.net/25/1011/2007/ Ann. Geophys., 25, 124-2007
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Fig. 7. Time series ob, for spacecraft C3 (top) and C4 (bottom) 07:00 07:20 07:40 08:00

between 07:29 and 07:32 UT, where both satellites cross the same
L-shell at different azimuthal positions M.

07:29:00 07:29:30  07:30:00 07:30:30 07:31:00 07:31:30

Fig. 8. Dynamic spectra of the radial magnetic field components
b, of the spacecraft C3 (top) and C4 (bottom) observations.

towards lower L shells; this is a probable explanation for the

observed radially inward directed energy flux. . S .
: . _ ' . and the integration limits are the northern and southern iono-
Attime V spacecraft C3 again crossed the L=4.4 field line. . . ; L
sphere. The Alfén velocityv4(s) along the field line is

However, the amplitude was smaller than during the southern : N ——
crossing, which indicates a temporal variation of the pulsa-glven byva($)=B(5)/v/1top ().

. 2 ) Poloidal eigenfrequenciesp can be determined in the
tion activity rather than a spatial one. All other spacecraftWKB approximation following Klimushkin (19983 and
had already left the activity region at this time. pp 9

Klimushkin (19981):

3.2 Wave frequency wp = w7 — Ogeom+ wp. (11)
Phenomenological characteristics of the waves observed iBlerewgeomdescribes the influence by the field line curvature
the outer region of the plasmasphere are quite complex agf a field line and is given by

discussed above. The wave frequency, however, is rather N 5

stable atfohs=16 mHz during the time spacecraft C3 and _ 1 / vAa—(In h)ds (12)

C4 traversed this region, as seen in the dynamic spectra oaf)geom 27N Jg ds2 ’

the radial magnetic field component (Fig. 8. Due to whereh is a geometric factor depending on the coordinate

.the raghal spacecraft. motion & frequen_cy constant in tlmesystem used (for details s&dimushkin, 19983. The term
is equivalent to a uniform frequency with respect to mag-

. . . ._wpg takes into account the influence of finite but small values
netic L shells, which has been previously observed and dISbf the plasmag and resulting equilibrium currentg per-
cussed for poloidal wave events in outer magnetospheric rebendicular to the magnetic field in the equatorial plane, e.g
gions (L>6) byDenton et al(2003. Contrary to that the fre- magnetospheric ring currents: e
quency of toroidal waves is expected to have dependence '
and consequently the radial structure of the here observed 1 Ny (ol | 203
poloidal wave event cannot be explained by the field line reswg = m/ R\ B TR d
onance mechanism. Details of the radial structure of poloidal § A
waves can be gained by comparing the observed frequenciere R is the field line curvature radius. The slow magne-
with the radial profile of theoretically expected poloidal and tosonic velocityv,,s is given bvaszvst(vngv,%)_l/z,
toroidal eigenfrequencies (e.Benton and Vetoulis1998  \wherevg denotes the sound velocity. For simplicity dipole
Klimushkin, 19988. field lines are assumed to calculate the radius of curvature
Theoretically expected toroidal eigenfrequencigsand  and the geometric factdr, an assumption well justified for
eigenperiods X of magnetospheric field lines can be es- plasmaspheric field lines. The coordinate system of E8). (
timated using the time of flight methodMarner and Orr  follows the definiton inKlimushkin (19983. Here positive

(13)

1979: values of/ correspond to currents directed eastward.
20 N N gg Using Egs. {0-13) the radial variation of the local
or = T—A; Ty = 2/ e (20) poloidal eigenfrequenciesp in the outer plasmaspere can
s

be determined using suitable models of the magnetic field,
Here N is the harmonic number of the field line standing os-the plasma mass density distribution and the magnetospheric
cillation, ds is an increment of length along the field line ring current strength.
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Fig. 9. Profiles of plasma properties. Plasma pressure and plasmhig. 10. Profiles of the poloidal eigenfrequencigs (solid line )
B are assumed for quiet geomagnetic activityi(and Hamilton ~ and toroidal eigenfrequencig§ (dashed line) of magnetospheric
lgga The current density is obtained from the Tsyganenko '06 field lines calculated for harmonic nUmbel‘S:l, L4 and the
model. Positive values of; correspond to a current directed east- Mass correction factatcorr=3. The dotted line marks the observed

ward. The plasma density is calculated from modeling the electrorfrequencyf=16 mHz.The grey shaded background marks L-shells
number densityGQarpenter and Andersph992). crossed by spacecraft C3 and C4 during the analyzed time interval.

The latter can be determined using the Tsyganenko modetpplied simulation of the plasmapause formation, addition-
of (Tsyganenko and Steri996 Tsyganenko and Peredo ally approved by the observed spacecraft potential (Big.
1994 for given parameters such &,=—19nT and the dy- The plasma of the plasmasphere is composed of hydrogen
namic pressure of the solar wipdy,=0.85 nPa. We assume and heavier ions such as helium and oxygen. This requires
typical distributions for plasmg and isotropic plasma pres- a mass correction factercorr to calculate the plasma mass
sure (P, =P)) as described e.g. byi and Hamilton(1992.  densityp(s)=n(s)mcorm , accurately, where, is the pro-

To proof consistency with the Tsyganenko model the radialton mass. A typical plasmaspheric plasma is composed of
profile of the current density is also derived from the given 55% H", 40% He" and 5% O (Berube et a].2009 leading

plasma pressure distribution by, et al,, 1987 to a mass correction @fcon~3.
With these assumptions and model values the eigenfre-
J = _EQ (14) guencies of the fundamental poloidal and toroidal field line
B oL oscillation, fp=wp /27 and fr=wr /27, as well as the fre-

d guencies of its harmonicN =2, ..., 4 have been calculated
for L shells in the rangd2.5,5.5] Rg (Fig. 10). At L
shells L=[4.1, 4.7], where spacecraft C3 and C4 observe
the described pulsation activity, poloidal eigenfrequencies
are larger than the toroidal eigenfrequencies; the non zero
plasmag leads tavwg >0. The geometric contributiomgeom

is always larger than zero far=6. However, if we assume
a#6, negative values fowgeom are well possible. In the
present case=1 is the best guess and we fitageom<0 for

Here positive/, denotes westward current. We found goo
agreement between the current derived from E4) &nd the
ring current of the Tsyganenko model. ProfilessefP and
J, are shown in Figo.

The Tsyganenko 96 modeTgyganenko and Sterti996
is used to calculate the magnitude of the magnetic fxlg
for a given field line. The plasma number density along
the field line is assumed as a power la@ummings et aJ.
1969 with an exponentr=1 typical for the plasmasphere

(e.g.Goldstein et al.2001, Denton et al.2004: ;?Or:]asln radial distances. This leadsdg>wr in these re-
LRg\* The theoretical framework predicts the existence of a re-
n(s) = neg <T) : (15) gion transparent for poloidal waves near a minimumygf

only if the condition fp < fops< f7 is satisfied Klimushkin
Herer is the geocentric distance to a point on the field line et al, 2004). In contrast to that we foundy < fp < fopsin the
and the number density in the equatorial plang can be  present case study (Fi§0). However, the theory used here
obtained from the model @@arpenter and Anders¢t992). describes wave fields bounded by surfaces satisfying the con-
Influences om,, due to complex features of the plasmapausedition fops=fp. These surfaces act as turning points of the
formation such as plasma plumes or shoulders igyrard  radial propagating wave and define a region transparent for
and Lemaire2004 Goldstein 2006 are not predicted by the poloidal waves. Consequently, we assume that the observed
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pulsation is localized within such a wave transparency regiorvertices between.=4.1 Ry and L=4.7 R are between
despite the contradiction between observation and theory. A=9.4 and/=10.0 Rg. Assuming a third harmonic oscilla-
possible reason for this discrepancy is the negative value ofion as discussed above gives one wavelengths in the range
wgeomdue to the assumed exponentl in Eq. (L5), as dis- 1 =[6.3, 6.7] Rg or wave numbers;=[0.94, 1.00] Rgl.
cussed above. As the conditiaRyeon>wp is Nnecessary to The transverse variation of the wave field is described by
obtain a poloidal eigenfrequency smaller than the toroidalmultiplying the standing wave (Ed.7) with an amplitude
(see Eq.11), we speculate that Eql?) is inappropriate in  function B(L). Leonovich and Mazu(1990 have shown
case ofa=1. Apparently further efforts are necessary to that for a poloidal wave resonator the functiBgL) can be
improve the applied WKB approximation of the theoretical approximated by the product of a Hermitian polynomfg|
framework using the constraint=1. of order n and a Gaussian:

However, we suggest that Fid.O reflects the radial 2
width of the poloidal resonator (e.geonovich and Mazyr B(L) = Hy(§) exp(=§7/2), (18)
1993. The outer boundary coincides with the plasmapausenvhereé=(L—Lg)/o. HereL g denotes the location of max-
at L~4.7 and the inner boundary depends on the harmonidmum wave amplitude and describes the radial width of the
numberN. Since spacecraft C4 observes the pulsation evemwave field within the wave guide region, respectively. For a
at L=4.1, we exclude the fourth harmonic oscillation, which zeroth order Hermitian polynomiak£0) the radial struc-
has the inner resonance surface locatefl~al.2. The ob-  ture B(L) is just given by a Gaussian as already observed for
servations described in the L-D coordinate system (BJg. poloidal pulsations (e.gcramm et al.2000.
reveal a symmetric amplitude structure relative to the mag- Using higher order Hermitian polynomials allows to de-
netic equatoiD=0 Ry suggesting an oscillation with an odd scribe a more complex wave field variation in radial direction
harmonic number. For the fundamental oscillatiés1 the  as the number of extrema of the polynomial used is equal to
spatial extent of the oscillating structure would be more thann+1. Figure6 exhibits two amplitude maxima dt=4.22
2 Rg. Consequently, we suggest that the observed pulsatioand L=4.40Rg. The first one atL=4.22Rg is detected
is a third harmonic oscillation with a spatial extent of approx- twice by spacecraft C4 when it crosses the corresponding

imately Q7 Rg. field line below and above the magnetic equator. The sec-
_ _ ond one atL=4.40 R is detected only by C3. Due to this
3.3 Modeling the spatio-temporal structure observation a first order Hermitian polynomial wiik=1 is

For further underst_an_ding_of the obse_rved pulsation event angs;a-génaﬁbﬁj)ae maxima on the field line=4.22 R are
toreach a d_eeper insight into its spat!o-temporal structure Webserved aD=—0.7 Rz andD=0.9 R, that is almost sym-
present a simple model for the spatio-temporal characterisgetric with respect to the magnetic equator. Assuming a
tics of the wave wh|ch is fitted tq the actuglly observe.d d_atastanding wave, one would expect nearly the same pulsation
for better comparison. The dominant poloidal magneﬂcﬁeldstrength for both crossings. However, the opposite is ob-

component is given by served with the northern maximum displaying a somewhat
by.model = bo - A(D, $) - B(L) - C(t). (16) small am'phtude vglue_ (.FI@)..ThIS is either dye to the sym-

. _ ~_metry point not coinciding with the magnetic equator or the
Here A(D, ¢) describes the spatial structure along the field result of a temporal evolution of the wave field, approximated
line and in the azimuthal directiol,(L) the spatial structure  py a Gaussian functio@ (z) with its maximum at 07:32 UT
in the radial direction across L-shells, add) the temporal  corresponding to the observed maximum of the signal. An
evolution of the wave amplitude. All three amplitude func- increasing amplitude can be explained by e.g. drift bounce
tions are normalized to 1, so that the maximum amplitude ofresonance effects, as describedKilimushkin and Mager

the modeled signal is given tiy. (2004. On the other hand, wave dissipation at the iono-
The model assumes a standing wave along the backgrounghheric boundaries leads to a decreasing pulsation amplitude.

magpnetic field line: The aim of our modeling effort is to characterize the am-

A(D, ¢) = sin(ky D + m) - cowpt). (17) plitude bg, the activity maximum positio. g and its width

o. Varying these model parameters the best correspon-
This functional form describes odd mode oscillations with dence between modeled signal and the actual observations of
k; denoting the field parallel wave number. Wave fre- spacecraft C3 and C4 have been reached fge4.35RE,
quencywp=2n fp and azimuthal wave numbet are de- o=0.1Rg, m=30, andbp=6.5nT. A comparison of both
termined using the observations. As mentioned in S&ct. signals is displayed in Fid.l. The correspondence is fairly
the change in the azimuthal spacecraft posittap=AM is reasonable with major features of the observed amplitude
small, but since we founa~30, the phase variation (m¢) modulation being explained. However, it is not possible to
is not negligible. The parallel wavelengih=27/k; de- reproduce the measurements in detail. The first amplitude
pends on the length of the field lineand the harmonic maximum observed at spacecraft C4 observation is not fully
numberN: A;=2[/N. The lengths of the field lines with reproduced by the model such as the amplitude modulation
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seen in C3 after 07:35 UT. Observations between 07:10 angtig 12, Comparison between the modeled radial variation and the

07:35 UT are We” represented by the mOdeled Signal. ESTadia| variation of the po|oida| eigenfrequency_

pecially the modeled shape of the second amplitude peak in

spacecraft C4 is in a good agreement with the observed am-

plitude modulation. to visualize spatial and temporal effects due to spacecraft mo-
Figure 12 shows a comparison between the modeled ratjon. This new visualization tool has been applied to ULF

dial variation of the wave field and the radial variation of pylsation observations in the terrestrial dayside plasmasphere

the poloidal eigenfrequency. It is remarkable to see that thexnd a region of a poloidal standing wave was detected and

wave activity region as modeled well coincides with the wave analyzed.

guide region identified as the trough in the poloidal eigenfre- - The field line oscillations analyzed were observed in the

quency variation. From the modeled signal we also infer thakjme interval 15 September 2002, 06:50—08:00 UT. The large

the total width of the wave guide is aboub® g, which cor- - scaled spacecraft configuration during this interval has en-

responds to the observed extend of the wave activity region ailed the possibility to record the pulsation event over a time
It should be noted that the time interval between 07:30 antheriod of around 70 min in spacecraft C3 and C4. During this

07:40 UT of the spacecraft C4 observation is excluded fronime the spacecraft crossed the oscillating field lines twice

our modeling efforts as at this time a propagating wave isquring their inbound and outbound approaches to the Earth

detected (Figs4 and 6) and the assumption of a standing on an almost polar orbit.

wave is not suitable in this region. . Analyzing the phase differences between signals observed
Differences between model and measurements orlglnatg)y two spacecraft while passing the same L shell has given

from ;everal sources. First, t'he Hermitian function usgd 0,5 the possibility to estimate the azimuthal wave number; we
describe the radial structure is based on the assumption gf,;nq »~30. Accordingly, a poloidal polarized oscillation
a wave guide symmetric to the point of minimum eigenfre- i, m>>1 was detected.

quency. T_h|s assumonp IS ngt fully consistent with the ac- To describe temporal and spatial properties of the observed
tuql variation of the poloidal elgenfrgquency. Second, theosa e field we have used a theoretical framework developed
retical studies such as presentedkdimushkin and Mager by Leonovich and Mazuf199Q 1993 1995 andKlimushkin
(2009 assume a time harmonic time variation without any (19983. A profile of poloidal eigenfrequencief was eval-
amplitude modulation. A more realistic temporal evolution uated based on realistic assumption concerning plasma com-

?f tr:e watlve \I\l/el?h[s kntoht |tntchqrporate_d 'nl.f(.:ur;.e nt .thte;]oretm.al position and plasma properties in the region of interest. Com-
reatments. e think that this oversimpiification 1s the main aring with the observed frequengyn,s=16 mHz has sug-

reason for .dlgcrt'a.panmes between model and obsgrvatlorgested a third harmonic oscillation.
However, similarities found suggest that the theoretical as- ) . -
The wave field was found localized near the minimum of

sumptions allow for explaining the observed amplitude mod- : . -
ulation, at least after the wave field is fully developed and I bognpied by turning pointg=fobs at the plagmapquse
: . L2 and within the plasmasphere, respectively. In this region the
before it collapsed due to ionospheric dissipation. . : o .
existence of a localized pulsation is not fully predicted by
theory. Hence, further efforts on the theoretical description
4 Conclusions of plasmaspheric ULF pulsations are necessary.
Modeling spacecraft observations crossing plasmaspheric
A new representation of magnetic field measurements hasield lines has suggested a spatial structure and temporal de-
been developed which allows a very convenient graphicalvelopment of the detected wave field. We have found clear
display of CLUSTER multi-spacecraft observations helping indications of the existence of a standing wavéa¥.22 Rg
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together with a complex radial structure extended to higherChi, P. J. and Russell, C. T.: Phase skipping and Poynting flux
L-shells. The wave event is localized in radial direction. of continuous pulsations, J. Geophys. Res., 103, 29479-29 492,
However, this localization is not due to any resonant mode 1998.

coupling, but thought to be the result of the wave field en-Cramm,R., Glgssmeier, K. H., Othmer, C., Fornacon, K. H., Auster,

countering two poloidal turning points, much as predicted by H- Y- Baumjohann, W., and Georgescu, E.: A case study of a ra-
Klimushkin (19983. The spatial extent of the wave field area dially polarized Pc4 event observed by the Equator-S satellite,

is around 06 Rz, which confirms previous observations of Ann. Geophys., 18, 411-415, 2000,

. . . http://www.ann-geophys.net/18/411/2000/
plasmaspheric ULF pulsationgi¢solleck et al.1993 Menk Cummings, W. D., O’Sullivan, R. J., and Coleman, P. J.: Standing

et al, 1999. The radial structure was described by a spe-  ajfy en waves in the Magnetosphere, J. Geophys. Res., 74, 778—
cific function as suggested lhyeonovich and Mazu¢1990. 793, 1969.

In addition to the standing structure the investigation of theDeceau, P. M. E., Fergeau, P., Krasnoselskikh, V., Le Guirriec, E.,
wave Poynting vector has clearly exposed the existence of an Léweque, M., Martin, P., Randriamboarison, O., Rauch, J. L.,
inward directed, propagating wave. Serg, F. X., @ran, H. C., Trotignon, J. G., Canu, P., Cornil-

Comparing observations with the modeled standing os- '€au, N., de Eraudy, H., Alleyne, H., Yearby, K., Bgensen,
cillation exposes strengths and weak points of the applied E' B"_G“S;affjon‘ G.,CArCmIr '\4 GU.'mitt‘PD' Ca 3;‘;?0“292 k.
model and its theoretical basis. For the given situation of a emairs, J., Hanvey, &. L., Travnices, i, an ISper Exper-

el loidal volarized field li illati th . imenters group: Early results from the Whisper instrument on
Solely poloidal polarized held line oscillation a theory IS cur- Cluster: an overview, Ann. Geophys., 19, 1241-1258, 2001,

rently ungvailable specifying the tempora! evolution of such http:/Awww.ann-geophys.net/19/1241/2001/
a wave field. Thus, the measured pulsation can only be repenton, R. E. and Vetoulis, G.: Global poloidal mode, J. Geophys.
produced in parts by the modeled standing structure. Res., 103, 6729-6740, doi:10.1029/97JA03594, 1998.

Our future efforts will concentrate on the performance Denton, R. E., Lessard, M. R., and Kistler, L. M.: Radial localiza-
of further event studies of ULF pulsations localized within  tion of magnetospheric guided poloidal Pc 4-5 waves, J. Geo-
plasmasphere and plasmapause. We intend to analyze thesePhys. Res. (Space Physics), 108, SMP 4, 1-10, doi:10.1029/
events with the method introduced by the present work. In_ 2002JA009679, 2003. _
addition to that we aim for the development of a statistical €N R. E., Menietti, J. D., Goldstein, J., Young, S. L., and An-
survey of properties of Alfénic waves in the terrestrial mag- 95" R- R Electron density in the magnetosphere, J. Geo-

Y phys. Res. (Space Physics), 109, A09215, 1-14, doi:10.1029/
netosphere. For these purposes the CLUSTER mission is an 2003JA010245, 2004.
appropriate tool providing us with an extensive amount OfEngebretson, M., Glassmeier, K.-H., Stellmacher, M., Hughes,
magnetic and electric field data over a time range of more v, j. and lihr, H.: The dependence of high-latitude Pc5
than five years. wave power on solar wind velocity and on the phase of high-
speed solar wind streams, J. Geophys. Res., 103, 26 271-26 284,
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