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Abstract. This paper presents in-situ observational evidence PTEs appear to occur independently of Interplanetary
from the Cluster lon Spectrometer (CIS) on Cluster of in- Magnetic Field (IMF)B; in the vicinity of the polar cusp
jected solar wind “plasma clouds” protruding into the day- region, which is consistent with observations of transient
side high-latitude magnetopause. The plasma clouds, preplasma injections observed with mid- and high-altitude satel-
sumably injected by a transient process through the daytites (e.g. Woch and Lundin, 1992; Stenuit et al., 2001).
side magnetopause, show characteristics implying a generddowever the characteristics of PTEs in the magnetosphere
tion mechanism denoted impulsive penetration (Lemaire andoundary layer differ for southward and northward IMF. The
Roth, 1978). Cluster data available up to now indicate that PTEs penetrate

The injected plasma clouds, hereafter termed up|asmapeeper into the magnetosphere for northward IMF than for
transfer events”, (PTEs), (Woch and Lundin, 1991), are tem-Southward IMF. This may or may not mark a difference in
poral in nature and relatively limited in size. They are ini- hature between PTEs observed for southward and northward
tially moving inward with a high velocity and a magnetic IMF. Considering that flux transfer events (FTEs), (Russell
signature that makes them essentially indistinguishable fronnd Elphic, 1979), are observed for southward IMF or when
regular magnetosheath encounters. Once inside the magn#i€ IMF is oriented such that antiparallel merging may oc-
tosphere, however, PTEs are more easily distinguished fron§u': it seems likely that PTEs observed for southward IMF
magnetopause encounters. The PTEs may still be movare related to FTEs.

ing while embedded in an iSOtI’OpiC background of ener'Key WordS. Magnetospheric physics (magnetopause’ Cusp,
getic trapped particles but, once inside the magnetosphergnd boundary layers; magnetosphere-ionosphere interac-
they expand along magnetic field lines. However, they fre-tions; solar-wind magnetosphere interactions)

quently have a significant transverse drift component as well.

The drift is localised, thus constituting an excess momen-

tum/motional emf generating electric fields and currents. The )

induced emf also acts locally, accelerating a pre-existing coldl ~ Introduction

plasma (e.g. Sauvaud et al., 2001).

. The entry of magnetosheath plasma through the dayside

t%?]setrgr:mr:asr g;IOPTE:'?]Z?.?:eer 22222 ;Irgggr.ciCtr';/eemmagnetopause and the associated transfer of energy into the
(strong SVErse Tlow, magnetic turbu ’ iccu Mmagnetosphere remains a key problem in magnetospheric

local plasma acceleration) to “evanescent” (weak flow, Weal&)hysics. The problem of energy, mass and momentum trans-

current signature). fer from the solar wind is predominantly discussed in terms
of reconnection near the subsolar region of the magneto-
Correspondence tdR. Lundin (rickard.lundin@irf.se) sphere. Reconnection may not be restricted to the subsolar
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region, in particular for northward IMF when reconnectionis  The history of impulsive penetration, i.e. transient solar
inferred to take place in the nightside/lobe region. Magneticwind plasma injection, dates back to the late seventies and
reconnection is by definition considering magnetic fields andearly eighties. Lemaire and co-workers (Lemaire, 1977;
convecting flux tubes attached to the solar wind flow in theLemaire and Roth, 1978) proposed that elements of solar
momentum exchange process. From a plasma-kinetics poinwind plasma may impulsively penetrate into Earth’s mag-
of view, however, it is unsatisfactory to consider fields and netosphere as a consequence of solar wind irregularities and
particles separately in an energy and momentum transfer pratheir intrinsic magnetization. Later Heikkila (1982) proposed
cess. No matter how tempting it may be to consider “ideal” that the impulsive penetration process may be governed by
conditions, such as “frozen in flux tubes”, such oversimpli- inductive electric fields set up at the magnetopause for favor-
fications may easily become misleading, in particular sinceable conditions. Owen and Cowley (1991) refuted Heikkila's
observations tell us that the transfer of energy from the solamodel and argued that it does not work. Disregarding all the
wind into the magnetosphere includes a number of key paarguments, there has been a tendency to either distrust or sim-
rameters: for example, the solar wind plasma dynamics, thely ignore observational facts. Plasma does indeed penetrate
magnetosphere plasma dynamics, the ionospheric plasma attte magnetopause and populates closed terrestrial magnetic
celeration and outflow, the generation of magnetospheric curfield lines. Moreover, plasma elements “bulleting” across
rents and fields interconnecting dynamo and load regions arenagnetic field lines were observed in the laboratory in the
all embedded in ambient electric- and magnetic fields genfifties (Bostik et al., 1956), and the theoretical grounds for
erated remotely but projecting onto the locus of observationsuch observations were subsequently established by Schmidt
To distinguish cause from effect remains a challenge in con{1960).
temporary space plasma physics. As for the theoretical understanding, the early ideas by

An example of the aforementioned cause-effect difficul- Lemaire and Heikkila were partly supported by theoretical
ties can be illustrated by two categories of observations, fluxarguments (e.g. Schindler, 1979) but only for exactly anti-
transfer events, FTEs (e.g. Russell and Elphic, 1979) angbarallel magnetic fields at the magnetopause. Simulations
magnetosheath plasma transfer events, PTEs (e.g. Carlsdater demonstrated (e.g. Ma et al., 1991) that the anti-parallel
and Torbert, 1980; Lundin and Dubinin, 1985; Woch and conditions may be softened to within about five degrees.
Lundin, 1991). For instance, FTEs first detected by magneA theoretical recognition of observational facts is therefore
tometers are naturally linked not only to field-aligned cur- slowly emerging. However, as will be demonstrated here,
rents (e.g. Russell, 1984) but also to the transfer of solaand as has been reported previously (e.g. Woch and Lundin,
wind plasma into the magnetosphere. Conversely, PTEs ret992; Stenuit et al., 2001), a strict magnetic boundary condi-
late from an observational point of view more to impulsive tion set up by the IMF and the magnetospheric low-latitude
plasma penetration introduced by Lemaire and Roth (1978)B-field does not correspond sufficiently well to experimen-
i.e. plasma intrusions through the magnetopause may intal data on the access of plasma through the magnetopause.
duce current signatures similar to those associated with FTE8Ve are obviously still at a state where observations lead the
(Lundin, 1989). The question remains what is cause andefforts to adequately understand the physics of solar wind
what is effect. Two causal aspects are of interest: energy, mass and momentum transfer through the magne-
topause.

In this report we focus on ion observations from the Clus-
ter CIS characteristic of plasma transfer events, i.e. observa-

2. The ambient magnetic field frozen into the plasma (ex_tions of magnetosheath plasma structures penetrated int_o the
cept at the x-line) gives the topology and provides themagnetosphere. The cases sele.cted here are less ambiguous
conditions for transfer othe topology and conditions from the point of view of separating magnetopause encoun-
for transfer are defined by the intrinsic properties of the (€S from PTESs. The events represent “blobs” of streaming
plasma, inducing local perturbation fields and currents.Magnetosheath plasma embedded in magnetospheric plasma,

These aspects require careful consideration on basis dfi€ctions that may protrude deep into the magnetosphere on
observational data. closed magnetic field lines.

It is of particular interest to note that PTEs are associ-
From a plasma physics point of view the magnetopause isited with plasma acceleration, i.e. local/cold plasma tak-
associated with a multitude of physical processes that remaiing up energy and momentum from the intruding plasma
to be explored in much more detail. For instance, one may arelements. The plasma acceleration is in agreement with
gue that plasma acceleration and deceleration in the magnevhat is expected from a polarisation electric field set up
topause current sheet are as complex and variable as plasrbg the plasma motion transverse to the local magnetic field
acceleration on auroral field lines. In a similar way, the injec- (e.g. Livesey and Pritchett, 1989; Lemaire and Roth, 1978;
tion of plasma through the magnetopause may take place bikundin and Dubinin, 1985), i.e. the ions are accelerated
arange of processes from weak diffusion to massive transierntransverse to the magnetic field. Frequent PTEs associ-
injection (from a minor wave induced leakage through an ap-ated with local/cold plasma acceleration may become an im-
parent pristine boundary) to a direct inflow through “holes” portant source of magnetospheric plasma as described by
created by instabilities at the magnetopause boundary. Sauvaud et al. (2001).

1. magnetic reconnection causes plasma transfadasma
transfer leads to a magnetic x-line topology;
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Fig. 1. Cluster CIS data from 26 February 2001, displaying a series of magnetosheath plasma transfer events (ntiBxke, 68) and
(4)), embedded in a background of more energetic ring current/plasma sheet pte@dnb4—05:21 UT). The data were taken during a time
when the IMFB; was~0nT and the IMFB, was~—1nT.

2 Observations is used to lower the satellite potential by emitting a current
of Indium ions (Riedler et al., 1997).

The particle data come from the Cluster lon Spectrometer Figure 1 shows CIS data from 26 February 2001, dis-

(CIS) experiment (Rme et al., 2001), comprising two in- playing a series of magnetosheath plasma injection regions

struments: (marked 1, 2, 3 and 4) embedded in a background of

. . ... more energetic ring current/plasma sheet plasr@b(14—

1. aHot lon Analyser, CIS-2, measuring the ion distribu- 05:21 UT). The four Cluster s/c passed first the cusp, then

tlon(;r_oth ev tlo 26|kev u5|(rjlg r;lc[[a55|$a: s_ymm_etrlcal the boundary layer/dayside outer ring current (BL/RC), fi-
quacrisphérical analyserand a fast particle Imaging .Sys'nally encountering briefly the magnetosheath (MS) at ap-
tem based on micro-channel plate electron multipliers

and position-encoding discrete anodes: proximately 05:32—05:40 UT (not shown in Fig. 1). The data
' were taken during a time when the IMF, as determined from

ACE data, wasB, ~ OnT andB, ~ —1nT. Well inside the

magnetosheath, after06.02 UT, the magnetic fiel#f, com-

e Ponent measured by Cluster varied betwedhand 20nT

complete 3-D distribution functions of the major ion with quasiperiqdic oscillations_ in the_ minute rangg, and

species. Typically these includettiHe™, He™ and B being negative and also quite variable.

O*+. The sensor primarily covers the energy range be- The panels are sectioned in three groups for s/c 1, s/c 3,

tween 0.02 and 38 keV/q. and s/c 4, the three Cluster s/c with CIS data. The two

panels in each section display energy-time spectrograms of
The magnetic field data come from the fluxgate magne-ions and H flow velocity in GSE co-ordinates. The PTEs,

tometers (FGM) installed on board the Cluster spacecrafmarked out by arrows and the digits 1, 2, 3 and 4, are char-
(Balogh et al., 1997). These data are averaged over 4s. Aacterised by regions of magnetosheath-like plasma imbedded
instrument for active spacecraft potential control (ASPOC)in more energetic magnetospheric plasma. The “mixing” of

2. atime-of-flight mass spectrometer, CIS-1, which com-
bines a top-hat analyser with an instantaneous$ 380
field of view with a time of flight section to measur
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Fig. 2. A close-up view of one of the PTEs shown in Fig. 1 (26 February 2001) for the three s/c 1, 3 and 4. Upper panels give the energy-time
spectrum of ions, panels 2 the flow velocity fo7 keV Ht, panels 3 the flow velocity for 0.3-5 keV'H panels 4 the flow fox0.2 keV
H* and the bottom two panels the magnetic field components in GSE co-ordinates.

magnetosheath and magnetosphere ions within PTEs varieehe PTE, observed on s/c 1 and s/c 4, is characterised by
from full mixing (2, 4) to weak mixing (1, 3). Full mixing magnetosheath plasma embedded in a background of more
means that magnetosheath plasma is contained in magnetenergetic ions of plasmasheet/ring current origin. The event
spheric plasma on apparently closed magnetic field lines (2, 4nay be characterised by on-going mixing of two plasma pop-
in Fig. 1). Weak mixing marks a transition region — with ulations in a limited region of space. The physics of the
magnetosheath plasma newly injected into magnetospheriplasma mixing are of interest here.

plasma. The latter is associated with decreased fluxes of The three panels, Figs. 2a—c, are each subdivided into six
magnetospheric plasma on either open or closed magnetipanels. The five lowermost panels show from the top the ve-
field lines. Comparing the data from the three s/c, it is ap-locity deduced for ions greater than 7 keV, then the velocity
parent that the PTEs vary with space and time. Notice, forcalculated for 0.3-2 keV ions (solar wind regime), then the
instance that PTEs 1, 2 and 3 are not observed on s/c 3. Theelocity for ions less than 0.2keV, all velocity components
main spatial parameter explaining the void of PTES, for s/c 3given in GSE co-ordinates. The two lowermost panels give
during the time period 05:14-05:21 UT, is the distance in thethe three magnetic field components in GSE co-ordinates.
solar direction (X), s/c 3 being some 0.05 Re300 km) fur-  The reason for the division into three energy ranges for the
ther sunward than s/c 1 and s/c 4. The observation is consisselocity computation is the identification of three separate
tent with “embedded” plasma streaming downward close toion components:

the magnetic field direction, with s/c 3 outside it on magne-

tospheric field lines closer to the dayside magnetopause. We 1. An ion component of plasma sheet origin TkeV),

return to this issue later in our analysis.

The observations in Fig. 1 take place well inside the mag-
netopause on what appears to be open (cusp) and partly3 4 «cold” plasma component that becomes visible under
closed (BL/RC) magnetic field lines. By partly closed, we the effect of an enhanced electric drift in the boundary
mean that the ppejn—cilosed issue can only be resolved by.con- layer (<0.2 keV for H").
sidering the distribution of very energetic electrons which
may not be available. The three H flow components may in fact display quite dif-

In what follows, we describe four cases of PTEs for solarferent characteristics, in particular during PTEs. The depar-
wind IMF conditions varying from negativ8, to positive  ture in flow direction for the three energy ranges represents
B;, from newly injected events to old/evanescent PTEs. the degree of inhomogeneity of the media. The lack of flow

Figure 2 gives a close-up view of PTE #1 in Fig. 1, again directionality differences within the three energy ranges im-
for the three s/c 1, 3, and 4. The top panels give energy-timglies homogeneity.
spectrogram plots for ions using the CIS-2 (without mass se- An example of a relatively similar flow behaviour of the
lection) for s/c 1 and s/c 3 and using CIS-1*(Hor s/c 4.  three H" veolcity components is shown in Fig. 2b (s/c 3).

2. an injected magnetosheath component (0.3—-2 keV) and
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Fig. 3. Encounter of magnetosheath-like plasma on 31 January 2001, when the IMF was directed soutBwdid This encounter is also
described by Sauvaud et al. (2001). The first event (1) is dominated by magnetosheath plasma while the second (2) lacks such a signature.

Notice that the overall flow direction remains relatively uni- “remotely sensed” by the more energetic ions with large Lar-
form throughout this time interval in Fig. 2b, while there is mor radii. This then explains the similar negative excursion
a difference in flow magnitude. This difference in magni- of the >7keV V,component for s/c 3; i.e. although not di-
tude is mainly caused by the computational method, integratrectly encountering the PTE, it can be remotely sensed by
ing the moments of the distribution function over different energetic ions from s/c 3. The fact that the PTEs can be re-
energy intervals. Since the average velocity is determinednotely sensed by s/c 3 implies that they are within a distance
byv = 1/n [v - f(v)dv, wheren is the number density, of two Larmor radii of>7 keV protons.

the cut in energy towards lower energies gives a systemat-
ically lower number density and consequently a systemati-

; ! | X The low-energy ions<£0.2 keV) are of particular interest
cally higher velocity for the high energy intervals.

because due to their small ion Larmor radii the drift perpen-
The rather uniform flow of s/c 3 contrasts to the variable dicular to B should be dominated by the electric drift. We
flow signatures of the PTEs observed by s/c 1 and s/c 4return to the electric drift later in the analysis but, for the
While the ions of solar wind origin (0.3—2 keV) are flowing time being, we merely note some important ion drift prop-
strongly in the -Z direction (in the PTE inward with respect erties within the PTE. From Fig. 2, we see that the mid-
to the Northern Hemisphere) the energetic iong keV) dis-  energy (0.3-2keV) and low energyxQ.2 keV) ion flow is
play an apparent flow in the opposite direction. However,rather similar, i.e. th&Z-component dominates. Some devi-
the energetic ion “flow” is most likely the effect of a plasma ation may be observed, e.g. in magnitude and preceding and
pressure gradient, perpendicular as well as along the magsucceeding the event, but the overall tendency is the same.
netic field direction. In fact, velocities obtained from mo- The main difference is in the magnitude of the flow veloc-
ment computations cannot distinguish spatial/temporal graity. A first reaction is to simply discard this as being due to
dients from bulk flows. Higher order moments are requiredmoments computed for separate energies, leading to higher
for that distinction. But for our purposes here it is suffi- velocities for intervals with higher energies. However, as will
cient to note that any difference in component flows is mostsoon become apparent, the two populations may indeed drift
likely associated with gradients in the plasma. Notice, forwith different velocities. In this case, the injected sheath
instance, the deviation of the7 keV V,-component preced- plasma is drifting with 250-350 km/s while the low-energy
ing the PTE encounter for s/c 1 and s/c 4. BecaBsés a  ions drift with velocities 100-200 km/s, i.e. about half the
strong magnetic field component, one may qualitatively re-drift velocity of the more energetic population. From this we
gard theV, andV, components as representing transversecan conclude that the transverse drift of ions is not only due
pressure gradients. Indeed, the characteristics of the PTE ate an electric drift, one must also consider other drift terms
those of a depletion of energetic ions, a region that can bes discussed by Lundin et al. (1987).
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Fig. 4. APTE from 16 March 2001, observed well inside the magnetosphere and apparently embedded in plasma sheet/ring current plasma.
The injected magnetosheath ions (0.3-2 keV) are still streaming essentially anti-sunward with a velocity of about 200 km/s while the back-
ground plasma is either streaming only moderately or just responding to the plasma gradieeVy. IMF: B, ~1nT, By, ~ 4nT.

Figure 3 shows the encounter of magnetosheath-likeThe overall similarity in all three energy passbands during
plasma on 31 January 2001, when the IMF was directedhe remaining time interval of Fig. 3 is indicative of a pre-
southward £2nT). This encounter is also described by dominant electric drift.

Sauvaud et al. (2001). The first event (1) is dominated by A further aspect of Fig. 3 is the magnetic perturbation in
magnetosheath plasma, while the second (2) lacks such a sighe region of enhanced cold ion drift, i.e. on the magneto-
nature. spheric side of the magnetopause, 2. The bipolar perturba-
The two lowermost panels of Fig. 2, showing the FGM tion of B from the mean for all three components may be in-
magnetic field data, indicate that this PTE was associatederpreted as the traversal of a field-aligned current flux tube,
with a magnetic perturbation of up to 30% of tBg and B, similar to flux transfer events (FTES). ThebnT perturba-
components. A relatively weak total pressure increase (notion of theY - andZ-components corresponds to a downward
shown here) was also associated with this PTE. current of~10~7 A/m2. Notice that a similar magnetic per-

Figure 3 represents a case of potential PTEs when théu.rbayion can also be found at the innerrnost boundary of the
IMF was directed southward-@ nT). In this case, however, Injection signature, 1. The PTEs in Fig. 3 were observed
it was not clear whether the magnetosheath plasma everté@r the magnetopause for southward IMF which suggests
represents a plasma intrusion. An alternative, perhaps evefat they are synonymous with FTEs (e.g. Russell and El-
more likely, interpretation is a magnetopause encounter, th®hic, 1979). A more careful analysis of the magnetic field
magnetopause moving in and out and crossing the satellite§lata is required to resolve this issue, however.

Nevertheless, the nature of this encounter, also described by Figure 4 illustrates a PTE located well inside the magne-
Sauvaud et al. (2001), is interesting. The two events distosphere, i.e. apparently embedded in the plasma sheet/ring
played in Fig. 3 occur at05:56 UT and06:00 UT, respec-  current plasma. Notice, however, that the injected magne-
tively. Both events are associated with an adiabatic “accelertosheath ions are still streaming anti-sunward with a velocity
ation” of cold ions in a layer with enhanced electric drift im- of about 200 km/s although with quite variable characteris-
mediately inside the magnetopause as discussed by Sauvatids for different s/c. The energetic ios{ keV) flow struc-

et al. (2001). We notice that, as in Fig. 2, the overall flow ture illustrates the anisotropy related to the reduced flux of
characteristics of the “solar wind” (0.3-2keV) and “cold” energetic ions inside a PTE. Using the energetic ion remote
(<0.2keV) ions is similar inside the injection structure, al- sensing technique, we may infer from th& keV “flow” that

beit with a differentV, flow velocity. Thus, it seems as if the central portion of the PTE (the reduction of energetic ion
the latter two ion populations track each other within the in- fluxes) was located in the -Y and +Z direction with respect to
jection structure but with differences in the magnitude of thes/c 1 and 3. In the case of s/c 4, the count-rate is lower, due to
velocity, especially in the X-direction. The major difference a low-sensititivity mode, and the7 keV “flow” signature in-

is that the “cold” ions display another flow characteristic that dicates that the structure is oriented in the +Z direction. This
is due to a varying electric field within the boundary layer. is in good agreement with the GSE location of the three s/c
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Fig. 5. A PTE (2 February 2001) with fully “mixed” plasma. No anti-sunward flow is observed in this PTE, indicating that the structure is
stagnant yet with signs of activity as evidenced by the electric drift at the boundary and the field-aligned current signature (see text). The
IMF: B; ~ 3nT, By ~ 0nT.

provided that the PTE structure is drifting in the -Y and -Z di-
rection, i.e. essentially away from the Earth in thg-plane
but with an essentially anti-sunward plasma flow.

Table 1. Plasma Transfer Events detected by Cluster CIS

Date Time By By B; No.of

Our final example of a PTE, Fig. 5, represents a case when PTEs
the three plasma components have been well “mixed”. Only 55 5012001  08:30-09:20 2 2 5 15
weak flow, attributed to electric drift, is observed in this PTE, 31Jan 2001 05:15-06:15 5 0 1 7

indicating stagnation and evanescence. The lack of typi-
cal magnetosheath plasma characteristics (e.g. strong plasma 2 15
flow) makes the identification of evanescent PTEs more diffi- 16 Feb2001  19:15-20:00 2 -2 2 12
cult. However, this case is characterised not only by a “mid- 19 Feb 2001  02:30-03:30 0 -4 0 6
energy” ion population but also by accelerated cold ions with 21 Feb 2001  11:00-12:15 7 -1 0 10
a signature very similar to the PTE in Fig. 3. This PTEiS 25 Fep2001 05:15-05:45 -2 -1
still qssociated V\_/ith some energy release as eyider_lced by a 10 Mar 2001 14:00-04:45 -2 2 1
flqw in the +Z Q|rectlon gttrlbuteq to an eIectr.|c erft, the 14 Mar 2001  22-30-23:00 2 -4 1 5
drift corresponding to an inward directed electric field by up
to 3mV/m. Notice that all three energy intervals display a ~ 1°Mar2001 00:00-01:00 -1 3
similar directional flow, essentially perpendicular to B, im- 16 Mar2001  17:15-19:00 -2 4 -5-+2 14
2
7

2Feb 2001 12:00-14:30 -1 -1

plying that the electric drift is dominating here. Immediately =~ 17 Mar 2001  06:45-09:15 -1
adjacent to or preceding the electric drift region is a magnetic 22 Mar 2001  01:00-02:45 -1
perturbation marking &5 nT decrease of th&-component,
the other two magnetic field components remaining essen- 134

tially unchanged. This is the characteristic of the traversal of

an extended (in th& Y -plane) current sheet. The properties

of this PTE suggest that the satellites traversed a field-aligned

current sheet with the current vector pointing upward, i.e. an- The present study is based on the analysis of three months
tiparallel with the magnetic field. Furthermore, the current of Cluster dayside magnetopause crossings, focusing on 29
sheet is associated with a converging electric field. An ob-specific crossings from January to March 2001. Because the
vious interpretation is that the upward current is driven by satellite passes over a limited portion of the dayside mag-

a magnetospheric dynamo process, as discussed in the nex¢tosphere, much further analysis and more data on other
section (Fig. 9). parts of the magnetopause is required to complete the pic-

2 20
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26 Feb. 2001, 05:15 UT

Magnetic perturbation s/c 1
M) : :
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sle3 2.89 346 8.14

sic 4 278 344 3.10

Fig. 6. Diagrammatic representation of several PTEs located immediately equatorward of the cusp as observed by Cluster s/c 1, 3 and 4 on
26 February 2001, 05:14-05:17 UT.

of PTEs. Table 2 summarises the number of PTEs found for

Table 2. Summary of PTEs for different IMF conditions . o~
different IMF conditions.

IMF By <0 ~0 >0

No.of PTEs 79 6 49 3 Plasma motion, fields and currents in PTEs

IMF By, <0 ~0 =0 The plasma properties observed for PTEs, and their associa-

No.of PTEs 53 7 74 tion with physical processes, were discussed in very general
terms in relation to Figs. 1-5. An obvious next step is to

IMF B, <0 =~0 >0

investigate the spatial/temporal characteristics and the local
No.of PTEs 30 36 63 electromagnetic impact of PTEs. How localised are PTEs?
What are their motional characteristics? And how do PTEs
connect to the ambient magnetospheric plasma environment?
The advent of the Cluster satellites, to probe the plasma
ture. However, to illustrate the number of observations madestructure in three dimensions, helps us to address these is-
in the present study we provide in Table 1 and Table 2 pressues. Our first approach to reveal the three-dimensional prop-
liminary statistics from 13 of the 25 crossings when PTEserties of PTEs, is illustrated in Fig. 6. Figure 6 gives a dia-
were clearly identified. Notice that the PTE identification grammatic representation of the PTE traversals in Fig. 2. The
was conditioned to regions that were identified as ring cur-left side of Fig. 6 illustrates the PTE traversals as conceived
rent/plasma sheet, excluding all cases clearly associated witim the X Z- andY Zplanes (GSE) respectively. The right side
open field lines such as in the cusp. Besides summarising this a diagram with magnetic field data (FGM) from s/c 1, il-
data base and listing the number of PTEs identified for dif-lustrating the relatively complex magnetic perturbation as-
ferent orbits, Table 1 also summarises the related solar windociated with the PTE encounters of s/c 1 during this time
conditions. On the basis of this we note that most of theperiod. Notice that the PTEs during this time interval are
PTEs are found foB, > 0, but several cases are also found located adjacent to the cusp, the cusp traversal taking place
for B, <0. On the other hand there does not appear to be anprior to this betweer04:00-05:00 UT. The PTE shape may
significant IMF B, or IMF By dependence on the occurrence be different from that of Fig. 6 but the structure is appar-
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Cluster CIS H* Ions — 26 Feb, 2001, 05:14:41 UT
SIC1 SIC3 S/IC4 injected

Vper (lon's)

=500

500 F

Vperp 2 (lans)

500

500 500
Vperp 1 (lan's) Vperp 1 (law's) Vperp 1 (an/s)

Fig. 7. HT velocity distribution, parallel and perpendicular to the magnetic field, for the PTE on 26 February 2001 described in Fig. 2.
Notice the difference in transverse velocity for the injected magnetosheath plasma and the local “cold” plasma.

ently “embedded” in the magnetosphere, most likely with athe very strong similarity between the CIS data in Fig. 7 and
dominating extension along the field line within a region of the Prognoz-7 data from the 1980s (e.g. Fig. 2 by Lundin et
guasi-trapped energetic ions. However, PTEs are not only exal., 1987). By subtracting individual drift velocity vectors for
panding along the magnetic field lines. The bulk flow (broad different plasma populations one eliminates the electric drift
arrows) and the magnetic field orientation show that there is derm (that is independent of charge and mass). The remain-
strong transverse drift/convection motion of the plasma. Theder is a differential drift (Lundin et al., 1987) that relates to
strong drift motion is more clearly demonstrated by Fig. 7, three terms: Pressure gradient driftyg), anisotropy drift (a)
which gives a velocity contour plot of Hions in magnetic  and inertia drift (i), given by the equation:

field co-ordinates (velocity parallel and perpendicular to the

magnetic field). Notice the strong transverse drift componentAv1 = (Av)yp + (Av), + (Av); (1)

of the injected solar wind plasma associated with a trans-

versely drifting/convecting “cold” H ion component. Fig- Under the assumption that “cold” ions drift primarily as a

ure 7 clearly demonstrates that there is a marked differenc esult of the electric drift we may infer, from Fig. 7, that there
y |és a differential drift of about 100 km/s caused by a combina-

in drift velocity for the solar wind ions and the “cold”+H ) ; di . d inertia drift. Wh
ions, a difference that may be as high as 100 km/s. Such giftion of pressure gradient, anisotropy and inertia drift. What-
ver the cause, it is likely to be related to the quite variable

ferences were first discussed in terms of a dynamo proces% i . -
agnetic perturbation observed in Fig. 6 for s/c 1, a pertur-

where the injected solar wind plasma acts as a dynamo (afi “: X .
electromotive force, emf) and the local “cold” plasma acts as ation that varies strongly with time and space as can be seen
! in Fig. 2.

a load (see e.g. Lundin and Dubinin, 1985). The physics of ) .
The motional force of the injected magnetosheath plasma,

the differential ion drift and its relation to the intrinsic prop- z ;
erties of the plasma were also discussed later by Lundin e§pe0|f|cally the transverse drift, represents a source of free

al. (1987), and Stasiewicz (1991). It is interesting to note€N€rdy — & motionaémf The motionalemfis a source of
electromagnetic energy that may again convert to kinetic en-
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ergy, accelerating and causing the drift of “cold” plasma (e.g.injection and its surroundings, the boundary indicating a re-
Fig. 7). It is, therefore, of interest to investigate the direc- gion of negative polarity (converging electric field). The re-
tional dependence of thamf(E) determined by the injected gion of shear flow/converging electric field is related to cur-
plasma flow, i.e. rents, specifically field-aligned currents. The direction of the
E=@ip x B @) current is towards the region of negative charge, i.e. here anti-
n parallel with the magnetic field direction (see Fig. 6). This
From the velocity and magnetic field components for s/c 1corresponds to an upward field-aligned current connected to
and s/c 3 at 05:15 UT on 26 February 2001 we deduce the folthe ionosphere.
lowing vectors for the motionamffrom the injected plasma Figure 8 gives data from s/c 4 during the 26 February
flow (0.3-3keV): event, but now showing the parallel and perpendicular ve-
locities and theem{E) determined from the perpendicular
flow (Eq. 2). Again, moments are computed for the above-
E=(-1.2,1.2,0)mV/im  fors/c 3. mentioned three energy ranges. In addition to a clear dif-
ference in flow velocities, the data illustrate a difference in
The emfvectors, also marked out in Fig. 6, illustrate the emfterms between high energy- and mid/low energy-ions.
shear motion that exists in the region separating the plasmahis emphasizes again the need to separate ion species be-

E=(4.7,-3,-0.5)mV/m fors/c1land
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Fig. 9. Diagrammatic representation of the PTE on 16 March 2001, 18:10 UT.

fore plasma moments become useful quantities. Indeed, evedirection which, for the case of Fig. 9 (and Fig. 4) is paral-
the separation between mid- and low-energy ions is difficultlel/upward with a magnitude of + 3. 10~ (A/lcm~2). To

in this case, the flow of the injected mid-energy ions domi- determine the exact topology of the current structure with re-
nating the appearance of the central time domain in the diaspect to the PTE requires a more thorough analysis of mag-
gram. Outside this domain “cold” ions clearly show other netic field data from all four Cluster s/c. A preliminary anal-
flow characteristics compared to the injected mid-energyysis shows that the currents are connected to the zone of
ions. Notice, though, the marked difference in flow char- strongest shear, which for a majority of the cases is on the
acteristic between the injected and “cold” ions, the injectedsunward side of the PTEs.

ions containing a significant field-aligned component while

. . e . Figure 10, representing the evanescent PTE on 2 Februar
the “cold” ions are mainly drifting perpendicular to B. '9u P g v uary

2001 marginally modified by a flow in th€Y -direction, en-
Ampere’s equationY x B = u, J, provides a more reliable ables us to determine the approximate size of the structure.
way of determining the electric current discussed in conec-The PTE was detected by all three s/c within some 30s, even
tion with Fig. 6. The event on 16 March 2001 (Fig. 4) is, though the s/c were separated by up to 600km. This im-
because of its relatively simple magnetic field characteris-plies that the relative velocity of the PTE in Fig. 10 is greater
tics, suitable for such an analysis. Figure 9 illustrates a PTBhan 20 km/s, an order of magnitude larger than the speed
traversed by all three Cluster s/c on 16 March 2001. A PTEof the s/c at these heights. The lower limit of the width is
crossed the trajectory of the three s/c approximately posithen determined by the s/c motion. Considering4f#min
tioned as illustrated in Fig. 9. Because of the high velocity traversal time of the PTE in Fig. 10, we obtain an estimate of
of the PTE, the times of arrival were almost simultaneousthe minimum width of the structure in tBéY -plane of about
yet the characteristics of the density and flow velocity var- 200 km. The flow velocity in th& Y -plane, varying between
ied considerably between the three s/c, obviously due to spa+10 km/s (as determined by the ion drift), gives error bars in
tial inhomogeneities in the few hundred km range. Similar the ranget1000 km, i.e. much larger than the minimum size.
variations are also observed in the magnetometer data. SuA third way to determine the PTE width is to use remote-
perimposed on the small-scale variations within PTES, theresensing by energetic particles. Traversing a flux tube of ion
is frequently a bimodal signature of B centered on the sun-lux, depletion results in a bipolar gradient signature similar
ward side as displayed in Fig. 9. Based on the rotation of B to that of a shear flow. Indeed, such a bipolar signature was
we have estimated the field-aligned current magnitude anabserved in a more extended time period, during 2 February
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Fig. 10. Diagrammatic representation of the “stagnant” PTE on 2 February 2001, 12:27 UT.

2001, than that shown in Fig. 5. Taking 10 keV protons with —
Larmor radii of some 500 km in this event we find that the
PTE was remotely sensed by energetic iong keV) for al-

most 20 min corresponding to 1200 km. If purely spatial, that
implies a PTE width in th& Y -plane of some 208600 km.

As for the width in the Z-direction, the main direction  —
of expansion, we note that the PTE centre expands with a
velocity of ~50 km/s downward and up te100 km/s up-
ward. Taking the 20min. during which the PTE was ob-
served with remote sensing, we obtain an extension in the
Z-direction of~150 000 km £24 Rg), i.e. essentially filling
the entire magnetic flux tube between the hemispheres. The
Z-extension in Fig. 10, therefore, only marks a projection of
the PTE in the s/c frame of reference.

Notice that the field-aligned current determined from the
magnetic perturbations is again upward/antiparallel to B,
connected to the sunward side of the PTE.

4 Discussion and conclusions

We have analyzed a set of Cluster observations of magne-
tosheath plasma transfer events, PTEs, through the dayside
magnetopause, an analysis that leads to the following con-
clusions:

— PTEs are limited in space and time, characterized by
magnetosheath plasma embedded in an environment of
magnetospheric plasma.

PTEs represent a class of observations highly variable
in space and time, their properties varying significantly
on Cluster spacecraft separation distances (January—
April 2001).

PTEs are found at high latitudes near local noon during
most IMF conditions, albeit with a preference for IMF
B, > 0. The latter conclusion may be biased by the
selection criteria, focusing as they did on cases when
the spacecraft were in the dayside ring current/plasma
sheet. During the analysis, we avoided cases of time-
dependent magnetosheath plasma injection on clearly
open magnetospheric field lines such as in the cusp.
However, there are reasons to believe that temporal in-
jection structures observed in the cusp are of a similar
nature to those on closed field lines.

PTEs have characteristics similar to those discussed in
the impulsive penetration model (Lemaire, 1977; see
also Echim and Lemaire, 2000, for a review). How-
ever, it remains to be understood why the occurrence of
PTEs appears to be so independent of the IMF orienta-
tion. This is in contradiction to merging/reconnection
(e.g. Cowley, 1982) and to some extent also with impul-
sive penetration.

PTEs are generally associated with significant magnetic
perturbations, indicating the presence of low-frequency
wave activity and/or local currents. A bimodal mag-
netic signature, similar to that in a flux transfer event,
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indicates that field-aligned currents couple to the sun-to B (flow/MHD dynamo) or to a hydrostatic pressure (ther-
ward side of PTEs. The plasma drift near the sunwardmoelectric generator), for instance:

side also indicates a converging electric field there (con-
verging—v x B), implying that the upward field-aligned
current connects to a negatively charged region, as ex-
pected if the current connects electrically to a voltage VP, = V Py = static pressure, corresponds to
generator. To adequately understand the intrinsic prop- a thermoelectric generator.

erties of the PTE polarization and the related generation

of currents would require a more thorough analysis in-  The analysis of PTEs indicates that both dynamo processes
volving Cluster electron and electric field data. are relevant. Newly-injected PTEs have strong transverse

— PTESs near the magnetopause have a preference for ant?ulk motion, a motion that gradually slows down leading to
sunward motion, gradually shifting into more field- & kinetic pressure gradient opposite to the bulk flow. For
aligned motion further inside the magnetosphere yetevanesc:ent PTEs with low bulk velocities of the injected
maintaining a significant transverse ion drift. PTEs nearP/asma (e.g. 2 February 2001, Fig. 5), the inferred current
the magnetopause for antiparallel magnetopause condiS ikely to be generated by residing static pressure gradi-

tions, may be synonymous with FTEs (Russell and E|- ents between injected and ambient magnetospheric plasmas.
phic ’1979). However, a more thorough analysis of local pressure condi-

tions is required to understand the intrinsic dynamo proper-
— Evanescent PTEs are structures lacking bulk flow, i.e.tjes.
the plasma is not protruding further into the magneto- s for the differential ion drift, a more detailed analysis is
sphere. Evanescent PTEs of “decaying” nature can b nger way comparing, for instance, the drift for different ion

found quite deep inside the dayside ring current/plasmaspecies with EFW electric field data and making a detailed
sheet. analysis of the differential drift to evaluate the contributions

— The injected/magnetosheath plasma may display funfrom kinetic and static pressure gradients. Already one may
damentally different dynamics compared to the am-note that the observation of differential drift is in general
bient/magnetosphere (“cold” + hot) plasma in PTEs. agreement with earlier findings (Lundin and Dubinin, 1985)
Thus, the analysis of physical processes in a multi-of the differential drift as the signature of a dynamo process.
component boundary layer plasma is clearly not pos- An unloaded voltage generator is characterizedEoy-
sible with traditional MHD. A multicomponent kinetic (v x B) = 0, i.e. the plasma is convecting without any dis-
technique is required to determine the energy and massipation/breaking. In a loaded dynamo kinetic energy is dis-
transfer processes. sipated and a breaking force acts on the plasma. The plasma

_ ) breaking can be described as an inertial force per unit vol-

— PTEs, with the.exceppon of co.mpl.etely evgnesqentumeFi = p dv/dt, wherep = nm is the plasma mass density.

PTEs, are associated with cross-field ion flow (ion drift). Neglecting all other possible sources for breaking (magnetic

A difference in the ion drift for dllff'erent plasma com- radient drift, pressure, collision, etc.) the momentum equa-
ponents may be observed, the injected magnetosheat?i‘bn can be written:

plasma moving at a higher drift velocity compared to

the “cold” background plasma (of H He™ and O). dv

Cluster CIS data therefore corroborates previous find-";; = ng(E +v x B) (4)
ings from Prognoz-7 (e.g. Lundin and Dubinin, 1985;

Lundin et al., 1987). This suggests that PTEs are associwheren is the plasma number density apds the electronic
ated with strong plasma gradients in time and/or spacegharge. Thus, whenever a force is acting, i.e. momentum
a fact that stands out clearly when comparing data fromis transferred, an imbalance occurs such that (vx B)
different Cluster s/c. Gradients, with an order of mag- = E*# 0. A physical explanation for the departure from
nitude ion flux drop within 1-2 Larmor radii, are not “ideal MHD” is that a loading of the dynamo introduces
unusual (see e.g. Fig. 2). a depolarization current reducing the electric field in the
?asma frame of reference such that+ (vx B) = <0, i.e.

VP, = VPg =Kkinetic pressure, corresponds to
an MHD/flow dynamo and

Strong plasma pressure gradients are expected to gen
ate electric fields and currents. The main sources of kineti

energy assumed to be available in PTEs for generating ele d the local ol Pl breaki b iated
tromagnetic energy are the motional energy in the bulk flow@nd e local plasma. Flasma breaking may be assoclate

and hydrostatic pressure gradients. From the electromagnet?%'th. an external load (e.g. field-aligned currents co.upled o
dynamo equation the ionosphere) or an internal load (local mass loading by an

ambient plasma). During internal loading (acceleration) the

vx B)>E. In this way a dynamo under load is characterised
y a difference in drift velocity between the dynamo plasma

JxB=VP, (3)  local plasma experiences an electric field:
we note that a perpendicular pressure gradi®® () may
generate a currenyf{) perpendicular taB. The pressure gra- E =-(vxB) + E*

dient corresponds either to a plasma bulk flow perpendicular
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A local homogeneous plasma, initially at rest, will then energy (magnetic flux), while the other emphasises the local
drift with a speed less than the transverse speed of the dydissipation of plasma kinetic energy by electric currents.
namo plasma. Indeed, a frequent characteristic of PTEs is The bimodal magnetic field signature of field-aligned cur-
that the injected magnetosheath plasma drifts with a higherents, the observation of sharp plasma gradients and the dis-
velocity than the “cold” local plasma (see Fig. 7), an obser-sipation of energy, as inferred from the ion differential drift
vational characteristic noted already by Lundin and Dubininin PTEs, all favor a local generation of electric fields and cur-
(1985) although based on coarser and more sparsely-spaceents driven by plasma flow across magnetic field lines. The
data from Prognoz-7. fact that PTEs are observed independently of the IMF makes

In summary, we conclude from the above Cluster obserthem apparently different to FTEs. However, the IMF depen-
vations that magnetosheath plasma protrudes into the daydence found by e.g. Berchem and Russell (1984) is possibly
side magnetopause near the cusp in a way similar to thagnhanced by latitude effects, the ISEE satellites not reach-
described by the “impulsive penetration” model (Lemaire, ing up to cusp latitudes. As was pointed out by e.g. Crooker
1977, see also a review by Echim and Lemaire, 2000). Ther¢1980) and Staziewicz (1991), merging in the cusp may take
are a number of characteristics in the PTEs that agree witiplace for a much broader range of IMF conditions. If so,
an impulsive injection of plasma clouds into the magneto-and accepting that magnetic boundary conditions are deci-
sphere governed not only by IMF properties but also bysive for plasma intrusion, one may argue that the lack of IMF
other characteristics in the magnetosheath such as the soldependence for the occurrence of PTEs is evidence for the
wind plasma pressure (Woch and Lundin, 1992; Stenuit etcusp as the major region of solar wind plasma entry into the
al., 2001). The PTEs are associated with magnetic perturEarth’s magnetosphere. This does not preclude plasma en-
bations, frequently with bimodal magnetic signatures verytry via FTEs near the subsolar point but only suggests that
similar to those found in FTEs. The magnetic signature of FTEs at the subsolar point are a special case of more fre-
PTEs is similar to that of FTEs, i.e. the magnetic pertur- quent plasma injection near the cusp. Alternatively, plasma
bation corresponds to a field-aligned line current (Russellprotrudes into the magnetopause and accesses the magneto-
1984). The question is: are FTEs and PTEs just related or arephere almost anywhere on the dayside magnetosphere, sus-
they one and the same phenomenon — two sides of the santained by other conditions than classical merging. The rela-
coin? Many characteristics point to the same mechanism fotively weak dependence of PTEs on IMF noted by Woch and
the two phenomena although FTEs are generally identified-undin (1992), even with a “reversed” dependence (favour-
by the magnetic signature in the magnetosheath while PTE#g IMF B, > 0) reported by Stenuit et al. (2001), may at first
are identified by the plasma signature in the magnetospherelance appear puzzling. Moreover, classical merging implies
No doubt the access of magnetosheath plasma into the ma@n increased entry of solar wind plasma into the magneto-
netosphere must be associated with an “opening”, a hole irsphere for southward IMF and increased magnetospheric ac-
the magnetopause (Sonnerup, 1987). This leads to an outivity. However, as noted by Baumjohann et al. (1989) and
flow of magnetospheric plasma into the magnetosheath antiennartsson (1991) the plasma sheet accumulates solar wind
an inflow of magnetosheath plasma into the magnetospherglasma at a faster rate for northward IMF, indicating that
However, the main and distinguishing difference in interpre-solar wind plasma injection as such plays a limited role in
tation is related with what happens next: the accumulation of magnetotail energy associated with sub-

storms and magnetic storms. The plasma injection process

— Does the injection flux tube remain open for an ex- is likely to be primarily associated with energy dissipation in

tended time period, i.e. after merging of a magneto-the dayside, as evidenced by the persistency of dayside auro-

spheric flux tube with the magnetosheath, does the fluxal activity, being much less dependent on the overall mag-

tube remain open and the plasma “frozen” into the flux netospheric activity (e.g. Murphree et al., 1981; Evans et al.,

tube? The flux tube may convect along a large-scale pat1985; Meng and Lundin, 1986).

tern until reconnecting with magnetospheric field lines The direct cause of the penetration of magnetosheath

much later (e.g. in the magnetotail). plasma through the magnetopause remains open. We have
already noted that the magnetic boundary conditions appli-

— Is the opening/hole closed on a time scale consider<able for merging as well as impulsive penetration make the

ably less than the time scale of large-scale convectiorcusp and its environs more accessible for a wider range of
and is the injected plasma effectively protruding faster IMF conditions which is a requirement according to the ob-
than the electric drift? This implies that plasma is being servations of PTEs. However, previous studies (e.g. Woch
transferred by motional forcing where the plasma drift and Lundin, 1992; Newell and Meng, 1994; Stenuit et al.,
is governed not only by the electric field but also by 2001) indicate a strong dynamic pressure dependence for
other forces that are equally large and individual for in- the PTE frequency of occurrence. This suggests that local
dividual species and origin. A single flux tube concept pressure variations at the magnetopause may be more rele-
is misleading under those circumstances. vant than traditional magnetic merging conditions. An in-
triguing hypothesis that may solve the above dilemmas has

The two interpretations differ in that one (the magnetic been presented by Song and Lysak (1994, 1997, 2000). The

flux model) emphasises the transport and storage of potentigdong and Lysak “alfvenon” model combines the electro-
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magnetic causal dependence of merging (wave aspect) aricennartson, W.: Solar control of the Earth’s emission of energetic
the dynamical aspect of impulsive penetration (particle as- O™, J. Atm. and Terr. Phys., 53, 1103-1111, 1991.

pect). Even more importantly, they address the dualism in-ennartsson, W.: Statistical investigation of IMf effects on en-
physics between the field formalism and the particle for- ergetic (0.1-16 keV) magnetospheri¢ @ns, J. Geophys. Res.,
malism that Hannes Al@n pointed out some 20 years ago 100, 23 621-23 636, 1995. _

(Alfvén, 1981), a dualism that still has a strong impact cmLemalre, J.: Impulsive penetration of filamentary plasma elements

space plasma physics. Song and Lysak have presented averyg(t:? tgg gg?fse;%sag?? s of the Earth and Jupiter, Planet Space

elegant splu'uon to the dualistic problem, realising that _thel_emaire, J. and Roth, M.: Penetration of solar wind plasma ele-

problem is not only local but also propagates to other regions ments into the magnetosphere, J. Atmos. Terr. Phys., 40, 331—

by means of field-aligned currents. A more careful analysis 335 1978.

combining Cluster fields and particle data with the Song and_ivesey, W. A. and Pritchett, P. L.: Two-dimensional simulations of

Lysak alfvenon model is an obvious task for the future. a charge-neutral plasma beam injected into a transverse magnetic
field, Phys. Fluids B, 1, 914-922, 1989.
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