Annales Geophysicae (2004) 22: 971-983 — "*—
SRef-ID: 1432-0576/ag/2004-22-971 G Annales
© European Geosciences Union 2004 Geophysmae

Cluster observations of surface waves on the dawn flank
magnetopause

C.J.Owen!, M. G. G. T. Taylor 4, I. C. Krauklis 1, A. N. Fazakerleyt, M. W. Dunlop? °, and J. M. Bosqued

IMullard Space Science Laboratory, Department of Space and Climate Physics, University College London, Holmbury St.
Mary, Dorking, Surrey, RH5 6NT, UK

2Blackett Laboratory, Imperial College of Science Technology and Medicine, Prince Consort Road, London, SW7 2BZ, UK
3CESR/CNRS, BP 4346 9, Avenue Colonel Roche, 31028 Toulouse Cedex, France

“Now at Los Alamos National Laboratory, Los Alamos, NM, USA

SNow at Rutherford Appleton Laboratory, Didcot, Oxon, UK

Received: 5 November 2002 — Revised: 2 June 2003 — Accepted: 24 July 2003 — Published: 19 March 2004

Abstract. On 14 June 2001 the four Cluster spacecraftl Introduction
recorded multiple encounters of the dawn-side flank magne-

topause. The characteristics of the observed electron poRy,iations in the upstream solar wind velocity, pressure and

ula_\tlons varied between a qu_d’ dense magnetosheath POPY the interplanetary magnetic field act on the magnetopause
lation and warmer, more rarified boundary layer pOPUIat'Onboundary, such that the latter may be in almost continu-

on a quasi-periodic basis. The demarcation between thesg,,q otion. The extent of this motion ranges from large-
two populations can be readily identified by gradients in theg 0 g\ ;rface motions to small waves or ripples (Kivelson
scalar temperature of the electrons. An analysis of the dif'and Chen, 1995; Seon et al., 1995; Sibeck et al., 1999). It

ferences n th? observed timings of the boundary a't eacr?s now widely accepted that magnetic reconnection or tear-
spac_ecraft |r?d|cates that these ma_gnetopause Crossings 4R \pungey, 1961: Russell and Elphic, 1979) is the most
consistent with a surface wave moving across the flank madaicient means of transferring solar wind plasma across the

netopause. When compared to the prientation of th(_a magnqimgnetopause (Sibeck et al., 1999). However, for low-shear
topause expected from models, we find that the leading edgeg,,gnetic field configurations, where the fields on either side

Qf these waves are approxmately?ﬁeeper than the tral!- of the magnetopause are more nearly parallel, reconnection
ing edges, consistent with the Kelvin-Helmholtz (KH) driv- g |eqq Jikely to occur at low-latitudes, and other mecha-
ing mechanism. A stability analysis of this interval SUQQeStSnisms, such as diffusion (Truemann et al., 1995) and “vis-

that the magnetopause is marginally stable to this mecha(—:ous,, mechanisms (Axford and Hines, 1961; Miura, 1984)
nism during this event. Periods in which the analysis predictsmay become relatively more important.

that the magnetopause is unstable correspond to observations ", )
of greater wave steepening. Analysis of the pulses suggests FirSt suggested by Dungey (1955), the Kelvin-Helmholtz

that the waves have an average wavelength of approximatel{Stapility (KHI) (Drazin and Reid, 1985) is a prime candi-
3.4R and move at an average speed~@5kms in an date for such an alternative energy transfer mechanism (Otto

anti-sunward and northward direction, despite the spacecraffnd Fairfield, 2000; Fairfield et al., 2000; Nykyri and Otto,
2001). The KHI, or “wind-over-water” instability may occur

location somewhat south of the GFE=0 plane. This wave h k Y -

propagation direction lies close to perpendicular to the averVhen two fluids are in motion with respect to one another.
age magnetic field direction in the external magnetosheathln this case, the stability of the interface between the two
suggesting that these waves may preferentially propagate ifluids to growth of boundary waves is dependent on the mag-

the direction that requires no bending of these external field"ltude Of the velocity shear. Such a mechanism may occur
lines. at the flank magnetopause boundary, where the fast-flowing

_ _ _ plasma in the external magnetosheath slides past more stag-
Key words. Magnetospheric physics (magnetospheric con-nant magnetospheric or boundary layer populations, creating
figuration and dynamics; MHD waves and unstabilities; solarthe velocity shear across the magnetopause necessary to in-

wind-magnetosphere interactions) voke the instability. The growth of waves from the instability
is dependent on the local fluid conditions. In particular, in
Correspondence taC. J. Owen a classical fluid, surface tension effects tend to counter the

(cjo@mssl.ucl.ac.uk) wave growth. In the case of the magnetized plasmas in and
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around the magnetosphere (Southwood, 1968), the surfacgiven by:
tension effects are mimicked by the action of the magnetic
field, which also controls the development of the KHI (Chan- [k - (V1 — V)2 >
drasekhar, 1961). Hom pranz
A significant volume of work exists on the role of the (e.g. Chandrasekhar, 1961), whéfds the plasma flow ve-
KHI at the magnetopause, from a theoretical (Dungey, 1955]ocity, n the plasma number densiti# the magnetic field
Southwood, 1968; Southwood and Hughes, 1983; Pu andector,m, is the proton mass is the wave vector and the
Kivelson, 1983a, b), observational (Ogilvie and Fitzenre- subscripts refer to the two regions on either side of the bound-
iter, 1989; Fitzenreiter and Ogilvie, 1995; Kivelson and ary. For a flow sheafVi—V>|<(>)VcRiT, a critical value,
Chen, 1995; Fairfield et al., 2000) and simulation point of we have stability (instability) and hence, no wave growth
view (Muira, 1995 and references therein, Otto and Fair-(wave growth). Note thaVcgrit is dependent on both the
field, 2000; Nykyri and Otto, 2001). A comprehensive casemagnetic field strength and orientation. In a configuration in
study of magnetopause waves was carried out by Chen athich the magnetic fields on either side are perpendicular to
al. (1993) (see also Chen and Kivelson, 1993; Kivelson andhe flow, a deformation of the shear layer boundary perturbs
Chen, 1995), where they compared boundary observationthe magnetic field but in such a way that there is no tension
made by ISEE-1 and -2 to MHD simulations reported by force, andVcrt is effectively identical to that expected in
Miura (1990). These authors determined the normals of thehe case of an unmagnetized fluid. However, for a flow and
inbound and outbound magnetopause crossings by calculafield parallel to one another, the bending of the magnetic field
ing the cross product of vectors measured simultaneously oduring the growth of the waves will be opposed by the mag-
opposite sides of the boundary. They suggested that the reetic tension of the field. This damps the wave growth and
sults were consistent with a symmetric tilting of the normals, thus effectively increases the magnitude of the critical veloc-
such that the boundary wave would be of a non-sinusoidal naity, VcriT.
ture. Interestingly, the results were consistent with the lead- The inclusion of considerations of plasma compressibil-
ing, downtail edges of the boundary waves being much shality in the above analysis (e.g. Southwood, 1968; Pu and
lower (i.e. less inclined from a nominal magnetopause orienKivelson, 1983a, b) adds complication to the behaviour of
tation) than the trailing, sunward-facing edge. The waveformthe system. In particular, more than a single mode of sur-
is thus somewhat akin to a wedge shape moving tailwardsface wave may arise, resulting in propagation perpendicular
with the thinnest edge leading. These observational resultto the boundary, and upper and lower bounds on the critical
are at odds with theory, which suggests that the steepenedrelocity, depending on the sonic and magnetosonic speeds
face of the boundary wave should be at the leading (more tail{e.g. Pu and Kivelson, 1983a). Southwood (1968) showed
ward) edge (Miura, 1990). However, more recently, Fairfield that the introduction of compressibility reduces the critical
et al. (2000) compared GEOTAIL observations to the MHD velocity relative to that in the incompressible case. However,
simulation results from a companion paper by Otto and Fair-in the case of super-Algnic flows, the compressibility has
field (2000). In this case, the observations were consistena stabilizing effect. It should also be noted that some work
with the simulations, with the steepening of the leading edgeon this topic has considered the effects of plasma variations
of the waves (downtail side), as predicted by KHI theory. Thein the direction normal to the magnetopause, or where the
reason for this discrepancy is not clear. Kivelson and Cherscale thickness of the plasma transition may be of the order
(1995) suggest that the magnetic curvature forces at the lowef, or larger than, the wavelength of the boundary waves.
shear boundary induce these steepened trailing edges. Fain particular, a number of authors (Ogilvie and Fitzenre-
field et al. (2000) raise a question about the applied methiter, 1989; Kivelson and Chen, 1995; Farrugia et al., 1998,
ods of determining the boundary normal directions in Chen2000) have pointed out that the magnetopause itself may not
et al. (1993); small-scale variations along the boundary ande Kelvin-Helmholtz unstable, while the inner edge of the
the incorrect determination of the boundary dimensions itselfmagnetopause boundary layer, located somewhat deeper in-
(compared to the separation scale of the spacecraft) couldide the magnetosphere, may satisfy the instability criterion.
produce the erroneous results in the two-spacecraft methotlowever, in the present study we concentrate only on obser-
applied by Chen et al. (1993). vations of boundary waves at the magnetopause itself and so
The simplest description of boundary wave growth underconsider only the incompressible case.
the action of the KHI is obtained by linearizing the ideal In this paper, we present Cluster observations of surface
MHD momentum and induction equations (e.g. Southwoodwaves on the dawn flank magnetopause. We utilize the novel
and Hughes, 1983; Treumann and Baumjohann, 1997), asand unique four-point measuring capability of this mission to
suming that the length scale of the velocity shear (i.e. theexamine the 3-D morphology of these features on the scale
boundary thickness) is much smaller than the wavelength obf the inter-spacecraft separations. The principal mission of
the driven boundary waves. Here, we consider the simpleCluster is to resolve spatial-temporal ambiguities, such as
case of an incompressible plasma in which the group andhose discussed above (e.g. Fairfield et al., 2000), that have
phase velocity of the driven boundary waves are parallel toarisen from studies of single (and double) spacecraft observa-
the magnetopause (e.g. Pu and Kivelson, 1983a). For thitions (e.g. the Chen et al., 1993 “reversed” wave profile). In
case, the condition for onset of the KHI and wave growth is particular, we compare the observed times of the transitions
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Fig. 1. Energy-time spectrograms of the electron populations observed by the 4 Cluster spacecraft between 15:40 UT and 17:20 UT on

14 June 2001. The data shown in each panel represents a direction-averaged composite of the differential energy fluxes recorded by th
two PEACE sensors on each spacecraft, such that the full energy range is 10eV to 32keV. The colour bar for the flux levels is shown on

the right, while the ephemera data for the reference spacecraft (Cluster 3) is shown at the bottom of the figure. During the period shown,

the quartet was located on the dawn flank of the magnetosphere. The data indicate that all 4 spacecraft underwent a series of transition:
between the magnetosheath (which exhibits intense differential energy fluxes peaked at energies of a few 10 s of eV) and the magnetospher
or magnetopause boundary layer (where the differential energy fluxes are less intense but peaked at energies of 100-200 eV). Note that th
transitions between these two populations are rather periodic over this period, suggesting that the Cluster quartet is observing the effects o
a magnetopause boundary wave during this period.

of each spacecraft between the magnetosphere and the maigg the period~16:00-17:00 UT on 14 June 2001, which
netosheath to calculate the speed and direction of those parisdicate that the quartet made a large number of somewhat
of the surface wave which cross the Cluster quartet. In theegularly-spaced crossings between the magnetosphere and
next section, we briefly discuss the instrumentation on boardhe magnetosheath. In Sect. 4, we discuss the implications of
each of the Cluster spacecraft which is utilized in this study.these new results before drawing our conclusions in Sect. 5.
In Sect. 3, we describe the Cluster observations made dur-
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Fig. 2. Magnetic field and ion plasma data from the FGM and CIS instruments, respectively. Data from Cluster 1 is shown as the black traces,

Cluster 2 in red, Cluster 3 in green and Cluster 4 in magenta. The top 3 panels contain the 4 spacecraft FGM data, showing the elevation

angle,0p, the azimuth angleppg, and strengtiB| of the magnetic field vector. The lower 5 panels show the ion density, temperature,

and 3 components of the flow velocity observed by spacecraft 1 and 3. The cold dense plasma observed when the spacecraft are in th

magnetosheath is associated with field strength86f25 nT, while inside the magnetosphere the field strengtfBof15nT. The field
direction on the two sides of the boundary is similar and points strongly northward, with only small deflections in field direction at the
transitions. Inside the magnetosphere the flow velocities are|low; a few tens of kms?, while in the magnetosheath an anti-sunward
(—Vy) flow of 100-200 km 51 is observed. The y-component of the flow shows an oscillation aiypt0.

2 Instrumentation et al., 2001) and CIS (Cluster lon Spectrometergrtie et

al., 2001) instruments. The PEACE instrument consists of
This study uses electron measurements from the PEACEWO hemispherical electrostatic analyzers on each spacecraft
(Plasma Electron And Current Experiment) instrumentswhich measure the three-dimensional velocity distribution
(Johnstone et al., 1997; Owen et al., 2001) on the 4 Clustepf electrons with energies betweerl eV and 26 keV. The
spacecraft, together with supporting observations of the magtwo sensors on each spacecraft measure a different, but over-
netic field by the FGM (Flux Gate Magnetometer) (Balogh lapping, part of the full energy range. On 14 June 2001
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the energy of electrons measured by the low-energy electroward componentpz=90° a field with a duskward compo-
analyzer (LEEA) covered the rangel eV to 1keV, while  nent. These 3 panels show that for the most part, the 4 space-
the high-energy electron analyzer (HEEA) covered the rangecraft observe similar magnetic fluctuations throughout this
~40eV to 26 keV. The FGM instrument consists of two tri- period. The transitions from the magnetosheath into the mag-
axial sensors capable of sampling up to 67 vectors/s. In this:ietosphere (and vice versa) are marked by a change in the
study we use spin resolution (4 s) magnetic field data. Themagnetic field strength, with the magnetosheath side having
CIS instrument provides information on the ion populations an averageB|~25 nT, while that in the magnetosphere has
from thermal energies to about 40 keV/e. a somewhat lower average valué,|~15nT. However, the
field direction is less variable between the two regions, and
remains predominantly northward and dawnwatgl~60°,
3 Observations ¢p=—50° on average) on both sides. Short duration shifts in
the direction of the magnetic field tend to occur at the bound-
On 14 June 2001 (day 165) the 4 Cluster spacecraft madeary between the two plasma regions.
multiple encounters with the dawnside flank magnetopause The lower 5 panels of Fig. 2 show the density, tempera-
between~16:00 and~17:00 UT. At 16:30 UT the Cluster ture, and 3 components of the velocity of the ions detected
centroid was located at position-5.5, —16.3, —4.2) Rg by the CIS instruments on Clusters 1 and 3. In these pan-
(Earth radii) in the Geocentric Solar Ecliptic (GSE) coordi- els, the transition across the boundary is marked by a change
nate system. Spectrograms summarizing the PEACE datfrom a cold, dense plasma in the magnetosheath to a hotter,
taken during this period are shown in Fig. 1. The 4 panels inmore rarified plasma inside the magnetosphere. In the latter
this figure show an energy-time spectrogram of the PEACEregion the plasma flow speeds are very ldi<( a few tens
data recorded by each of the 4 spacecraft between 15:40 Udf km s~1), while in the magnetosheath anti-sunward flows at
and 17:20 UT on this day. Each panel indicates the differ-speeds of 100-200 knm$ are observed. Note, also, that the
ential energy flux observed between 10eV and 26 keV, and/-component of the flow shows an oscillation abdut=0.
thus is a composite of data obtained by both of the PEACE A more detailed set of PEACE spectrograms, for the 4-
sensors on each spacecraft. These summary data consist ofriéin period 16:04—16:08 UT, is shown in Fig. 3, in the same
direction-averaged electron flux derived on the ground fromformat as Fig. 1. These cover a transition of the 4 space-
a 2-D sample of the full 3-D distribution that is returned from craft from the magnetosheath and into the magnetosphere at
the spacecraft. This 2-D cut is taken from the plane that con—~16:05:15 UT, followed by a return to the magnetosheath
tains both the spacecraft spin vector and the instantaneousy all 4 spacecraft at16:06:30 UT. It is immediately ap-
magnetic field direction. An appropriate transformation of parent from this figure that the exit from and re-entry to the
this sample thus provides a measure of the pitch-angle dismagnetosheath were observed at different times at each of
tribution of the ambient electron population, under the as-the four spacecraft. In addition, the nature of the entry and
sumption that this is gyrotropic. Ephemera data for the ref-exit are qualitatively different. The exit from the magne-
erence spacecraft (Cluster 3) are given at the bottom of théosheath observed by each spacecraft consists of a gradual re
plot. Crossings of the magnetopause by each of the 4 spacetuction in the differential energy flux and a gradual increase
craft can be identified in this figure by both the changes inin the electron temperature. While located inside the magne-
the energy of the peak flux and the flux levels of the observedosphere/boundary layer, C3 and C4 observe noticeable vari-
electrons as the spacecraft moves between the magnetosheaittions in the electron fluxes. In contrast, the return transitions
and magnetosphere. Specifically, observations of differenare generally more abrupt, with a discontinuous change in
tial energy fluxes of the order of 18ergs (cnisstreV)y?! the electron population from that characteristic of the bound-
peaked between 10 and 100 eV, indicating that the spacecraftry layer to that characteristic of the magnetosheath. The two
were sampling magnetosheath plasma, while maxima in thgets of magnetopause (MP) crossings shown in this figure are
fluxes located between 100 and 300 eV represent observaather typical of all the crossings observed during this period.
tions of boundary layer plasma inside the magnetosphere. The relatively close spacing-@000 km) and tetrahedral
The high fluxes of electrons at energies-df0 eV and below  configuration of the Cluster quartet allows, for the first time,
are most likely a result of photo-electrons of spacecraft originfor an analysis of the 3-dimensional motion of the boundaries
entering the instrument apertures and should be ignored.  encountered by the spacecraft. In order to achieve this, a
The magnetic field data from the FGM instrument on eachmethod which consistently identifies the times at which each
of the 4 spacecraft and ion plasma data from the CIS instruspacecraft crosses a given boundary must be developed. In
ments on spacecraft 1 and 3 are shown in Fig. 2. (Black traceprinciple, the boundary timings can be assessed from any of
represent C1 data, red for C2, green for C3 and magentthe data sets which are available from 4 spacecraft. Sophis-
for C4.) The top 3 panels show the GSE elevation angleticated boundary analysis methods have been developed for
0, the azimuth anglepp, of the magnetic field direction, use with the FGM data (e.g. Dunlop and Woodward, 1998).
and the magnitude of the magnetic field. In this represen-These methods incorporate single spacecraft assessment of
tation,85=90° represents a magnetic field pointing directly the boundary orientation through minimum variance analy-
northward,0g=0° represents a magnetic field lying within sis, in order to check the planarity of the boundary. How-
the ecliptic plane, whilgpg=0° indicates a field with a sun- ever, the magnetic fields on either side of the magnetopause
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boundary observed in the period described above are largelthe case shown in Fig. 3, we find that during the transition
parallel. For this reason, the minimum variance analysisfrom the magnetosheath into the magnetosphere observed at
does not return a meaningful result for many of the boundary~16:05:30 UT the timings are consistent with a boundary
crossings observed during this period. The observed boundnotion in the direction £0.53, —0.58, 0.62) in GSE co-
aries are predominantly plasma boundaries, and thus, in thisrdinates and at a speed of 118 kmgi.e. GSE velocity
study, we assess the boundary timings using the PEACE obsomponents £62, —68, 73) kms1). Conversely, during
servations. the return transition from magnetosphere to magnetosheath
Once the timings of the boundary crossings at each spaceat ~16:06:40 UT, the timings are consistent with a boundary
craft have been determined, this information can be used tanotion in the GSE direction{0.69, 0.46, 0.56) at a speed of
deduce the motion of any given boundary, as described, foB2 kms . The corresponding GSE velocity components are
example, in Owen et al. (2001). In this method we must as{—57, 38, 46) kms?. Note that the boundary normals deter-
sume that the boundary is close to planar on the scale size aghined here from the Cluster data can be directly compared
the spacecraft separation, and moves with constant velocityo the normal calculated on the basis of the Fairfield (1971)
The differences in the boundary observation times at eacimodel magnetopause scaled to the spacecraft position. This
spacecraft position can then be used to calculate the speed calculated to be (0.32:0.92, —0.23) in this coordinate
and direction of motion normal to the boundary surface. Assystem. Note, also, that although a minimum variance analy-
noted above, the nature of the magnetopause boundary crossis of FGM data does not return a meaningful determination
ings in the PEACE data is somewhat variable. However, toof the boundary normal at each spacecraft for many of the
quantify the timings, the boundary crossings by each spaceebserved crossings, it can be used as a successful check on
craft must be consistently identified within the data set. Tothe 4-spacecraft timing result for those crossings that it is
do this, we use the bulk moments of the electron popula-successful. For the first crossing evident in Fig. 3, the min-
tion calculated on board each spacecraft. In particular, weémum variance analysis of the corresponding magnetic field
identify the local maxima in the time rate of change of elec- (not shown) fails. However, during the second crossing there
tron moments during the large changes that occur in thesare sufficient variances in the magnetic field to determine an
data at each boundary. Comparison of the results of thisviVA normal at the 4 spacecraft. In each case, the MVA
approach applied to both the density and scalar temperatuneormal is within 15 of that determined by the 4-spacecraft
moments revealed that the magnetopause crossings could loeethod, thus validating the results of the latter method.
most readily identified from the gradients in the tempera- A total of 21 magnetosheath exits and 23 entries similar
ture moments from each spacecraft. It should be noted thati those described above could be identified in the PEACE
the technique employed here to determine boundary-crossindata during the period 15:55-17:15 UT and these were ana-
times is adopted principally as a method whereby some aslyzed using the above technique. The results of the boundary
pect of the transition from the magnetosphere to the magmotion calculations for these crossings are summarized in
netosheath can be consistently identified within the PEACEFig. 5, which is comprised of three panels showing, from top
data set. Since the transition from the magnetosphere to thi bottom, the boundary velocities in the-Y, X—Z and
magnetosheath must involve crossing the magnetopause, wé—Z GSE planes. Each panel includes the projection of the
arbitrarily chose to associate this temperature gradient maxerbit trajectory of the reference spacecraft (Cluster 3) in the
imum coincident with a large total change in temperaturerelevant plane (black line), together with the locus of the in-
with the instant that each spacecraft makes a crossing dfersection of that plane with the model magnetopause derived
the magnetopause. We assume that any errors in the tinfrom Fairfield (1971) scaled to the spacecraft position (green
ing between this temperature gradient maximum and the redine). The boundary velocities are shown as vectors in each
magnetopause crossing are systematic and identical at eaglanel, with the speed of the boundary in that plane being pro-
spacecraft, such that the timing analysis results are unafportional to the length of the vector drawn and the direction
fected. in each case, indicated from the point on the spacecraft tra-
Figure 4 shows the temperature moment changes duringectory at which the boundary motion was determined. The
the two magnetopause crossings previously shown in Fig. 3ength of a 100 kms! velocity vector is shown to the right of
above. The dashed line in this figure represents the effeceach panel for comparison. Boundary motions correspond-
tive temperature of the electrons determined by taking a moing to the transition of the spacecraft from the magnetosheath
ment summation of electron populations within the HEEA into the magnetosphere are shown as blue vectors, while tran-
(40eV to 26 keV) range, while the solid line indicates the sitions from magnetosphere to the magnetosheath are shown
magnitude of the gradient in this quantity. Note that for the as red vectors. The differences between the magnetosphere
most part, the large temperature changes are associated wiémtry and exit vectors are most apparent in YheZ plane
a clear peak in the gradient. In the C3 data at 16:05:45 UT(lower panel), where the entries (blue vectors) generally have
there is a less clear association, and in this case the earlier dawnward component, while the exits (red vectors) gener-
peak in the gradient is chosen as it coincided with a larger toally have a duskward component. From the second panel,
tal change in temperature than the later peak. Using the time# can be seen that almost all the velocity vectors have both
identified as the peak gradient on each spacecraft, we can den anti-sunward and a northward component to their direc-
termine the motion of the boundaries as outlined above. Fotion, and that the exits (red vectors) tend to have a larger
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Fig. 3. Energy-time spectrograms of the electron populations observed by the 4 Cluster spacecraft between 16:04 UT and 16:08 UT on
14 June 2001. The figure is in the same format as Fig. 1, but covers a shorter time period, during which the Cluster quartet made a single
transition from the magnetosheath into the boundary lay&6(05:15 UT) and then back into the magnetosheatt6(06:30 UT). Note that

the entries by all 4 spacecraft into the magnetospherelét05:15 UT appear to be a more gradual transition than the exit4@106:30

UT, which show a much more discontinuous change in the electron fluxes. This single entry-exit transition has characteristics that are largely
representative of all the other transitions evident in Fig. 1.

northern component than the entries. The average over all therdinates) are shown in the upper two panels of Fig. 6. The
velocity magnitudes is-100 km s'1, with the average mag- top panel of this figure shows these angles as a function of
nitude of the exit velocities being120kms ! and the en-  time of observation of the boundary during exits into the
try velocities~80 km s 1. The angles between the boundary magnetosheath, while the lower panel shows the angles as
motion normals determined from the inter-spacecraft timingsthe spacecraft enter back into the magnetosphere. Note that
and the model MP normal ((0.32,0.92,—0.23) in GSE co- for an in-out breathing motion of the entire magnetopause,
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Fig. 4. Electron scalar temperature variations (dashed line, right-hand scale) observed by the 4 Cluster spacecraft between 16:04 UT and
16:08 UT on 14 June 2001 (c.f. Fig. 3). The transitions between the c@0+40 eV) magnetosheath and warmer boundary laydiQ0 eV)

plasmas are evident in each panel. The solid lines (related to the left-hand scale) indicate the magnitude of the gradient in these temperatur
profiles between each measurement. Relatively clear peaks occur in this parameter for each major transition in plasma temperature. Thes
peaks are used as a measure of the time that the boundary between the two plasma populations crosses each of the 4 spacecraft, and thus
determine the orientation and speed of this boundary (see text).

these angles would beé for entries into the magnetosphere, In contrast, the mean angle during exits is 1,38 42 away
associated with dawnward motion of the boundary, and 180 from the model magnetopause plane and pointing into the
as the boundary moves duskward to return the spacecraft tmagnetosphere.

the magnetosheath. The dashed lines in each panel represent

the average normal angle for all the magnetospheric exit and Discussion

entry events, respectively. Note that the angles associateghe onhservations of boundary motion presented above
with entries to the magnetosphere are more variable than thgje 4y show differences in velocity and angles between exit
angles during exit. The mean normal angle during entries,y enry transitions, which are generally consistent with a
is 68 away from the model magnetopause normal, i.e. Onlyboundary wave. Note that thecomponent of the bound-

22> out of the plane of the model magnetopause itself and,y yelocities reverses between the inbound and outbound
pointing into the magnetosheath (i.e. somewhat dawnward) o sitions shown in Fig. 4, as might be expected during a
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BOUNDARY MOTIONS large-scale breathing motion of the magnetopause. Indeed,
16:00-17:00 UT 14 June 2001 since the Cluster quartet is located close to the equatorial
158 ‘ ‘ ‘ flank of the magnetosphere, any large-scale inward/outward
breathing of the magnetopause should manifest itself as a
1edr predominant positive/negatiyecomponent of the boundary
g velocity. This oscillation is also seen in tig component of
K -164r the ion velocity presented in Fig. 2. Clearly, however, both
«‘m the inbound and outbound boundary motions, consistent with
-16.77 E the data shown in Fig. 4, have significant negativeand
170 | | 8 positive z-components to their motion, indicating a bound-
64 61 58 55 52 ary wave structure with wave fronts moving along the mag-

Xewe (R netopause in these directions. An anti-sunward (i.e. negative
x-directed) component of motion is perhaps not surprising

-3.8 for boundary waves that may be driven by the magnetosheath
flow. However, the strong, positivecomponent to the mo-
-4.1 tion is perhaps unexpected, especially as the Cluster quartet

is located slightly below the ecliptic plane where models of
the exterior magnetosheath flow (e.g. Spreiter and Stahara,
1980) indicate a small component of flow in the negative
direction. Indeed, no significaptcomponent of the flow ve-
locity is observed by the CIS instrument (Fig. 2) during the
period under consideration.

The results from the single wave period shown in Fig. 4 are
confirmed as representative of the whole period in Figs. 5 and
6, which show that on both entry to and exit from the magne-
tosphere, the local magnetopause is tilted quite sharply away
from its undisturbed orientation (as based on the Fairfield,
1971 model). In addition, these figures clearly show that
during boundary encounters associated with entries into the
magnetosphere, the boundary is, on average, tilted further

ZGSE (RE)
N
~

100 km s™

o
~
o
=
\
[
©
o
wu
41
N

440

ZGSE (RE)

a7l 2 away from its undisturbed orientation than during the returns

£ to the magnetosheath. A sketch illustrating a possible form

5.0 ‘ ‘ ‘ § of this wave is given in Fig. 7. The entries into the magne-
-17.0 -16.7 -16.4 -16.1 -15.8 tosphere discussed above have been drawn to correspond to

Vose (Re) the leading edges of the wave, while the exits to the mag-

_ _ _ netosheath correspond to the trailing edges. The entry and
Fig. 5. Results of the boundary motion analysis for each of the gyit angles shown in the sketch are based on the mean angles
transitions evident in Fig. 1. The 3 panels show the motion Ofdetermined from the data shown in Fig. 6. The wave faces
the boundary projected onto each of the-Y, X—Z andY—Z & ahnear to be steepest on the leading edge (i.e. those
GSE planes. The intersection of the Fairfield (1971) model mag- ssociated with entries to the magnetosphere which are in-

netopause surface (scaled to the spacecraft location at 16:30 U " . h . . . f | hi
with each plane is shown as the green curve in each panel. Th ined into the anti-sunward direction of travel). This ob-

spacecraft trajectory projected onto each plane is shown as the blackerved steepening of the leading edge of the wave, with a
trace. The projection of vectors representing the speed and norma&hallower trailing edge is consistent with KH theory (Chan-
direction of motion of each magnetosheath-magnetosphere boundirasekhar, 1961) and MHD simulations of KH waves (Miura,
ary in each plane are shown extending from the point on the orbitl990). However, some previous observations are in contrast
trajectory corresponding to their time of observation. Vectors de-to this observation. In particular, the two-point study using
termined for transitions from magnetosheath to magnetosphere argSEE 1 and 2 by Chen et al. (1993) concluded that the trail-
shown in red, while those for transitions in the opposite sense argng edge of magnetopause surface waves was steeper than
shown in blue. The length of a vector representing 100kMis the leading edge. We note that the difference between the
indicated at the bottom of the plot. From these results it is clear thatobserved normal angles and the model magnetopause bound-

most boundary motions involve motion in the negafigse direc- ary normal is clearly a function of the appropriateness of the
tion, indicating a tailward propagation of the wavetrain. IntheZ y y pprop

plane (lower panel) it is also clear that most boundaries move in thé?mde' In representing j[he undls.tu.rbed magnetopause at this

general directions expected for inbound/outbound crossings of thdime. However, we believe that it is unlikely that the model

magnetopause, consistent with motions of the magnetopause drivéflagnetopause used here is inaccurate by more-tian or

by a set of boundary waves moving across the spacecraft locationss0. Hence, although the absolute departures of the observed
normals from those of the model may change, the conclu-
sion that the angles determined from the 4-spacecraft timing
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BOUNDARY CHARACTERISTICS 1545-1715 UT 14 June 2001
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Fig. 6. Upper 2 panels: Plots of the angles between the boundary normals determined from the 4-spacecraft measurements and the Fairfiel
(1971) model magnetopause normal as a function of time of observation of each boundary. The upper panel shows the angles determine
during transitions from the magnetosphere into the magnetosheath, while the lower panel shows those angles determined during transition:
in the opposite sense. The dashed line in each panel represents the mean angle for the appropriate data set. Note that the wavefronts duril
the latter transition are, on average{ #vay from the direction expected on the basis of the model magnetopause. In contrast, the transitions
from magnetosphere into the magnetosheath are ofilp®ay from the expected direction (along the inward pointing model normal). Thus,

the wavefronts associated with the former transition appear to be significantly steeper inclined, on average, compared to the latter. Lower
Panels: Results of a Kelvin-Helmholtz stability analysis (c.f. Eq. (1)) for the magnetopause boundary based on data from Clusters 1 and 3.
The vertical axes of these panels show the r&tiof the two terms on either side of the inequality symbol in Eq. (1), such that values of

R>1 (i.e. above the dashed line in each panel) indicate the magnetopause to be Kelvin-Helmholtz unstable. For most of the period under
discussion, it appears that the magnetopause is stable to this mechanism. However, the brief periods for which instability is indicated appea
to correspond to times in which the angles of the observed wavefronts (upper 2 panels) are furthest from the expectations for an undisturbec
model magnetopause. This indicates that the wavefronts are steepest during these times.

analysis as the spacecraft exits the magnetosheath are steepeflo test whether the magnetopause is unstable to the growth
than the entry angles is most likely appropriate. In addition,of Kelvin-Helmholtz waves, we can attempt to evaluate the
we note that our results are consistent with those of soménequality given in Eqg. (1) above for each of the boundary
other studies (e.g. Fairfield et al., 2000). crossings. If the inequality is satisfied the magnetopause is
Kelvin-Helmholtz unstable. For this purpose, we use the ion
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plasma velocitiesV; and V> on either side of a boundary 34R
crossing which are provided by the CIS instruments, the ' E
magnetic fieldsB; and B, provided by the FGM instrument
and the electron number densityfrom PEACE. In order

A
v

to make an assessment bf the unit wave vector, we ro- n

tate the mean observed boundary normglyy, (for pairs of —MP

magnetosphere entries and exits) into the plane of the model

magnetopause Vik=ny p x (ngpy xnyp), Wherenyp is Sheath @ ESH n

the model magnetopause normal. The results of the instabil-
ity analysis for C1 and C3 are shown in the lower panels of
Fig. 6. The CIS ion data from C2 and C4 were not avail-
able during this interval and thus, we are unable to perform
this analysis on the observations from these spacecraft. In
the lower panel, we show the ratio, R, of the terms on each
side of the inequality sign in Eqg. (1), such that a value of R
larger than unity suggests an unstable boundary. For most of ~ 65 km s

the interval, the analysis indicates that the waves are Kelvin- >

Helmholtz stable R<1). However, when comparing these .

results to the wave exit and entry angles in the upper panels, Wave motion

we find that instances where the observed data are consis-  (in —ve X- and +ve Z-direction)

tent with the magnetopause being Kelvin-Helmholtz unsta-

ble (R>1) generally occur in association with increases in rig 7. Sketch illustrating the average structure of the magnetopause
the wave exit angle, i.e. a steepening of the leading edge ofurface wave consistent with the results of the 4-spacecraft timing
the wave. The Kelvin-Helmholtz instability is predicted to analysis. These results suggest that the leading edge of the waves,
cause such a steepening of the leading edge of surface wavessociated with transitions of the spacecraft from magnetosheath to
(Miura, 1990), consistent with our observations. However,magnetosphere, are inclined from the expected orientation of the
waves generated by means other than the Kelvin-Helmholtzndisturbed magnetopause by a larger angle, on average, than the
mechanism might also be expected to show a similar trend"a”i_n.g edge gssogiated with tran;itions in the opppsite sense. In
between their leading and trailing edges, such that this alon@9dition. the direction of propagation of the waves, in the negative
does not provide a conclusive identification of the wave driv- SE X- and positivez-directions, is close to perpendicular to the

. hani Alth h the ab Vsis is i USi magnetic fields on either side of the boundary. This suggests that the
Ing mechanism. oug € above analysIS IS INCONCIUSVE, , o growth and propagation occurs preferentially in the direction

in this case, it is informative to consider the general orienta-j, \yhich the wave does not have to bend the surrounding lines of
tion of the boundary wave fronts to the magnetosheath fieldnagnetic force.

and flow directions. As mentioned above, the wave fronts

generally appear to have a positireomponent to their mo- .
tion, despite the location some 4r% south of the ecliptic Finally, the wavelength of these surface waves can be

plane. During this period, the average magnetic field Ob_estlmated by using the mean velocity of the waves across

l . . _
served while the spacecraft are in the magnetosheath is (11.$1e magnetopause-65 km s ) and the time differences be

—3.4, 17.7) nT, while in the magnetosphere the average fiel \kl‘veen pairs of Ibour:ga}ry cross[ngsi :n;ms manner, we find
(6.4,—3.9, 14.2) nT. The average fields on either side of the e mean wavelength is approximately 2 4.

magnetopause boundary are thus close to parallel, separated

in direction by only about 10 Moreover, the fields point 5 Conclusions

predominantly in the positivé&(- and positiveZ-directions,

which is approximately perpendicular to the direction of mo- Surface waves are common phenomena around the low-
tion of the wave fronts inferred above. For this direction of latitude flanks of the magnetopause (Kivelson and Chen,
motion, therefore, the magnetic fields on either side of thel995; Seon et al.,, 1995). We have presented an example
boundary lies along the crests and troughs of the wave, asf such waves observed by the 4-spacecraft Cluster mission,
also indicated in the sketch in Fig. 7. Hence, the wave ap{ocated on the dawn flank, on 14 June 2001. During a pe-
pears to be moving in the one direction in which the mag-riod of ~1 h, the PEACE instrument on each spacecraft ob-
netic fields on either side of the magnetopause do not neederved a large number of quasi-regular transitions between
to be sharply bent in order to accommodate the wave, an@n electron plasma population with characteristics typical
that most energy is, therefore, available for the wave growthof that of the magnetosheath and a more diffuse popula-
This can also be seen mathematically in Eq. (1), in which thetion of higher energy which is typical of the flank magne-
termsk. B are smallest, and thus the inequality most likely to tosphere/boundary layer. The timings of each of these transi-
be satisfied, if the wave vectéris perpendicular to the mag- tions at each spacecraft have been determined by identifying
netic field B. This appears to be the case, at least on averagdhe times of maximum gradient in the electron temperature
in the event presented here. moment. Differences in the transition times at each of the

Magnetosphere Nout
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