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Abstract. Using measurements of the AMPTE/IRM space- spheric plasma. Since its discovery (Eastman et al., 1976),
craft, we study reconnection signatures at the dayside magnéhe formation of the low-latitude boundary layer, i.e. the en-
topause. If the magnetopause is open, it should have the propry of solar wind plasma onto geomagnetic field lines earth-
erties of a rotational discontinuity. Applying the fluid concept ward of the magnetopause is one of the outstanding prob-
of a rotational discontinuity, we check for the existence of alems of magnetospheric physics. It is now widely believed
de Hoffmann-Teller frame and the tangential stress balanc¢hat magnetic reconnection (Dungey, 1961) is the dominant
(Walén relation). For 13 out of 40 magnetopause crossings irentry mechanism. After reconnection has produced a finite
a statistical survey we find a reasonable agreement betweamrmal magnetic field3,, across the magnetopause, plasma
observed plasma flows and those predicted by thé&k\a@la-  can cross the magnetopause along open field lines. Since
tion. In addition, we check if the measured distribution func- direct measurements adB,, are difficult, the most impor-
tions show single particle signatures which are expected ornant evidence for reconnection at the magnetopause is pro-
open field lines. We find the following types of signatures: vided indirectly by observations of accelerated bulk plasma
field-aligned streaming of ring current particles, “D-shaped” flows, first reported by Paschmann et al. (1979) in agreement
distributions of solar wind particles, counterstreaming of so-with model predictions, by observation or inference of field-
lar wind and cold ionospheric ions, two-beam distributions of aligned electron beams (Ogilvie et al., 1984; Pottelette and
solar wind ions, and distributions of solar wind particles as- Treumann, 1998), and by observations of the single particle
sociated with field-aligned heat flux. While a particular type signatures (e.g. Fuselier et al., 1991, 1995; Nakamura et al.,
of particle signature is observed only for the minority of mag- 1996) expected on open field lines (Cowley, 1982).
netopause crossings, 24 of the 40 crossings show at least one|f the magnetopause is time stationary and tangential gra-
type of signature. Both the particle signatures and the fit togients are small compared to normal gradients, the magne-
the Waén I’elation can be Used to infer the Sign Of the normaltopause can be mode|ed as a magnetohydrodynamic discon_
magnetic f|e|d,Bn We find that the two ways of inferring t|nu|ty A magnetica"y ClosedEn — 0) magnetopause can
the sign ofB,, lead primarily to the same result. Thus, both he modeled as a tangential discontinuity, while a magneti-
the particle signatures and a reasonable agreement with theylly open (8, # 0) magnetopause can be modeled as a
Walen relation can, in a statistical sense, be considered as gtational discontinuity. In both cases, the magnetopause is
useful indicator of open field lines. On the other hand, manyassumed to be infinitely thin. The measured time series of
crossings do not show any reconnection signatures. We disnacroscopic plasma moments can, in principle, (and with

cuss the possible reasons for their absence. some caution; see Scudder, 1997) be used to check for the
Key words. Magnetopause, cusp and boundary |ayers; mag.existence of a de Hoffmann-Teller frame, as well as the tan-
netosheath; solar wind — magnetosphere interactions gential stress balance. The condition of thinness of the dis-

continuity requires that the plasma moments are measured
sufficiently far outside of the discontinuity, where the single-
fluid magnetohydrodynamic approximation is valid. How-
ever, experience has shown that for sufficiently flat plasma

| diatel thward of th N t low-latitud and field gradients, an approximate use of plasma moments
mmediately earthward of the magnetopause at low-latitude s justified also inside the transition. This holds, in particular,

there is a boundary layer commonly populated by shocke or rotational discontinuities where plasma flows across the

solar wind plasma from the magnetosheath and magnetoBoundary and fills a certain region inside of the discontinuity,

Correspondence tdR. A. Treumann (tre@mpe.mpg.de) thereby flattening the plasma and field gradients. It is clear
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that the discontinuity in such a case looses its strict magbulk flow, by methods such asy@-test in order to find out to
netohydrodynamic properties; it becomes a two-fluid tran-what degree the measurement supports the interpretation of
sition or assumes the character of a kinetic transition layerthe obtained velocity as attributed to a frame moving with
In the presence of strong transverse diffusion, the same amde Hoffmann-Teller speed along the rotational discontinu-
gument applies to a tangential discontinuity. The propertiedty. This test does not many any sense in our approximate
of the transitions in both of these cases will, however, con-case, as it is clear from the above argument that the discon-
serve a taste of their origin. They can, in many cases, stiltinuity is only an approximation. and that the constructed
be distinguished by observing the typical characteristics ofde Hoffmann-Teller frame will only hold in a very average
tangential and rotational discontinuities when applying thesense, merely serving as a rough distinction between cases
conditions at these discontinuities in a statistical sense to thevhen the magnetopause/low-latitude boundary layer system
moments measured across the transition layer. This is patis approximately open or closed. Since it must be expected
ticularly reasonable when the errors of the measurement ofhat diffusive processes over the entire magnetopause surface
the moments cannot be neglected and when there are no disause considerably slower plasma and field diffusion than
tinctive measurements of the different particle species availfor reconnection, such a distinction will make sense and can
able, as in the cases communicated in the present paper. @bntribute valuable information about the properties of the
course, precise knowledge of the ionic particle compositionmagnetopause and boundary layer in both cases, even when
(e.g. Puhl-Quinn and Scudder, 2000) and measurement of thieolding only approximately.
electron flow velocityV . would be desirable. The latter di- Similar arguments apply when using the tangential stress
rectly yields the electric convection field across the boundarybalance (Wan relation) of a rotational discontinuity as an
layer from the conditio = -V, x B (see, e.g. Scudder, additional argument for distinguishing between open and
1997; Baumjohann and Treumann, 1997). Such measurezlosed magnetopause conditions. The ideal way would be
ments must await the success of the plasma-gun experimend base the W& test on electron flow measurements, as
scheduled for the CLUSTER mission. Meanwhile, in this pa-was done by Scudder et al. (1999). Since we are restricted
per, we restrict ourselves to the achievable and analyze thto bulk flow measurements with no resolution of the com-
plasma measurements of the AMPTE/IRM spacecraft wherposition (see, e.g. Puhl-Quinn and Scudder, 2000), our tests
it crosses the magnetopause. In this case, one is restricted tall hold in the average sense as discussed above. ThenVal
taking the measured ion bulk flow velocity as a proxy. Therelation in this case states that the plasma bulk velocity in the
distinction between the two types of discontinuities is thende Hoffmann-Teller frame is approximately Aémic. Again,
approximately accomplished by trying to determine the typ-and as stated above, by replacing the plasma bulk velocities,
ical average de Hoffmann-Teller frame of reference. V and V', with the proton bulk velocitiesV,, ~ V and
The de Hoffmann-Teller frame is a frame moving at ve- V;, ~ V', this condition reads

locity Vyr in which the transformed plasma bulk veloc- B(1 - a)1/2
ityy, V. = V — Vyr, is purely field-aligned and, there- V;, =V, — Vur =+cu = t—— )
fore, the convection electric field&! = —V’ x B, van- (o N'mp)V/
ishes. A rotational discontinuity should have an approximatewherec 4 is the Alfvén velocity in a plasma with number
de Hoffmann-Teller frame, whereas a tangential discontinu-density N and pressure anisotropy = (P, — Py )uo/B>.
ity does, in general, not have such a frame if the discontinu-The latter is defined as the difference between the plasma
ity is actually resolved in the measurements (Sonnerup et alpressures parallel and perpendiculaBtalivided by twice
1987, 1990)E’, = 0 can be used to estimate the average dethe magnetic pressur®z = B2/2.u0. The+ sign (— sign)
Hoffmann-Teller velocity,Vyr, along the presumptive dis- is valid when the normal componel,, of the proton bulk
continuity of an observed magnetopause from the measureflow has the same (opposite) directionias. Scudder et al.
time series of the proton bulk velocity],, and the magnetic  (1999) and Puhl-Quinn and Scudder (2000) have shown that
field, B. Hereby, Vy is obtained as the vector that mini- when this method is used in the absence of available electron
mizes the quadratic form flux, it will still lead to an approximate correlation, but that

9 the numerical coefficient of this correlation will be incorrect.
D= ({|(Vy = Vur) x BF) (1) Hence, in view of this result, the inference will be qualitative,
which is approximately the square Bf averaged over mea- which for our purposes, here, is sufficient.
surements taken in the vicinity of the magnetopause (Son- Sonnerup et al. (1987, 1990), and Paschmann et al. (1990)
nerup et al., 1987). If the minimum @ is well-defined and  checked the fit between the data and the prediction of Eq. (2)
the estimated convection electric fieB, = -V, x B, by producing a single scatter plot ¥, versusc 4, in which
is approximately equal to the transformation electric field, all three Cartesian components are plotted together. The fit
Eunr = —Var x B, we can conclude that within the approx- was then quantified by computing the correlation coefficient
imations and restrictions discussed above, a de Hoffmann€’y, . ofthis plot and the slopaj;, . ofits regression line.
Teller frame exists for the magnetopause crossing under corfFor the magnetopause crossings analyzed in this paper, we
sideration. Strictly speaking, the quality of the de Hoffmann- compute, in addition, the quantiti€s, ., and sz”/cA. The
Teller velocity and frame determined in this way should beratio V), /c4 is evaluated for each measurement of the field-
checked, even in the case of the availability of the electronaligned component oV}, and the Alf\en speedCy.., is
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the cross-correlation of the components\of andc 4 along the current layer becomes non-adiabatic. Then an ion com-
the maximum variance direction &, B (Sonnerup et al., ponent incident on the current layer is only partly transmit-
1987) which is tangential to the magnetopause and it is choted; the other part is reflected. For reflection at a thin current
sen, because it is approximately the direction along whichlayer the field-aligned flow velocities in the de Hoffmann-
the variation ofc 4 has the highest dynamic range{, ., , Teller frame of the reflected ) and incident ;) compo-
Vi /ca, Gy ., andAy,, - are all close tot-1 (—1), then  nent fulfill V!, = —V}|. In the de Hoffmann-Teller frame,
the data agree with the prediction for a rotational discontinu-the particle velocities/” of inward moving particles fulfill
ity with B,, < 0 (B,, > 0). Across a tangential discontinuity v > 0 whenB,, points inward, and < 0 whenB,, points
the variation ofV does not depend on the variation ©f. outward. For outward moving particles, it is the other way
ThereforeCy., can assume arbitrary values in the case ofround. Hence, each component of the incident, reflected, and
a closed magnetopause, and the other three quantities cannoansmitted plasma populations should have a velocity cutoff
be defined if a de Hoffmann-Teller frame does not exist. atv| = 0. Distribution functions with such a velocity cut-

The quality of the de Hoffmann-Teller frame is checked by off are called “D-shaped” distributions and were observed
producing a scatter plot &, versusEgr (Sonnerup et al., by Gosling et al. (1990b), Smith and Rodgers (1991), Fuse-
1987, 1990; Paschmann et al., 1990). Then the fit is quantitier et al. (1991), and Nakamura et al. (1997). lon reflection
fied by computing the correlation coefficiefif; 5. of this off the magnetopause was reported by Sonnerup etal. (1981),
plot and the slopd}; 5 . ofits regression line. In addition, Gosling et al. (1990a), and Fuselier et al. (1991). It should be
we compute the cross correlati@lyz, g, of the compo- noted that only close to the magnetopause does the veloc-
nentsE. andExT along the maximum variance direction of ity cutoff appear at; = 0. Farther away from the magne-
E. and the slopé\ g, g, of their common regression line.  topause, the velocity filtering leads to a different cutoff (e.g.

If the plasma moments measured during a magnetopausdakamura et al., 1996, 1998).
crossing determine a well-defined de Hoffmann-Teller frame The previous case studies of magnetopause crossings
and are in reasonable agreement with the@Waklation (2),  found not only cases in agreement with the reconnection
we say that the respective crossing shows the fluid signaturenodel, but also many cases that show no fluid or parti-
of magnetic reconnection. At the dayside magnetopause, a@le signatures of reconnection, i.e the measured plasma mo-
celerated plasma flows in good agreement with Eq. (2) werements do not agree with Eq. (2) and the distribution func-
detected by the ISEE satellites (Paschmann et al., 1979; Sonions do not show the signatures predicted by Cowley (1982).
nerup et al., 1981; Gosling et al., 1990a), the AMPTE/UKS In these cases, it must be concluded that the local magne-
spacecraft (Johnstone et al., 1986), and the AMPTE/IRMtopause is closed. Phan et al. (1996) performed a survey of
spacecraft (Sonnerup et al., 1987, 1990; Paschmann et ab]l AMPTE/IRM crossings in the local time (LT) range of
1986, 1990). Recently, Phan et al. (2000) succeeded in 0bB8:00-16:00 with high* 45°) magnetic shear across the
serving the accelerated flows simultaneously noBh & 0) magnetopause. They found that 61% of the crossings showed
and south B,, > 0) of the X-line with the Equator-S and a reasonable agreement with the @atelation.
Geotail spacecrafts, respectively. In this paper, we use the AMPTE/IRM data to perform a

In the previous investigations, a good regressiorVgf  combined survey of both the fluid and particle signatures at
versus B was often found to exist, although its slope, the dayside magnetopause. Using different criteria than Phan
A%, gy Was substantially different from the value 1) et al. (1996), we reexamine how often a reasonable agree-
predicted for a rotational discontinuity. In these studies andment with the Wa&n relation is observed. In addition, we
also in ours, the data are compared with the predictions okddress the following questions: how often are the different
ideal magnetohydrodynamics (MHD). Moreover, the plasmatypes of particle signatures observed? Do all events with par-
bulk velocity is approximated by the proton bulk velocity. ticle signatures also show a reasonable agreement with the
Scudder (1997), Scudder et al. (1999), and Puhl-Quinn angvalén relation or is it the other way around? In Sect. 3, four
Scudder (2000) demonstrated that the MHD description bemagnetopause passes are analyzed in detail. In Sects. 5 to
comes inaccurate in the presence of strong electric currentg we will present the statistical survey of reconnection sig-
and that a more reliable test of the predictions for a rotationahatures. A statistical analysis of the plasma populations in
discontinuity can be performed by comparing magnetic fieldthe sublayers of the boundary layer and of the average time
changes with changes in the electron bulk velocMy, We  profiles will be provided in a companion paper (Bauer et al.,
cannot take this approach, since the electron bulk velocity2000, hereafter referred to as paper 2).
measured by AMPTE/IRM is too inaccurate due to an in-
strumental defect (Appendix 1 of Paschmann et al., 1986).

Particle distribution functions expected at an open mag-2 Instrumentation
netopause have been described by Cowley (1982). After re-
connection has produced a finif&,, ring current and iono-  We use measurements of the triaxial flux gate magnetometer
spheric particles can move outward, i.e. toward the solar(Luihr et al., 1985), and the plasma instrument on board the
wind end of an open field line, and solar wind particles canIRM spacecraft. The plasma instrument (Paschmann et al.,
move inward, i.e. toward its terrestrial end. If the magne-1985) consists of two electrostatic analyzers of the top hat
topause current layer is sufficiently thin, the ion motion in type, one for ions and one for electrons. Three-dimensional
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distributions with 128 angles and 30 energy channels in thenoto et al. (1998) for the flanks, as well as by Hapgood and
energy-per-charge range from 15V to 30kV for electrons,Bryant (1990), Hall et al. (1991), Song et al. (1993), and Le
and 20V to 40kV for ions were obtained for every satellite etal. (1996) for the dayside magnetopause. The enhancement
rotation period, i.e. every 4.4s. From each distribution, mi- of V. and depression df,,, T, around 13:00:10 correspond
crocomputers within the instruments computed moments oto a flux transfer event (FTE). It exhibits the— bipolar sig-
the distribution functions of ions and electrons: densities innature of B,, (not shown) expected for open magnetic flux
three contiguous energy bands: the bulk velocity vector, theubes moving northward (e.g. Cowley, 1982).
pressure tensor, and the heat flux vector. In these computa- In the panel oV, 1, we recognize a northward directed re-
tions it was assumed that all the ions were protons. Whereasonnection flow in the OBL. The interval between 13:01:02
the moments were transmitted to the ground at the full timeand 13:01:28 around the magnetopause suggests that a de
resolution, the distributions themselves were transmitted lessloffmann-Teller frameQg, g, = 0.86, Ag, gyr = 0.97)
frequently because the allocated telemetry was limited. Foexists. The time series oV, andc4 are correlated. The
this paper, we use magnetic field data averaged over the satetross-correlation coefficiertty ., of the components along
lite rotation period. the maximum variance direction &f equals+0.9. The sign
of Cv,, indicatesB,, < 0, i.e. open field lines connected to
the northern hemisphere.
3 Case studies Panel a of Fig. 2 presents a series of electron distribu-
tions measured on 21 September 1984 in the magnetosphere
In this section, four magnetopause passes of AMPTE/IRM(12:58:32), the IBL (13:00:21), the OBL (13:01:05), and the
are analyzed in detail. We use measurements taken by thmagnetosheath (13:01:48). In the magnetosheath, the IRM
magnetometer (lthr et al., 1985) and the plasma instrument detects solar wind electrons with thermal enedgy{’ ~
(Paschmann et al., 1985) on board IRM. A short description50 eV. The distribution taken in the magnetosphere proper at
of these instruments is given in paper 2. The magnetic fieldl2:58:32 shows hot{T" ~ 5keV) ring current electrons at
and the proton bulk velocity are displacedlid/ N bound-  velocitiesv > 10000 km/s and cold KT ~ 10eV) elec-
ary normal coordinates (Russell and Elphic, 1979). The magirons, presumably of ionospheric origin at velocities<
netopause normah, is taken from the model of Fairfield 4000km/s.
(1971) and points outward. For the magnetopause crossings From the sign oiCy..,, we inferred that the local mag-
examined in Sects. 3.1 and 3.2, the shear between the magetopause has an inward directed normal magnetic field,
netic fields in the magnetosheath and in the boundary layeB,, < 0. This result is strongly supported by the electron
is high (A | > 90°). The crossings examined in Sects. 3.3 distribution taken in the OBL at 13:01:05. We see solar wind

and 3.4 are low shear crossingA{ | < 30°). electrons streaming parallel ® (inward along open field
lines) and simultaneously hot ring current electrons stream-
3.1 Crossing on 21 September 1984 ing antiparallel taB (outward). In a plot of phase space den-

sity rather than energy flux density, the solar wind popula-
Figure 1 presents an overview of the outbound magnetopausion would have the “D shape” predicted by Cowley (1982).
crossing on 21 September 1984, which occureidanorth- In the IBL at 13:00:21, the IRM detects hot ring current
ern GSM latitude at 11:10 LT. The magnetopause at 13:01:1%klectrons and another population at field-aligned velocities
UT can be identified as a rotation of the magnetic field tan-v, ~ 8000km/s. This population was already observed by
gential to the magnetopause; changes by abod°. After the ISEE satellites (Ogilvie et al., 1984) and by AMPTE-
13:01:11, IRM is located in the magnetosheath. EarthwardJKS (Hall et al., 1991), and was called “counterstreaming”
of the magnetopause three different regions can be distinelectrons. Since this nomenclature might be taken to imply a
guished. From-12:57 to 12:58:51, the IRM is in the mag- balance between the fluxes parallel and antiparall8l, twe
netosphere proper and from 13:01:02 to 13:01:11, it is lo-prefer to call it “warm” electrons. The term “warm” shall in-
cated in the outer boundary layer (OBL), a region of densedicate that the field-aligned temperature of this population is
magnetosheath-like plasma. The duration of this OBL is rel-primarily higher than that of solar wind electrons in the mag-
atively short. As we will see in Sects. 3.3 and 4, there arenetosheath and in the OBL. The origin of the warm electrons
crossings for which the OBL lasts considerably longer. Be-will be discussed in paper 2.
fore ~12:57 and during the intervals 12:58:51-13:00:01 and Let us turn to the series of ion distributions (Fig. 2b) ob-
13:00:18-13:01:02, the total density is somewhat higher thartained in the magnetosphere (12:58:18), the IBL (13:00:34),
in the magnetosphere proper and the contribution of solathe OBL (13:01:05), and the magnetosheath (13:01:39). As
wind particles to the density is comparable to the contribu-expected on open field lines with,, < 0, the distributions
tion of magnetospheric particles. We call this region the innerin the magnetosheath and in the OBL show solar wind ion
boundary layer (IBL). In the plasma moments of Fig. 1, the plasma with the flow velocityv’ in the de Hoffmann-Teller
difference between the IBL and the magnetosphere is hardrame parallel td. The distribution in the OBL has the char-
to see, but it will become clearly visible in the distributions. acteristic “D shape” predicted by Cowley (1982). Its cutoff
The division of the boundary layer into an outer and innervelocity is consistent wittVgr: there are only a few ions
part was already reported by Sckopke et al. (1981) and Fujiwith field-aligned particle velocities; < 0. Checking the
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AMPTE-IRM 84/09/21
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Ve 10—4i 3 3 3 3 WJ\\\”*“ /\j\v/\vl : f
! 1 ) N - Fig. 1. Overview of the magnetopause
T, 1 ; Y E pass on 21 September 1984. The upper
T ‘ ‘ ‘ ‘ i panel shows the total (15eV-30keV)
¢ 1 1 | ! 5 electron densityN. (histogram line),
| ; ; ; = in cm ™2 and the partial densitiesy;,
A, 3 ! i & E (solid line) and N2. (dashed line), of
| | | | ] electrons in the energy ranges 60 eV—
A, 0.0 ‘ 1 ‘ ‘ : 1.8keV and 1.8keV-30keV, respec-
—0.80C ! ! A tively. In the next two panels, the pro-
E 1 ! 3 ton and electron temperaturés, (his-
100 E | | 5 i A -
v oL 1 ! I’ A IMN togram line) and7. (solid line), in
PL o00E ! ! ! X E 10° K and the respective anisotropies,
E 1 ‘ ‘ H E Ap = Tpy /Ty — 1 (histogram line)
100 = 1 3 3 il E andA. = T, /T.. — 1 (solid line), are
Vom 0F ! o v = LMN given. The next two panels present the
~100 & | | b E components/,r, and V,s of the pro-
B ; R ] ton bulk velocity in km/sV,,.. and Vs
Py 30 ! PO e refer to the boundary normal coordinate
p = — ‘ W J E system. In the sixth panel, the magnetic
P - ‘ B pressure,Ps (histogram line), plasma
tot 1.0 a2 ! ! noo A pressureP = N, KT,+N.KT. (solid
F i i ) N . line), and total pressuré;.. = P+ P
90 - 3 f I = (dashed line), in nPa are shown. The
“B =98 = ‘ ‘ L it = LMN last panel gives the angles the mag-
:\ Ll ‘: Ll ‘ Ll ; ‘ L0l ‘: | :\ L1l ‘: L1 ‘ L1 [ Ll ‘ L1l ‘ Ll \: netlc fleld makes Wlth théj aXIS In the
UT 12:56 58 13:00 02 04 13:06 LM plane of the boundary normal co-
R 9.45 9.65 ordinate system. Vertical dashed lines
LAT 12.75 12.35 GSM indicate boundaries separating different
LT 11:05 11:07 plasma regions.

ratio V), /ca of the field-aligned proton bulk velocity in the taken in the IBL after the passage of the FTE (see the one
de Hoffmann-Teller frame and the ABw speed, we find that given in Fig. 2b) show solar wind ionsK(T' ~ 1keV),

itis +0.2 in the magnetosheath ard).5 in the OBL, which  whereas before the FTE, col& (" ~ 10eV) ions of iono-
differs considerably from the valuel predicted by Eq. (2).  spheric origin are detected instead. The electron distributions
Nevertheless, the ion and electron distributions observed irmeasured before and after the FTE are similar to one another.
the OBL provide evidence for the OBL on open field lines For many of the distributions taken in the IBL, e.g. for the
with B, < 0. one given in Fig. 2b, the proton bulk velociy;, in the de

In the limited energy range shown in F|g 2b, no ions are Hoffmann-Teller frame has a substantial component perpen-
measured in the magnetosphere proper. However, in Fig. Jlicular toB. This can be taken as an argument that the IBL
which displays the whole energy range of the plasma in-is not located on open field lines crossing the OBL. Infor-
strument, we observe that the IRM detects hot ring cur-mation about the IBL can also be deduced from the time se-

rent ions with thermal energfk”” ~ 10keV at veloci-  ries of Nao. andVj,y,. In the IBL, the partial densityVs, of
tiesv > 1000km/s. These are also detected in the IBL, electrons above 1.8keV has about the same value as in the
OBL, and magnetosheath. The ring current ions in the magmagnetosphere proper, but it drops at the interface between
netosheath could be taken as further evidence for an opefhe IBL and the OBL. Such a drop is expected at the bound-
magnetopause with, < 0: their streaming antiparallel to ary between closed and open field lines. In the OBl is

B suggests that they escape to the magnetosheath along opéiiected dawnward, as expected for plasma on tailward mov-
field lines. However, this conclusion may be ambiguous asng open field lines on the dawnside (11:10 LT). In contrast,

a very thin current layer allows energetic particles of large V»n is highly variable in the IBL before the FTE and even di-
gyro-radii to escape from the magnetosphere as well. rected duskward after the FTE. These features taken together

Apart from the ring current population, the distributions SUggest thatthe IBL is on closed field lines.
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a.) ELECTRONS, Je(v) AMPTE-IRM 84/09/21
B B B B
N4
+20000
v A
E E E] E a
—20000
12:58:32 13:00:21 13:01:05 \{3:()1:48 km/s
Cut 2 109 107 108
D.015—-3.00 keV \ [ \ S e —
b) IONS, fp(v) AMPTE-IRM 84/09/21
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Fig. 2.lon distributions in the energy range of 20 eV-4 keV and electron distributions in the range of 15 eV-3 keV measured on 21 September
1984. Panel a shows the differential directional energy flux dedsitin eV /s cm?eV sr) of electrons. Panel b shows the phase space density

f» (incm™% §%) of ions. The distributions are shown in a two-dimensional cut through velocity space in the spacecraft frame that contains the
magnetic field directior® (upward), andh x B (to the left), wheren is the magnetopause normal. Moreover, projections of the directions of

the proton bulk flow)V,,, and the convection electric fiel,, = —V, x B, are given. Black or white stars in the ion distributions give the
projection of the de Hoffmann-Teller velocity,ur, onto the cutVyur is determined by the minimization @ (Eq. 1) and is the origin of

thev’ system used in the text. In the electron distributions there is another line which is symmetrie ab6uT his line gives the projection

of the IRM spin axis. Due to an instrumental defect, some distributions exhibit a reduced electron flux along the spin axis at low energies.

IONS, f,(v) AMPTE-IRM 84/09/21
B B B B
N
+1000
E] v Yo E 0}
—1000
ks
12:58:18 13:00:34 13:01:05 1g:01:39
Cut 2 10728 g=27 4926 g=25 qg=24 1g=23 g=Z2  4g=2]
0.020—40.0 keV/e | | | |

Fig. 3. lon distributions in the energy range of 20 eV-40 keV measured on 21 September 1984. The format is the same as in Fig. 2.

No ion distribution and only one electron distribution was +— signature ofB,, during the FTE, if one assumes that an
transmitted to the ground during the FTE. Similar to the elec-FTE is an encounter with an open magnetic flux tube and
tron distribution taken in the OBL, the distribution during that the motion of the tube is dominated by the tension force
the FTE shows solar wind electrons streaming parall@,to that pulls the flux tube toward the hemisphere to which it is
which indicates that the field lines of the FTE are also con-connected (e.g. Cowley, 1982). In Sect. 6, we will return to
nected to the northern hemisphere. It is consistent with the=TEs.
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3.2 Crossings on 30 August 1984 Sonnerup et al. (1990). They found a good de Hoffmann-

Teller frame and a fairly good correlation of the time series

Figure 4' as well as pane's a and b of F|g 5 present a C|osgf Vp andCA. For the interval between 10:03:48—-10:04:27
pair of magnetopause crossings on 30 August 1982° at around the inbound crossing and for the interval between
northern GSM latitude at 12:20 LT. Both crossings can be10:05:06-10:05:45 around the outbound crossing, the de
identified as a sudden change in the angleby more than  Hoffmann-Teller frame has’'y, g, = 0.89, Ap, gy, =

90°. The inbound crossing occurs at 10:04:05 UT and the0-90 andCg,_ gy = 0.94, Ap, gy = 0.96, respectively.
outbound crossing at 10:05:23. Between the two crossingsIhe cross-correlatio’y,., of the components along the
the IRM encounters the boundary layer. For this event, it ismaximum variance direction & equals+0.6 and+0.8, re-

not possible to distinguish two separate parts of the boundargPectively, indicatingB,, < 0. The existence of a normal
layer. While the electron distributions change gradually, themagnetic fieldB,, directed inward is confirmed by the elec-
ion distributions are highly variable. Note the rather smoothtron distributions taken in the boundary layer at 10:04:16 and
transition of the total densityV,, and the partial densities 10:04:46 (Fig. 5a), which show solar wind electrons stream-
Ni., Ny on the one hand, and the large variatiorfpfand ing parallel toB, i.e. inward along open field lines. I.n the
A, = T,,/T,. — 1 on the other hand. As we will see, the Magnetosheath (10:02:10 and 10:04:03), the solar wind elec-
high values of4,, in the vicinity of the magnetopause are due trons exhibit a reduced flux along the spin axis which is
to Counterstreaming of different ion Components_ due to an instrumental dEfeCt, described in Appendix 1 of

In the panel ofV,,., we recognize, the northward directed Paschmann et al. (1986).

reconnection flows. The existence of a de Hoffmann-Teller In Fig. 5b, we see a series of ion distributions mea-
frame and the agreement with the \falrelation (2) was al-  sured in the magnetosheath well before the inbound cross-
ready tested for these flows by Paschmann et al. (1986) anithg (10:02:49), in the magnetosheath close to the inbound
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mat is the same as in Fig. 2.

magnetopause crossing (10:03:37), in the dense part of theounterstreaming ions in the boundary layer, and the elec-

boundary layer (10:04:25), and finally in its dilute part tron distributions in the boundary layer provide evidence for

(10:04:42). The two magnetosheath distributions show arppen field lines. At 10:04:42, in the dilute part of the bound-

incident solar wind component flowing parallel By with ary layer, no ions are visible within the energy range of
i) = +0.6c4 in the de Hoffmann-Teller frame. Close to the Fig. 5b. However, the IRM detects hot ring current ions with

magnetopause, reflected solar wind ions appear. As expecteliT ~ 5keV at that time.

for reflection at a thin current layer, the field-aligned flow ve-

locities in the de Hoffmann-Teller frame of the reflect&, 3.3 Crossing on 17 September 1984

and incident () component fulfillV;, = —V;|, Vi, > 0

and WH < 0 which is consistent witiB,, < 0, as deduced

from the test of the Wéin relation and the electron distribu-

tions in the boundary layer. The appearance of the reflecteé

ions leads to the detected increaselinafter~10:03.

Figure 6 presents an overview of the inbound magnetopause
rossing on 17 September 1984, which occurs at2ttfe
outhern GSM latitude at 14:10 LT. The magnetopause is
crossed at 10:47:58 UT. The rotation of the magnetic field
In the boundary layer at 10:04:25, we recognize a maxi-across the magnetopause is lg&$g| ~ 15°) and we can
mum of the proton temperature anisotrogdy,~ 1.5. Ascan  see a clear plasma depletion layer (Zwan and Wolf, 1976).
be seen in Fig. 5b, this field-aligned anisotropy is also dueln Fig. 6, the plasma pressure decreases before 10:47:58 and
to counterstreaming of two components: the solar wind ionsthe magnetic pressure increases. Furthermore, the existence
that have been transmitted across the magnetopausewhiaf a plasma depletion layer is reflected in the strong per-
havev| > 0, which is again consistent witl3,, < 0 and  pendicular anisotropyd, ~ —0.8, of the proton tempera-
much colder ions, presumably of ionospheric origin which ture in the magnetosheath adjacent to the magnetopause. Per-
havev; < 0 and thus stream outward along open field lines forming a statistical survey, Phan et al. (1994) found that all
with B,, < 0. Due to the presence of the ionospheric ions, low shear crossings have a plasma depletion layer, consistent
the field-aligned bulk velocity, in the de Hoffmann-Teller  with the expectation that magnetic reconnection is absent or
frame is only+0.05c4 in the boundary layer. As described less efficient between magnetic fields that are nearly paral-
in Paschmann et al. (1985Y,, was computed under the as- lel. The low shear magnetopause crossing on 17 September
sumption that all the ions were protons. If the ionospheric1984 was included in their data set and it was also studied by
component contained many heavy ions, the adfgpmight Paschmann et al. (1993). In this section, we will show that
even be negative. Although, /c4 is significantly differ-  the absence of magnetic reconnection, as inferred from the
ent from +1, the reflected ions in the magnetosheath, theexistence of a plasma depletion layer, is confirmed by tests
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for the prediction of a rotational discontinuity which willre- (Cg, gy = 0.57, Ag, gy, = 1.51). Moreover, the time
veal that the local magnetopause is closed. series ofV,, andc 4 are not correlated with one another, con-
Since|Ap | is small, itis not possible to identify the mag- firming that the local magnetopause is closed.
netopause with the magnetic field data. But it is clearly visi- Figure 7b presents a series of ion distribution functions
ble in the plasma moments (Paschmann et al., 1993). Mostneasured on 17 September 1984 in the magnetosheath
striking is the sharp increase ia, from its low value of  (10:47:07), the OBL (10:54:10), the IBL (11:02:01), and
about—0.8 in the plasma depletion layer to values of almostthe magnetosphere (11:04:55). We recognize that the solar
0 after 10:47:58. wind population has a strong perpendicular anisotropy in the
Similar to the high shear crossing on 21 September 1984plasma depletion layer and is more isotropic in the OBL. A
three different regions can be distinguished earthward of€w solar wind ions are also detected in the IBL: note the nar-
the magnetopause. From 10:47:58~40:50:20 and from  row gray patch ab ~ 200 km/s in the distribution taken at
10:53:35 to 10:59:09, the IRM encounters the dense plasma1:02:01. Furthermore, hot ring current ions are observed in
of the OBL. Between~10:50:20 and~10:51:50 and after the IBL and magnetosphere proper. Havii§" ~ 10keV,
~11:03:30, IRM is located in the magnetosphere proper. Anthey lie outside the energy range selected for Fig. 7b. None
IBL with properties similar to those of the IBL observed ©f the ion distributions show particle signatures predicted for
on 21 September 1984 is encountered frerh0:51:50 to ~ open field lines.
10:53:35 and from 10:59:09 te-11:03:30. In Fig. 6, the Figure 7a presents electron distribution functions mea-
difference between the IBL and the magnetosphere is vissured in the four regions. At 10:46:45 in the magnetosheath,
ible in the traces ofV,. and A, = T¢,/TeL — 1. Itis the IRM detects solar wind electrons wifkT ~ 30eV.
not possible to find a de Hoffmann-Teller frame for the in- Across the magnetopause the field-aligned temperature of the
terval between 10:47:27-10:48:37 around the magnetopausslar wind electrons increases by a factor of 2, while their
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perpendicular temperature increases only slightly. Unlike thenot magnetically or viscously coupled to the magnetosheath
distribution taken in the OBL on 21 September 1984, theplasma. Rather, the dawnward motion is consistent with the
electron distributions observed in the OBL on 17 Septem-return flow of a closed magnetic flux from the nightside back
ber 1984, e.g. at 10:53:53, do not show any evidence foto the dayside.

open magnetic field lines. The distributions taken in the IBL  while the time series ofV,, andV,,, provide evidence
(11:02:23) and magnetosphere proper (11:04:38) are similaghat the IBL is on closed field lines, it is difficult to decide

to those observed on 21 September 1984. In the magneten the state of the OBL. On the one hand, the existence of
sphere proper, we find cold(I' ~ 10eV) electrons pre-  a plasma depletion layer and tests for the prediction of a ro-
sumably of ionospheric origin at velocities< 4000km/s  tational discontinuity imply that the magnetopause is locally
and hot K7 ~ 1keV) ring current electrons at veloci- closed. On the other hand, cross-field diffusion should not
tiesv > 10000 km/s. Outside the energy range shown in pe able to form an OBL whose density and temperature pro-
Fig. 7a, a second ring current component with thermal enfiles show a plateau (10:53:35-10:59:09) with a sharp step
ergy KT' ~ 10keV is detected. Both ring current compo- at its inner edge. A possible explanation for the OBL on 17
nents show the perpendicular temperature anisotropy charaGeptember 1984 would be that it is on open field lines that
teristic of particles trapped in the geomagnetic field. In thecross the magnetopause at a location farther away from the
IBL, e.g. at 11:02:23, we recognize again warm electrons akpacecraft. In this case, the solar wind plasma detected in the
field-aligned velocities, ~ 8000 km/s. OBL may have entered along open field lines. If these field

Similar to the crossing on 21 September 1984, important"”es do not cross the magnetopause locally but farther away
information about the IBL, can be deduced from the time se-T0m the spacecraft, there is no reason why the observed lo-
ries of Ny, and V. In the IBL the partial densityV, of cgl magne_topause should have the properties of a rotational
electrons above 1.8keV is again comparablé\tg in the  discontinuity.
magnetosphere proper, but it drops in the OBL. Of course,
this drop is also visible in Fig. 7a. The trace Bf,, in- 3.4 Crossing on 84/11/30
dicates again a flow reversal at the interface between the
OBL and the IBL. Since the IRM is located at 14:00 LT, Figure 8 presents an overview of the inbound magnetopause
the magnetosheath flow has a duskward compongnt, ~ crossing on 30 November 1984, which occurs at e
—100km/s. While the flow in the OBL shares this duskward northern GSM latitude at 10:30 LT. We identify the magne-
motion, the flow in the IBL and magnetosphere proper is di-topause as the increase in the proton temperature, the elec-
rected dawnward. This reveals that the plasma in the IBL istron temperature, and the temperature anisotropigsand
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A., at 07:38:51. The panel @fz shows that the direction sphere proper (07:52:38). Panel b shows the ion distribution
of the tangential magnetic field does not change across th&unctions measured at the same times. In the magnetosphere,
magnetopause. Immediately earthward of the magnetopaugbe IRM detects hot ring current ions witki7" ~ 6 keV and

the component/,;, of the proton bulk velocity changes by ring current electrons wittKT' ~ 0.5keV. Both species
about 200 km/s. Since this change of the tangential velocshow the perpendicular temperature anisotropy of trapped
ity is not accompanied by any change of the tangential magparticles.

netic field, the Weén relation (2) cannot be satisfied. Since  The electron distribution taken at 07:38:20 in the mag-

in the interval 07:37:52-07:39:50 around the magnetopausgetgsheath shows solar wind electrons with thermal energy
Cpe myr = 0.59, Ap, myy = 2.86, we conclude thata de o 306V, Closer to the magnetopause (07:38:42), the
Hoffmann-Teller frame is improbable during this interval at gjectron distribution becomes skewed along the magnetic
least when itis based on our analysis. field: it remains unchanged far, < 0, whereas the other
The boundary layer lasts from 07:38:51 4607:50:55.  half of the distribution ¢, > 0) is much flatter than at
During this interval, the density oscillates a few times be-(07:38:20 and thus extends to higher energies. Skewed dis-
tween aboug0 cm~* and2 cm™?. The temperature®, and  tributions such as the one taken at 07:38:42 were already re-
T, exhibit similar oscillations. Since the temporal profiles of ported by Fuselier et al. (1995) and interpreted as a feature
these oscillations are gradual rather than in steps, we do na¥f the magnetosheath boundary layer, i.e. the portion of the
distinguish between the OBL and the IBL. magnetosheath on reconnected field lines. According to this
Panel a of Fig. 9 presents a series of electron distribuimodel, the electron distribution at 07:38:42 would indicate
tions measured on 30 November 1984 in the magnetosheatimagnetic connection to the southern hemisphé&e & 0).
(07:38:20), the magnetosheath closer to the magnetopaussince B,, > 0 electrons withv;, < 0 come from the so-
(07:38:42), the boundary layer (07:40:05), and the magnetotar wind end of an open field line, the half of the distribu-
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tion antiparallel toB looks the same in the magnetosheath reason is the admixture of hot ring current electrons. For
boundary layer as wellas in the magnetosheath on interplans > 20000 km/s, the phase space density in the magneto-
etary field lines which are not yet reconnected. Electrons insphere proper is clearly higher than in the boundary layer and
the magnetosheath boundary layer with> 0 come from  magnetosheath. Therefore, electrons witly 20000 km/s

the terrestrial end of an open field line; the half of the dis- at 07:38:42 are probably ring current electrons leaking out to
tribution parallel toB should look similar to the low-latitude the magnetosheath.

boundary layer earthward of the magnetopause. The electron

plasma observed in the boundary layer at 07:40:05 has in-

deed a higher temperature than that in the magnetosheath,

which could explain why the half of the distribution parallel
to B at 07:38:42 is flatter than the half of the distribution an-
tiparallel toB. In the model of Fuselier et al. (1995), solar
wind electrons are heated when they cross the open ma

netopause antiparallel tB frqm the magn_etosheath to the appears at the same position in velocity space as the solar
boundary layer. After mirroring at low altitudes, they cross wind population in the magnetosheath. Thus, this compo-
the open magnetopause again from the_boundary layer to thﬁ nt probably consists of solar wind ions that have entered
magnetosheath and can be observed in the magnetoshe boundary layer locally due to diffusion or reconnection.
boundary layer, now moving parallel &) The reason for the The second component has a high field-aligned flow veloc-

electron heating across the magnetopause is not known, b%, V, ~ 350km/s, which suggests that it has entered the

Iltéz;vetu ets:sbllsflled pyé)bser\/latt|.0n3' ((?[.hg' tF)’ascgmarlm et ","Iboundary layer at a location south of the spacecraft. At that
) that the solar wind population in the boundary layer ISIocation, either the flow velocity in the magnetosheath was

primarily hotter than in the magnetosheath (see also Fig. 7a)different from the flow velocity observed in the local mag-

The half of the distribution parallel 18 at 07:38:42 iseven netosheath, or the acceleration across the magnetopause was
flatter than the distribution in the low-latitude boundary layer. different. The appearance of this second component is re-
One might speculate that this is the case due to the outwardponsible for the change i, around 07:39. Both com-
moving electrons in the magnetosheath boundary layer crosgponents are observed throughout the boundary layer. There
ing the magnetopause twice and, therefore, heating twiceare several many IRM magnetopause passes that show ion
The heating of solar wind electrons is of course only one readistributions in the boundary layer with two solar wind com-
son for the increase iR, across the magnetopause. The otherponents.

Let us return to the ion distributions. At 07:38:20 and
07:38:42, the IRM detects the solar wind population of the
magnetosheath. At 07:40:05 in the boundary layer, we see
Yo components, i.e. two peaks @f(v). One component
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Table 1. Occurrence rate of reconnection signatures for high and5 Agreement with Walen relation

low magnetic shear . . .
g In this section, we test for the existence of a de Hoffmann-

Teller frame and for the agreement with the Walrelation
for the 40 magnetopause crossings in the statistical data set.
Walenevent 42% 19% The tests are performed for a time interval approximately
at least one particle signature  75% 38% centered at the magnetopause that is at least 20s long, but
bipolar B, signature 46% 0% may be much longer if the duration of the boundary layer is
long.
First, an estimate of the de Hoffmann-Teller velocity,
Vyr, is determined by minimizing the quadratic forbhof
Eqg. (1). For a reasonable de Hoffmann-Teller frame, we re-
4 Data set for statistical survey quire that the minimum oD is well-defined and tha¥V gt
is stable when the interval used for the test is varied. Then
the fit betweerE, = -V, x B andEgtr = —Vur x B
We studied all IRM passes through the dayside (08:00-16:00s checked by producing a single scatter plot-ov,, x B
LT) magnetopause region for which magnetometer measureversus—Vgr x B (Sonnerup et al., 1987, 1990; Paschmann
ments, plasma moments at spin resolution, ion and electrogt al., 1990) and its correlation coefficient and linear regres-
distribution functions of the full energy-per-charge range, sion coefficients are calculated. Moreover, we calculate the
and electric wave spectra are available. The statistical dat&ross correlation and the linear regression coefficients of the
set, analyzed in this paper and in paper 2, contains all magndime series of the componentsV,, x B and —Vyur x B
topause crossings that occurred during these passes and tt@ng the maximum variance direction-eV,, x B. Inspect-
fulfill the following selection criteria: (1) The crossing is a ing the scatter plots and the correlation and regression coef-
complete crossing from the magnetosheath to the magnetdicients, we find that 26 of the 40 crossings have a reasonable
sphere proper (or vice versa). (2) The boundary layer last¢le Hoffmann-Teller frame. For 10 of the 14 events without de
for Atgr, > 30s. (3) At least two electron distribution func- Hoffmann-Teller frame, the magnetic shear across the mag-
tions are measured in the boundary layer. (4) The time internetopause is low| Q¢ | < 40°) and for 4 events, it is high
vals in the magnetosheath before (after) the boundary layet|lA¢s| > 40°).
and the time interval in the magnetosphere after (before) the The agreement with the Wt relation (2) is checked with
boundary layer are sufficiently long so that an unambiguoughe help of the scatter plot &, = V,, — Vyr versusc,
identification of the magnetopause and of the earthward edgand by calculating the correlation and linear regression co-
of the boundary layer is possible. efficients. We also calculate the cross correlation and linear
regression coefficients of the time series of the components
Criteria 2 and 3 are required in order to resolve the inter-V;) andc, along the maximum variance direction Bf We
nal structure of the boundary layer, i.e. to distinguish grad-find that 13 of the 26 magnetopause crossings have a reason-

ual time profiles from step like profiles. Due to criterion 2, gple de Hoffmann-Teller frame and the relation
our data set is likely to be biased toward crossings of thick

boundary layers. Note, however, that Phan and Paschmaanp = Acy 3

(1996) found a trend for crossings with long boundary layerig »onroximately satisfied. For the remaining 13 crossings.
duration to result from lower magnetopause speeds. Thug,/ andc 4 are not correlated .

boundary Igyers lasting more than 30s need not necessarily 'One of the 13 magnetopause crossings satisfying Eq. (3)
be much thicker than those of a shorter time duration. agrees perfectly with the W relation [A| = 1). For 2

With the above selection criteria, we obtained 40 mag-CroSSings/A| is only 0.2. For the remaining 10 crossings,
netopause crossings. The magnetopause crossings CW is in the range of 0.4-0.8. The fit between the predic-
17 September 1984 (Sect. 3.3), on 21 September 19840N of the V\/_aér] relation and the_measured plasmg moments
(Sect. 3.1), and on 30 November 1984 (Sect. 3.4) are in@nd magnetic fle.lds was tested in numerous studies of mag-
cluded in the statistical data set. However, the two crossing&€toPause crossings (e.g. Paschmann et al., 1986, 1990; Son-
on 30 November 1984 (Sect. 3.2) are not included, since th&€rup et al., 1987, 1990). As in our survey, it was found that

IRM does not encounter the magnetosphere proper. a linear relation (3) existed for many crossings, but the mag-
nitude of the slopé\ is primarily less than 1.

We will distinguish between low and high magnetic shear. What can we infer from the linear relation (3)? First,
Choosing40° as the dividing line, we obtain 16 low shear Eq. (3) gives a qualitative indication of an open magne-
(|Agp| < 40°) crossings and 24 high sheaA(p| > 40°) topause. There is no reason to expect such a relation for a
crossings. All crossings occurred near the equatorial planeclosed magnetopause. On the other hand, a magnetopause
at latitudes less thaB0°. The numbers of crossings in the crossing that satisfies Eq. (3) wifh| < 1 does not agree
local time sectors 08:00-10:00, 10:00-12:00, 12:00-14:00quantitatively with the theory of the rotational discontinu-
and 14:00-16:00 are 12, 14, 7, and 7, respectively. ity. We have noted reasons for the deviations in the Intro-

high shear low shear
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duction (see also Scudder, 1997). It cannot be expected tha&tinally, a magnetopause crossing was considered to be in rea-
our analysis which is based on ion bulk flows will provide sonable agreement with the \Wal relation, if| AV*| evalu-
ideal agreement. But the existence of a satisfactory fit to theated at the time of the maximum observed velocity change
above equation can safely be taken as confirmation of am\V, was greater than 0.5. Using this criterion, which differs
approximate validity of the model. The three magnetopausdrom ours, Phan et al. (1996) found that 61% of the high shear
crossings studied in Sects. 3.1 and 3.2 provided us with aderossings are in reasonable agreement with theelVedla-
ditional information concerning the interpretation of Eq. (3). tion, whereas our survey reveals that 42% of the high shear
Although|A]| is significantly less than 1 for those crossings, crossings are Wah events.
the observed particle signatures in the distribution functions
provide some evidence for open field lines. The sigBgf
inferred from the particle signatures is consistent with the
sign of B,, inferred from Eq. (3).

In Sect. 7, we will investigate how often particle signaturesg  Elux transfer events
expected on open field lines occur during the 40 crossings of
the statistical data set. For particle signatures observed during
the 13 magnetopause crossings showing a linear relation (3BY looking for clear bipolar pulses in the time series of the
the sign ofB,, as inferred from the respective particle signa- normal magnetic fieldB,,, we can identify magnetosheath
ture will be compared with the sign d@,, as inferred from  FTEs during 5 of the 40 magnetopause crossings and mag-
Eq. (3). As we will see, there are observations of particle sig-netospheric FTEs during 9 of the 40 magnetopause crossings
natures for which the sign aB,, inferred from the particle in our data set. During 3 crossings, both magnetosheath and
signature differs from the sign d®,, inferred from Eq. (3). = magnetospheric FTEs are observed and during 8 crossings,
But for the clear majority of observations of particle signa- only one type of FTEs is observed. For 3 of the 11 cross-
tures, the sign oB,, inferred from the patrticle signature coin- ings with FTEs, the magnetic shear angl®y |, measured
cides with the sign of3,, inferred from Eq. (3). For the types across the magnetopaus&@S—60°. The remaining 8 cross-
of particle signatures observed frequently, this coincidencengs had shear angles @#° or more. This is in line with the
shows that it is correct, in a statistical sense, to interpret thdinding (e.g. Rijnbeek et al., 1984; Southwood et al., 1986)
respective type of particle signature in terms of open fieldthat FTEs are favored by a southward directed interplanetary
lines. Vice versa, it can also be concluded that it is correct, inmagnetic field.

a statistical sense, to consider the validity of Eq. (3) as an in- In the original FTE model of Russell and Elphic (1978), an

dication .Of an open magnetopause. Hencie, we will from NOWETE is an encounter with a reconnected magnetic flux tube.
on consider the validity of Eq. (3) as a “reasonable agree-

. - A flux tube moving northward causes+a— bipolar signa-
ment .W'th the W_aén relgmon and _refer to the“rpagnetopffl’use ture of B,,, whereas a flux tube moving southward causes a
crossings showing a linear relation (3) as “@falevents”.

Th hAL s, | L] than 1 will be di ——+ signature. If the motion of the flux tube is dominated
cu:s:a?jaiiochVtvg | is, in general, less than 1 will be dis- by the magnetic tension force, a flux tube connected to the

} ] . . northern hemispherd3, < 0) moves northward and causes
For 9 of the 13 Wain events, the sign ot is positive, 5 | _ gignature, whereas a flux tube connected to the south-
which indicatesB, < 0 and for 4 events it is negative ., hemisphereX,, > 0) moves southward and causes &
(B, > 0). For 11 of the 13 Wan events, the boundary "

L ) signature. Assuming that the motion of the flux tube is dom-
layer can be divided into an OBL and IBL, whereas 2 &val

. ) inated by the tension force, one can thus infer the sign of the
events have a gradual density profile. Three of the 1&Wal ;4 magnetic field,, in the reconnected flux tube from

events are low shear crossings and 10 are high shear CroSg5e orientation{ — or —+) of the bipolar signature.
ings. The percentage of Wal events and non-Wai events

for high and low magnetic shear across the magnetopause, For the Waén events in our data set, we can compare the
respectively, is illustrated in Table 1. sign of B,, inferred from the bipolar signature of FTEs with
In their survey of a set of IRM high shear crossings, Phanthe sign ofB,, as inferred from Eqg. (3). Magnetosheath FTEs
et al. (1996) checked the fit between the observed chang@r observed during 3 of the 13 \&al events and magneto-
AV, of the proton bulk velocity across the magnetopauseSPheric FTEs are observed during 5 of the 13&hiavents.
and the change:Ac 4 of the Alfvén velocity. AV, andAc, Ve find that for all FTEs observed during \&alevents, the
were both computed for each measurement in the boundar§idn of B,, inferred from the bipolar signature coincides with
layer as the difference between the respective measuremeHte Sign of B, inferred from Eq. (3). Thus, we can explain
in the boundary layer and the average of a reference intervaill FTEs observed during Weih events as encounters with
in the magnetosheath. For each magnetopause crossing, tHeconnected flux tubes that are connected to the same hemi-
agreement with the prediction of Eqg. (2) was then quantifiedSPhere as the field lines in the vicinity of the magnetopause

by computing the index and that move toward the hemisphere to which they are con-
nected. Our result can also be explained by other reconnec-
AV — AV, - Acy tion models of FTEs. In any case, it provides evidence for

|Acl? () FTEs as a signature of magnetic merging.
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Table 2. Occurrence rate of particle signatures and bipdlarsig- t'd? signature (parallel or antiparallel B) does not change
natures during Wain and non-Wan events. For the Waih events, during the crossing.

it is given how often the signature is consistent with Eq. (3) In the case of electron heat flux, e.g. criteria 1 and 2 im-
ply that we do not consider the weak heat flux that is prac-
Walén (consist.) non-Wah tically always observed due to the limited accuracy of the
clectron heat flux 62% (54%) 15% ins’grume_nt_or due_ to thg variations in the real elect_ron_distri-
escaping RC ions 31% (31%) 0% bution within a spin period of IRM. Furthe_rmore, criterion 2
D-shaped 23% (23%) 15% sorts out magnetopause crossings for which the electron heat
counterstr. SW/cold 23% (15%) 19% flux is strong, but changes its orientation in the course of the
skewed SW distr. 62% (54%) 15% crossing from parallel t® to antiparallel toB or vice versa.
at least one part. sign. 77% 52% Such observations might indicate time dependent patchy re-
bipolar B,, signature 62% (62%) 19% connection or encounters with the vicinity of the X-line.

However, they cannot be used to infer the signBpf from

the orientation of the electron heat flux or to check whether
this sign is consistent with Eq. (3). The implications of crite-
ria 1 and 2 for the other particle signatures of Sects. 7.2t0 7.5
are analogous.

In Sect. 3 we reported on examples of observations of several ApP'y'”g erterla 1 and 2, we count the magnetopau_se
types of single particle signatures expected on open m::xgneti‘t‘:ross_Ings with electron heat fl_ux. Thereby, we d_o not Q|s-
field lines. Now we study the occurrence frequency of thetInguISh whether the heat flux 1S due_ to a streaming .Of ring
various types of particle signatures. For Afalevents, we qurrent electrqns or due to a flelq-allgned, skewed distribu-
compare the sign aB,, as inferred from the respective parti- 1°" of solar wind electrons. We find that electron heat flux
cle signature with the sign d8,, inferred from Eq. (3). If the is observed during 12 of the 40 magnetopause crossings in

number of Wan events, for which a particular type of par- the data set. Of those 12 crossings, 8 are@iavents. For

ticle signature is consistent with Eq. (3), is high compared to2"® Wgén eve_n:] tue o_nentc?t;lor_] ?f thz (?Iectr(l)zn he3at ];IJUX IS
the number of Wan events for which it is not consistent, the inconsistent with the sign aB,, inferred from Eq. (3), but

respective type of signature can be considered as a reliabl'rt% IS Cﬁns;sﬁ?.ﬂ_t for the _othler ! d\g@ eyent;i Hence’ electrpﬂ
indicator of open field lines. If these two numbers are compa- eatflux fulf mglcrlterla_ and < 1s pnmanyconsstentwn
. (3) and can, in a statistical sense, be considered as a use-

rable, the respective signature may be caused by mechanisnﬁ_ i ; field i
other than reconnection. In Table 2 the occurrence rates arg!! Indicator of open field lines.
given as percentages.

7 Occurrence of particle signatures

7.2 Escape of ring current ions

7.1 Electron heat flux On 21 September 1984 at 13:01:39 (Fig. 3), we observe hot
ring current ions escaping from the magnetosphere to the
In Sect. 3 we examined two kinds of electron distributions as-magnetosheath. This escape along open field lines is asso-
sociated with substantial heat flux along the magnetic field.cjated with a substantial outward directed proton heat flux,
On 21 September 1984 at 13:01:05 (Fig. 2a), the heat flux iq{p” ~ —0.05 mW/m?. Inspecting all ion distribution func-
caused by hot ring current electrons escaping aBritOm  tions measured during the crossings of the statistical data
the magnetosphere to the magnetosheath. On 30 Novembggt, we find a streaming of ring current ions for 4 out of the
1984 at 07:38:42 (Fig. 9a), part of the heat flux is due to a4q crossings. These 4 magnetopause crossings are @hwal

skewed distribution of solar wind electrons. Both the escap&yents and the orientation of the outward directed heat flux is
of ring current electrons and the skewed distribution of so-consistent with the sign a8,, inferred from Eq. (3).

lar wind electrons (Fuselier et al., 1995) are expected to lead
to heat flux that is directed outward from the magnetospherey 3 “D-shaped” distributions of solar wind particles
to the magnetosheath. Thus, heat flux antiparall@ todi-
catesB,, < 0 and heat flux parallel t8 indicatesB,, > 0. On 21 September 1984 at 13:01:05 (Fig. 2), we observe “D-
How often do we observe substantial electron heat flux at theshaped” distributions of solar wind ions and electrons. When
magnetopause? we search for “D-shaped” distributions of solar wind parti-
In Sects. 7.1 to 7.5 we study the occurrence frequency otles in the statistical data set, we require that the measured
various types of particle signatures by counting the magnephase space density is cut offt~ 0, as observed on 21
topause crossings in the data set during which the respectivBeptember 1984 at 13:01:05. We find that “D-shaped” distri-
type of signature is observed. When we count the crossingdyutions of solar wind electrons are measured during 2 of the
we take only crossings for which the particular type of par- 40 crossings. On 21 September 1984 the orientation of the
ticle signature fulfills the following criteria: (1) The particle “D” is consistent with the sign of3,, inferred from Eq. (3).
signature is clearly visible when the measured distributionThe other crossing is not a Véad event. “D-shaped” distri-
functions are inspected by eye. (2) The orientation of the parbutions of solar wind ions are measured during 5 of the 40
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crossings. For all 5 crossings, the magnetic shear across tHaix associated with these distributions is, in most cases, out-
magnetopause is high. Of the 5 crossings, 2 aré&Wavents  ward along open field lines.

and for these 2 crossings, the orientation of the “D” is con-  “Steep-flat” distributions are also observed in the bound-
sistent with the sign oB,, inferred from Eq. (3). ary layer, the heat flux associated with “steep-flat” distri-
butions measured during Véal events is directed outward
7.4 Counterstreaming of solar wind ions and cold ions  along open field lines in most cases, as well. The distribu-
tion taken on 30 Nobember 1984 at 07:40:05 is an exam-
On 30 August 1984 at 10:04:25 (Fig. 5b), we observe so-ple of a two-beam distribution measured in the boundary

lar wind ions streaming inward along open field lines andayer. It is associated with a substantial proton heat flux,
cold ions, presumably of ionospheric origin, S|multaneoustHp|| ~ 0.08 mW /m?.

streami_ng outward. By Io_oking for '_[he counterstreaming qf Why do we observe two beams in the boundary layer? One
solar wind and cold ions in the entire data set, we find this,,qgipjjity is that beam 1 consists of locally entering ions and
signature for 8 out of 40 crossings. Thrge O_f these 8 CroSSINYBeam 2 consists of ions that have entered the boundary layer
are Waén gven_ts. If the countersFreamlng IS due to magneticy; 3 remote location. This interpretation was given for the dis-
reconnection, it can be used to infer the sign of the normap, ijon measured on 30 November 1984 at 07:40:05. Simi-
magnetic fieldB,,: streaming of the solar wind ions refative |5 y4_heam distributions have been presented by Nakamura
to the cold ions parallel (antiparallel) ®indicatesB, <0 ot 51 (1997). Another possibility is that beam 2 is produced
(B, > 0). For 2 of the 3 Wain events, the sign d,, in-  \yhen heam 1 is mirrored at low altitudes. In this case, the
ferred from the counterstreaming agrees with the sigh,of field-aligned components of the flow velocities of the two
inferred from_ Ea. (3). ) . beams should have about the same magnitude, but opposite
The crossing where the counterstreaming of solar windgjgn, in the spacecraft frame. Two-beam distributions fulfill-

and cold ions is inconsistent with Eq. (3) occurred on 30 Au'ing this condition were reported by Onsager and Fuselier
gust 1984 at 09:56:43, roughly 8 min before the two Cross-(1994) and are also seen in the IRM data.

Ings studied in Sept. 3.2. Remember that those two crossings Can we use skewed distributions of solar wind ions to in-
are not included in our data set, because the magnetos:phe]rgr the sign of the normal magnetic fielg,? In the follow-
proper is not encountered. Similar to the other two crossingsing we try to infer B, for three types ofl .skewed distribu-
':]heet;ezt thr(]:(rao\évs@r? ri?g%hs'gf;gafngn’:ez.gtsr tgzrma?a-r d 0iions: (1) If we observe distributions of solar wind ions in
pau Ing DR lately earthw he magnetosheath associated with a field-aligned heat flux,
the magnetopause, the flow velocity of the transmitted sola(Ne assume that the heat flux is directed outward. (2) If we
wind component in the de Hoffmann-Teller frame is about p N : '
200km/s. At 09:51:54, when the counterstreaming of solarObserVe steep-flat” distributions in the boundary layer, we

wind and cold ions is observed, the flow velocity of the solar assume that the heat flux is directed outward. (3) If we ob-
. . ' y ort serve two-beam distributions in the boundary layer and are
wind component in the de Hoffmann-Teller frame is about

—500km/s. Thus, the solar wind component at 09:51:54 able to identify beam 1 as the component of locally entering

: . . olar wind ions, we assume that the field-aligned velocity of
cannot be identical to the transmitted component observe@ 9 y

) . X . eam 2 relative to beam 1 is directed outward.

immediately earthward of the magnetopause. The field lines i o i

encountered at 09:51:54 are probably topologically different We find distribution fu_ncﬂops of types 1-3 for 12 of the

from those encountered immediately earthward of the mag#0 Magnetopause crossings in the data set. Eight of these 12

netopause. crossings are Wah events. By comparing the signBf, in-
ferred from Eq. (3) with the sign oB,, inferred from the

skewed distributions with the above assumptions, we find

that those two methods of inferring the sign Bf, lead to

What do we mean by skewed distributions? Two examples of 1€ Same result for 7 of the 8 \¥al events. Hence, skewed
skewed distributions of solar wind ions are those measuredistributions of solar wind ions can, in a statistical sense, be
on 30 August 1984 at 10:03:37 (Fig. 5b) and on 30 Novem-considered as a useful indicator of open field lines.

ber 1984 at 07:40:05 (Fig. 9b). Both distributions show two

beams, i.e. two peaks of,(v). The reflected solar wind 7.6 Events with at least one type of signature

ions detected on 30 August 1984 at 10:03:37 in the mag-

netosheath close to the magnetopause lead to a field-aligneso far, we counted the number of crossings showing a par-
heat flux,H,, ~ —0.14mW/m?. In the magnetosheath we ticular type of particle signature. Let us, in addition, count
furthermore observe ion distribution functions that are alsothe number of magnetopause crossings that show at least one
associated with a substantial field-aligned heat flux, but doof the types of particle signatures studied in Sects. 7.1 to 7.5.
not show two peaks of,(v). Rather these distributions con- We find that the particle signatures are more frequent for high
sist of a steep, half parallel 8, and a flat, half antiparallel shear (18 out of 24 crossings) than for low shear (6 out of
to B or vice versa. By examining both of these “steep-flat” 16). During 10 of the 13 Wé&h events, at least one particle
distributions and the two-beam distributions observed in thesignature of open field lines is observed. The corresponding
magnetosheath for Wah events, we find that the proton heat percentages are given in Tables 1 and 2.

7.5 Skewed distributions of solar wind ions
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8 Discussion ents of the pressure will act to reduce acceleration by mag-
netic tensions. Sonnerup et al. (1987, 1990) demonstrated
By checking the fit between the IRM data and the predictionthat there are crossings for which the fit to the &vaielation
of the Wakn relation (2), we found in Sect. 5 that a linear can be considerably improved by introducing acceleration of
relation (3) is fulfilled for 13 (33%) of the magnetopause the de Hoffmann-Teller frame.
crossings in the statistical data set. By comparing the sign It is once more important to note that Eq. (2) becomes
of the normal magnetic field,, inferred from Eq. (3) with  inaccurate in the presence of electric currents. Scudder et
the sign of B, inferred from particle signatures in the dis- al. (1999) and Puhl-Quinn and Scudder (2000) studied ro-
tribution functions, we found that the two methods of infer- tational discontinuities and Aln wave trains by perform-
ring B, lead primarily to the same result. Thus, we concludeing a generalized Wah test on Polar data. This test was
that the validity of Eq. (3) is a reliable indicator of an open done by fitting a linear vector difference equation to the ob-
magnetopause and that the local magnetopause is open agerved changes in electron bulk veloci¥,, and the mag-
proximately one-third of the time. Vice versa, it can be con- netic field. The constant of proportionality determined from
cluded that the sign aB,, inferred from the various particle that fit could be compared with the theoretical prediction. For
signatures is primarily correct. In Sects. 7.1 to 7.5, we inves-almost all cases where electron data agreed with the theo-
tigated the occurrence frequency of several types of particleetical prediction, the corresponding fit to the ion data gave
signatures by counting the number of magnetopause cross constant of proportionality that was smaller in magnitude
ings in the data set for which the respective type of signa-than implied by Eq. (2). This constant of proportionality is
ture is observed. None of the numbers that we obtained waslosely related to the slopein Eq. (3) and the rati&;, /ca.
greater than 12 (30%). On the other hand, 24 (60%) of theThus, the low values o[ﬂ/p’H/cA| may be due to our use of
40 crossings in the data set showed at least one of the typéen data collected in regions with electric currents.
of particle signatures (Sect. 7.6). This may indicate that the A value |Vy,/cal < 1is not the only discrepancy be-
plasma in the vicinity of the magnetopause is on open fieldtween the theory of a time stationary open magnetopause
lines considerably more often than one-third of the time. Thisand the observations. In addition, there is also a consider-
discussion is based on the assumption of proton momentsble discrepancy between the particle distribution functions
In the current carrying the rotational discontinuity boundary predicted for open field lines and those measured during the
layer, the direction of these fluxes may deviate from that ofwalen events. Let us give two examples: according to Cow-
the electrons. This is a good reason for the above discrepey (1982), the distributions of solar wind particles detected
ancy. The approximate satisfaction of Eq. (3) can, thereforein the boundary layer should be “D shaped”. However, we
under these conditions be taken as an argument in favor opbserve “D-shaped” distributions of solar wind particles only
the rotational discontinuity concept. for the minority of the Wa&n events (Sect. 7.3). A possible
We consider the validity of Eq. (3) as a reasonable agreeexplanation for this discrepancy is that the solar wind parti-
ment with the Weén relation (2) and thus, an indicator for cles are mirrored at low altitudes and that the velocity cutoff
the open magnetopause. We discuss the question of why thdisappears when the mirrored particles return to the magne-
magnitude of the field-aligned velocity in the de Hoffmann- topause. This explanation may work for the electrons. How-
Teller frame,|Vp’H , is less than the simultaneously measuredever, for the ions, the time that passes until the mirrored ions
Alfvén speedg 4, for most Waén events. We use the cross- return to the magnetopause is so loag {0 min) that “D-
ings on 21 September 1984 (Sect. 3.1) and on 30 Augusthaped” distributions of solar wind ions should be observed
1984 (Sect. 3.2). For these crossings, the observed partimore frequently.
cle signatures alone provide evidence that the local magne- A similar discrepancy between predicted and observed
topause is open. One reason fof, /c4| < 1 may be the distribution functions exists for hot ring current electrons,
presence of heavy ions, which reduce the actuato less  which, when electrons detected on reconnected field lines,
than the computed,. Moreover, the rotational discontinuity should also have a “D shape” and stream outward. Such
is not well separated from the slow mode structure that Levystreaming is indeed observed for some of the &vatvents
et al. (1964) located earthward of the rotational discontinu-(e.g. on 21 September 1984 at 13:01:05), but for moséwal
ity. The slow mode is associated with an increasesiin the  events, ring current electrons observed in the boundary layer
boundary layer. On 30 August 1984, has indeed increased and magnetosheath close to the magnetopause do not show
by a factor of 2, between 10:03:37 and 10:04:25. Correctingfield-aligned streaming.
for this factor of 2 the value dV/;, /c.| at 10:04:25 becomes Is the local magnetopause closed for all non-&kavents?
0.1. The measurement in the boundary layer on 21 SepteniFhis need not be the case. The @falrelation cannot be sat-
ber 1984 at 13:01:05 is taken sheathward of the increase iisfied near the X-line. If reconnection is time dependent and
CA- patchy, there are X-lines everywhere separating patches with
Other reasons fqn/[;”/cA| < 1aregradientsinthe plasma B, < 0 from patches withB,, > 0. In Sect. 7.1, it was
pressure tangential to the magnetopause. In a plasma witmentioned that there are several magnetopause crossings for
curved field lines, the force associated with plasma pressurg/hich a particular particle signature, e.g. the electron heat
gradients tends to oppose the tension force due to the fielflux, changes its orientation in the course of the crossing
line curvature. At an open magnetopause tangential gradifrom parallel toB to antiparallel taB or vice versa. This pro-
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vides evidence that reconnection is indeed time dependertiall, D. S., Chaloner, C. P., Bryant, D. A., Lepine, D. A., and Tri-
and patchy. takis, V. P., Electrons in the boundary layers near the dayside

For several magnetopause crossings, e.g. the one on 17 Magnetopause J. Geophys. Res., 96, 7869-7891, 1991.
September 1984, there is evidence that the local magne'jark’lgol‘)d‘ IM.' Ad agd B(rjya”tl' D. Aé Re'ﬁrde;ed e'LGCtr°;‘7d3t(")*4g‘
topause was closed. But even for these cases, it is possible tzoieovi_gzt(l)tu e boundary layer, Geophys. Res. Lett., 17, 2043=
that part of the boundary layer is formed by reconnectlon.‘]ohnstone' A. D., Rodgers, D. J., Coates, A. J., Smith, M. F., and

The f',eld lines in the boundary layer mqy be open field lines Southwood, D. J., lon acceleration during steady-state recon-
crossing the magnetopause at a location farther away from pection at the dayside magnetopause, in lon acceleration in the
the Spacecraft or they may be f|e|d |ineS that ha.Ve been firSt Magnetosphere and |onosphere‘ Geophys_ Monogr_ Ser.7 vol. 38,
opened by reconnection, then filled with solar wind plasma, edited by T. Chang, pp. 136-140, AGU, Washington, D. C., 1986.
and reclosed later on. In paper 2 we will address the questioihe, G., Russell, C. T., Gosling, J. T., and Thomsen, M. F., ISEE
of the formation of the low-latitude boundary layer in more  observations of low-latitude boundary layer for northward inter-
detail. planetary magnetic field: Implications for cusp reconnection, J.
Geophys. Res., 101, 27, 239-249, 1996.
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