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Abstract. We analyze 22 AMPTE/IRM crossings of the day-
side low-latitude boundary layer for which a dense outer part
can be distinguished from a dilute inner part. Whereas the
plasma in the outer boundary layer (OBL) is dominated by
solar wind particles, the partial densities of solar wind and
magnetospheric particles are comparable in the inner bound-
ary layer (IBL). For 11 events we find a reasonable agree-
ment between observed plasma flows and those predicted by
the tangential stress balance of an open magnetopause. Thus,
we conclude that, at least in these cases, the OBL is formed
by a local magnetic reconnection. The disagreement with the
tangential stress balance in the other 11 cases might be due
to reconnection being time-dependent and patchy. The north-
south component of the proton bulk velocity in the boundary
layer is, on average, directed toward high latitudes for both
low and high magnetic shear across the magnetopause. This
argues clearly against the possibility that the dayside low-
latitude boundary layer is populated with solar wind plasma
primarily from the cusps. “Warm”, counterstreaming elec-
trons that originate primarily from the magnetosheath and
have a field-aligned temperature that is higher than the elec-
tron temperature in the magnetosheath by a factor of 1–5, are
a characteristic feature of the IBL. Profiles of the proton bulk
velocity and the density of hot ring current electrons pro-
vide evidence that the IBL is on closed field lines. Part of the
IBL may be on newly opened field lines. Using the average
spectra of electric and magnetic fluctuations in the bound-
ary layer, we estimate the diffusion caused by lower hybrid
drift instability, gyroresonant pitch angle scattering, or ki-
netic Alfvén wave turbulence. We find that cross-field diffu-
sion cannot transport solar wind plasma into the OBL or IBL
at a rate that would account for the thickness (∼ 1000 km) of
these sublayers. On the duskside, the dawn-dusk component
of the proton bulk velocity in the IBL and magnetosphere is,
on average, directed from the nightside toward local noon.
Formation of the IBL may also be due to mechanisms oper-
ating in the magnetotail.
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1 Introduction

Analyzing data of the ISEE satellites, Skopke et al. (1981)
demonstrated that the low-latitude boundary layer earth-
ward of the magnetopause on the flanks is often divided
into two distinct parts. The outer part (called the “bound-
ary layer proper” by Skopke et al., 1981) is filled with dense
magnetosheath-like plasma moving tailward at speeds com-
parable to the magnetosheath flow. The hot, tenuous plasma
in the inner part (Skopke et al., 1981, called it “halo”) is a
mixture of solar wind and magnetospheric particles and it is
moving slowly like the plasma in the magnetosphere proper.
A similar structure of the flank boundary layer was reported
by Fujimoto et al. (1998a). They pointed out that the flow in
the inner part, which they called the “mixing region”, was
directed sunward. From this, they concluded that the plasma
in the mixing region is most likely on closed field lines and
that the solar wind particles seen in this region do not enter
locally. Instead, the mixing might take place farther down the
tail and the solar wind particles in the mixing region might
be supplied to the magnetosphere by the same process as
those in the cold dense plasma sheet (Fujimoto et al., 1998b),
which often fills a large portion of the magnetotail.

At the dayside magnetopause, observations of a low-
latitude boundary layer containing magnetosheath-like
plasma in its outer parts and hot, tenuous plasma in its in-
ner parts, respectively, have been presented by Song et al.
(1990, 1993) and Le et al. (1996) for the northward inter-
planetary magnetic field. Hapgood and Bryant (1990), Hall
et al. (1991), and Nakamura et al. (2000) also found a similar
structure for other directions of the interplanetary magnetic
field. For a recent review of the bulk properties of the bound-
ary layer see Hultqvist et al. (1999).

In our companion paper (Bauer et al., 2000, hereafter re-
ferred to as Paper I), we analyzed two dayside magnetopause
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crossings for which we could also make a clear distinction
between a dense outer boundary layer (OBL) and a dilute
inner boundary layer (IBL). While the OBL is clearly dom-
inated by solar wind plasma, the partial densities of solar
wind and magnetospheric particles are comparable in the
IBL. For the crossing on 17 September 1984, the magnetic
shear across the magnetopause was15◦ and reconnection
signatures were absent. On 21 September 1984, the magnetic
shear was90◦ and we found clear evidence for local mag-
netic reconnection. On 21 September 1984, the plasma in the
OBL is accelerated due to reconnection and on 17 September
1984, it is moving somewhat slower than the magnetosheath
flow. In contrast, the plasma flow in the IBL is stagnant on
21 September 1984 and even directed back to the subsolar
point on 17 September 1984. For both events, the drop in the
density of ring current electrons from the IBL to the OBL
suggests that the interface between both sublayers is a topo-
logical boundary related to reconnection.

In fact, most researchers agree that the OBL is formed by
magnetic reconnection. Numerous observations of reconnec-
tion signatures (e.g. Sonnerup et al., 1981; Gosling et al.,
1990; Fuselier et al., 1991; Phan et al., 2000, Paper I) pro-
vide strong evidence that the OBL is either on open field
lines or on field lines that have been first opened by recon-
nection, then filled with solar wind plasma, and closed later
on (Nishida, 1989).

Less is known about the formation of the IBL. The stag-
nant (partly sunward directed) flow in the IBL, the balance
of particle flux parallel and antiparallel to the magnetic field,
B, and the drop in the density of ring current electrons from
the IBL to the OBL all suggest that the IBL is on closed
field lines. If this is true, it still remains to be explained how
the solar wind particles observed in the IBL have been trans-
ported onto these closed field lines. One possible transport
mechanism is cross-field diffusion due to the wave-particle
interaction. In order to assess the importance of diffusion, we
will compute the average wave spectra in Sect. 6 and derive
estimates of average diffusion coefficients.

Le et al. (1996) explained the formation of the OBL and
IBL for the northward interplanetary magnetic field in terms
of reconnection poleward of the cusps in both hemispheres.
In their model, the OBL is on open field lines that have been
formed by reconnection between magnetosheath field lines
and lobe field lines poleward of one cusp. The IBL is iden-
tified on closed field lines that have become closed by the
reconnection of the open end of the field lines at the other
cusp.

Lockwood (1997) suggested that the inner part of the low-
latitude boundary layer is not on closed field lines, but on
newly opened field lines. If reconnection is in a steady state,
solar wind particles entering the boundary layer do not fill the
entire region of open field lines between the magnetopause
and the separatrix, but only fill the region bounded by the
magnetopause and an inner edge that depends on the field-
aligned velocity,v′‖, of the particles in the de Hoffmann-
Teller frame (e.g. Gosling et al., 1990). Within the time
elapsed since a field line was opened by reconnection, a point

on this field line located earthward of the inner edge can-
not be reached by particles flying at velocityv′‖. Since bulk
velocities and thermal speeds of solar wind ions are much
smaller than thermal speeds of solar wind electrons, the inner
edge of the ions is closer to the magnetopause than the inner
edge of the electrons. In this picture, the OBL might be the
region bounded by the magnetopause and the ion edge, and
the IBL might be the region of newly opened field lines be-
tween the ion and electron edges. The absence of solar wind
ions would explain why the flow in the IBL is not coupled to
the flow in the magnetosheath and OBL. The “counterstream-
ing” or “warm” electrons observed in the IBL (e.g. Ogilvie
et al., 1984; Hall et al., 1991; Pottelette and Treumann, 1998,
Paper I) would be solar wind electrons earthward of the ion
edge.

For the statistical analysis of reconnection signatures in
Paper I, we selected a data set of 40 magnetopause crossings
from all dayside magnetopause passes of the AMPTE/IRM
spacecraft. In this paper, we will use the same data set (1) to
survey the plasma populations in the OBL, the IBL, and the
neighboring magnetosphere (Sect. 4), (2) to perform a super-
posed epoch analysis of the magnetopause, of the interface
between the OBL and IBL, and the inner edge of the bound-
ary layer (Sect. 5), and (3) to examine the average wave ac-
tivity (Sect. 6). In Sect. 7, we will use our results to discuss
the formation of the boundary layer.

2 Instrumentation

We use measurements of the triaxial flux gate magnetome-
ter (Lühr et al., 1985), the plasma instrument, and the wave
instrument on board the IRM spacecraft. The plasma in-
strument (Paschmann et al., 1985) consists of two electro-
static analyzers of the top hat type, one for ions and one
for electrons. Three-dimensional distributions with 128 an-
gles and 30 energy channels in the energy-per-charge range
from 15 V to 30 kV for electrons, and 20 V to 40 kV for
ions, were obtained every satellite rotation period, i.e. ev-
ery 4.4 s. From each distribution, microcomputers within the
instruments computed moments of the distribution functions
of ions and electrons: densities in three contiguous energy
bands: the bulk velocity vector, the pressure tensor, and the
heat flux vector. In these computations, it was assumed that
all the ions were protons. Whereas the moments were trans-
mitted to the ground at the full time resolution, the distribu-
tions themselves were transmitted less frequently because the
allocated telemetry was limited. The ELF/VLF spectrum an-
alyzer of the IRM wave experiment package (Häusler et al.,
1985) used the signal from the 47 m tip-to-tip dipole antenna
to provide a relatively coarse frequency resolution, yet rapid
temporal resolution with essentially continuous coverage of
electric wave signals from 25 Hz to 250 kHz.
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3 Data set and occurrence of step like profiles

We studied all IRM passes through the dayside (08:00–16:00
LT) magnetopause region for which the relevant data are
available: magnetometer measurements, plasma moments at
spin resolution, ion and electron distribution functions of the
full energy-per-charge range, and electric wave spectra. The
statistical data set analyzed in this paper and Paper I contains
40 magnetopause crossings which were obtained by select-
ing all crossings that occured during the aforementioned day-
side passes and that fulfilled the following criteria: (1) The
crossing is a complete crossing from the magnetosheath to
the magnetosphere proper (or vice versa); (2) The duration,
∆tBL, of the boundary layer is at least 30 s; (3) At least two
electron distribution functions are measured in the bound-
ary layer; (4) The time intervals in the magnetosheath before
(after) the boundary layer and the time intervals in the mag-
netosphere after (before) the boundary layer are so long that
an unambiguous identification of the magnetopause and the
earthward edge of the boundary layer is possible.

Criteria 2 and 3 are required in order to resolve the inter-
nal structure of the boundary layer, i.e. to distinguish grad-
ual time profiles from step like profiles, whereas sharp steps
in the profiles may mark topological boundaries or disconti-
nuities associated with reconnection; gradual transitions are
expected for a boundary layer formed by diffusion.

How exactly do we define the magnetopause and the in-
ner edge of the boundary layer? Examples that illustrate the
way we define the magnetopause and the inner edge are given
by the case studies in Paper I. Progressing from the magne-
tosheath to the magnetosphere, we define the inner edge of
the boundary layer as the point where solar wind electrons
or warm electrons disappear. In previous studies of IRM data
(Paschmann et al., 1993; Phan and Paschmann, 1996), the
magnetopause was identified with the rotation of the mag-
netic field in the case of high shear crossings and with a
change in the thermal properties of the plasma in the case
of low shear crossings. Since defining the magnetopause in
a different manner for low and high shear might introduce
some bias into the statistical analysis, we avoid defining the
magnetopause with magnetic field data. Instead, we identify
the magnetopause both for high and low shear as a change
in the distribution functions of solar wind ions and electrons.
Although this change is theoretically not well understood, it
is well established by observations.

What kind of temporal profiles are observed for the bound-
ary layer crossings included in the data set? Examining the
time series of the total density, we divide the 40 crossings
into four classes: for 22 crossings, two plateaus of the density
can be distinguished. One plateau has a density comparable
to the magnetosheath density and is identified as an OBL.
The other plateau has a distinctly lower density and is identi-
fied as an IBL. Therefore, we obtain 22 crossings for which
the boundary layer can be divided into an OBL and IBL
(class 1). For 6 of the 40 crossings we observe only a high-
density plateau and identify this as an OBL (class 2). For 2 of
the 40 crossings we observe only a low-density plateau and

identify this as an IBL (class 3). The remaining 10 crossings
(class 4) do not show any plateaus or pronounced steps in the
boundary layer and are classified as crossings with gradual
profiles.

For the superposed epoch analyses of Sect. 5, the interface
between OBL and IBL is used as a key time. There are cross-
ings in our data set during which IRM moves back and forth
between the OBL and IBL. In this case, only the first (last)
OBL and last (first) IBL of an inbound (outbound) crossing
is used for the superposed epoch analyses.

All crossings occurred near the equatorial plane at lati-
tudes less than30◦. We will distinguish between low and
high magnetic shear. For low (high) shear crossings, the
angle, |∆ϕB |, between the magnetic fields in the magne-
tosheath and in the magnetosphere is less (greater) than40◦.
Furthermore, we will distinguish between “Walén events”
and “non-Waĺen events”. The identification of crossings as
Walén or non-Waĺen events was done in Paper I, where we
checked if the plasma moments measured across the magne-
topause satisfy the tangential stress balance (Walén relation)

V ′
p = V p − V HT = ±cA (1)

of a rotational discontinuity. Here,Vp is the proton bulk ve-
locity, V HT is the velocity of the de Hoffmann-Teller frame,
V ′

p is the proton bulk velocity in the de Hoffmann-Teller
frame, andcA is the Alfvén velocity. The+ sign (− sign)
is valid when the normal componentVpn of the proton bulk
flow has the same (opposite) direction asBn.

The first step in the identification of Walén events was
to test if a de Hoffmann-Teller frame exists. This was done
by inspecting scatter plots of the convection electric field,
−V p×B, versus the transformation electric field,−V HT×
B, and computing the corresponding correlation and regres-
sion coefficients. In the second step, we tested Eq. (1) by
inspecting scatter plots ofV ′

p versuscA and computing the
corresponding correlation and regression coefficients.

We found for 11 of the 22 selected IRM crossings that have
both an OBL and IBL, a linear relation

V ′
p = ΛcA (2)

is fulfilled, with Λ as a constant coefficient. We considered
this as a “reasonable agreement with the Walén relation” and
refer to these crossings as Walén events. The pros and cons
of the validity of this relation have been discussed in detail in
Paper I. For non-Walén events, the linear relation (2) cannot
be satisfied. The apparent 50% agreement of magnetopause
crossings with the above relation cannot be taken as proof,
however, that the magnetopause would be a rotational dis-
continuity for half of the time. This number is accidental due
to the systematic uncertainties involved. However, the cases
when such a relation exists in spite of the large uncertain-
ties in the measurement supports the view that in such cases,
a de Hoffmann-Teller frame exists and this signals that the
magnetopause has, on average, the character of a rotational
discontinuity.
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Table 1. Occurrence rate of plasma populations in the OBL, IBL,
and magnetosphere proper, respectively

OBL IBL Sphere

solar wind ions 100% 100% 0%
solar wind/warm electrons 100% 100% 0%
cold ions 14% 45% 59%
cold electrons – – 73%
ring current ions 100% 100% 100%
ring current electrons 100% 100% 100%

Most of the slopesΛ that we determined by fitting the data
to Eq. (2) are less in magnitude than the value of unity pre-
dicted for a magnetohydrodynamic rotational discontinuity.
This discrepancy was also found in numerous previous stud-
ies (e.g. Paschmann et al., 1986; Sonnerup et al., 1990; Phan
et al., 1996; Scudder et al., 1999). Reasons for this discrep-
ancy have been discussed in these publications and in Paper
I.

The duration,∆tBL, of the examined boundary layer
crossings varies between 30 s and 70 min. The arithmetic av-
erage of∆tBL for the 40 crossings is 530 s and the geometric
average is 210 s. For the 24 high shear crossings, the arith-
metic (geometric) average of∆tBL is 440 s (160 s). For the
16 low shear crossings, the arithmetic (geometric) average of
∆tBL is 670 s (300 s). Average boundary layer durations of
IRM crossings were also calculated by Phan and Paschmann
(1996). They found an arithmetic (geometric) average of 74 s
(48 s) for high shear and an arithmetic (geometric) average of
206 s (90 s) for low shear. Since Phan and Paschmann (1996)
did not sort out crossings with∆tBL < 30 s, it is not surpris-
ing that their averages are lower than ours.

From now on, we consider only the 22 crossings of class
1, since we expect that the distinction between the OBL and
IBL provides additional insight into the physics of the bound-
ary layer. The arithmetic (geometric) average of the duration,
∆tOBL, of the OBL is 160 s (70 s). The arithmetic (geomet-
ric) average of the duration,∆tIBL, of the IBL is 290 s (80 s).
Hence, typical durations of the OBL and IBL are comparable
to each other.

4 Survey of plasma populations

In the dayside low-latitude boundary layer and the neigh-
boring regions of the magnetosheath and magnetosphere,
the following plasma populations can be distinguished: so-
lar wind plasma with thermal energies of∼ 400 eV for the
ions and∼ 50 eV for the electrons, hot ring current particles
with energies of 1–100 keV, and cold particles of ionospheric
origin with thermal energies of several eV. We identify the
different populations by inspecting the plots of the distribu-
tion functions.

The cold particles may either reach the magnetopause re-
gion directly from the ionosphere along magnetic field lines

or they may be supplied by convection from the plasmas-
phere (e.g. Fuselier et al., 1989, 1997; Elphic et al., 1996;
Borovsky et al., 1997). During the magnetopause passes an-
alyzed in Paper I, we also observed “warm” electrons. These
are typical for the IBL and they have a field-aligned tem-
perature higher than the electron temperature in the magne-
tosheath by a factor of 1–5.

Hall et al. (1991) concluded that the warm, counterstream-
ing electrons are solar wind electrons on closed field lines.
Ogilvie et al. (1984) suggested that they are beams from the
ionosphere that reach the low-latitude boundary layer along
B. Figure 1 presents one-dimensional cuts through the distri-
butions measured on 17 September 1984. Two-dimensional
cuts through the same distributions were provided in Fig. 7a
of Paper I. Let us first have a look at the phase space density,
fe, in a cut alongB (left diagram). Typical field-aligned ve-
locities,v‖, of the warm electrons are 6000–15 000 km/s. In
this range, the value offe(v‖, v⊥ = 0) in the IBL (solid line)
is comparable to that in the OBL (long dashed line). On the
other hand, the phase space density of the cold ionospheric
electrons in the magnetosphere (dash-dotted line) falls below
the detection threshold forv‖ > 6000 km/s and is thus at
least one order of magnitude lower than the phase space den-
sity of the warm electrons. If the warm electrons also orig-
inated from the ionospher, e the high phase space density
for v‖ > 6000 km/s could only be explained as the conse-
quence of field-aligned acceleration on field lines mapping to
the IBL. Field-aligned beams of ionospheric electrons accel-
erated upward are indeed observed at low altitudes on auro-
ral field lines (e.g. Lundin et al., 1987; Boehm et al., 1995;
Carlson et al., 1998). Those upgoing electrons may form part
of the population of warm electrons. However, the relatively
sharp boundary between the IBL and the magnetosphere ar-
gues against the possibility that the ionosphere is the main
source of the warm electrons. Any mechanism should not
only explain the acceleration of ionospheric electrons up-
ward at low altitudes, but also why the acceleration merely
maps to the limited region of field lines connected to the IBL.
The fact that the curves offe(v‖, v⊥ = 0) in the IBL and
OBL are pretty close to one another in the range of 6000–
15 000 km/s suggests that the electrons in the IBL and OBL
have a common source: the shocked solar wind plasma of the
magnetosheath. Forv‖ < 6000 km/s, the phase space den-
sity in the IBL is considerably less than that in the OBL. This
indicates that the mechanism which transports solar wind
electrons into the IBL does not work effectively for electrons
with small field-aligned velocities. This is also reflected in
the diagram forfe(v‖ = 0, v⊥). Forv‖ ≈ 0, the phase space
density in the IBL is not very different from that in the mag-
netosphere proper.

Table 1 gives the occurrence rates of the different parti-
cle populations in the OBL, the IBL, and the adjacent mag-
netosphere. Hot ring current particles are always observed
in all three regions. Solar wind electrons or warm electrons
are always observed in the OBL and IBL, respectively, and
they are never observed in the magnetosphere proper. Solar
wind ions are always observed in the OBL and never in the
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Fig. 1.One-dimensional cuts through the electron distributions measured on 17 September 1984. The measurements are taken in the magne-
tosheath at 10:46:45 (short dashed line), in the outer boundary layer at 10:53:53 (long dashed line), in the inner boundary layer at 11:02:23
(solid line), and in the magnetosphere proper at 11:04:38 (dash-dotted line). The left diagram shows the phase space densityfe (in cm−6 s3)
as a function ofv‖ for v⊥ = 0, and the right diagram showsfe as a function ofv⊥ for v‖ = 0. The dotted line gives the detection threshold.

magnetosphere. Many distribution functions measured in the
IBL exist that do not show solar wind ions, such as the dis-
tributions measured on 21 September 1984 before the flux
transfer event (Paper I). However, for each of the 22 magne-
topause crossings, there exists at least one distribution mea-
sured in the IBL that does show solar wind ions. This is what
the value of 100% means in Table 4.

The occurrence rate of cold ionospheric ions increases
from the OBL toward the magnetosphere. We did not com-
pute the occurrence rate of cold electrons in the boundary
layer, since at this location the phase space density of cold
electrons is often masked by the phase space density of the
dominating solar wind or warm electrons. In the magneto-
sphere proper, cold electrons are detected for 16 of the 22
crossings. In the duskside (13:00–16:00 LT) magnetosphere,
cold electrons are more frequently detected (7 out of 8 cross-
ings) than in the dawnside (08:00–11:00 LT) magnetosphere
(5 out of 10). For the cold ions we did not find a local time
dependence. CheckingDst andAE indices, we did not find
any correlation between the occurrence of cold particles and
these indices.

5 Superposed epoch analysis

Superposed epoch analyses of IRM magnetopause crossings
were performed by Paschmann et al. (1993), Phan et al.
(1994), and Phan and Paschmann (1996). While these stud-
ies focussed on the magnetopause, we are particularly inter-
ested in the interface between the OBL and the IBL and the
inner edge of the boundary layer. In Sect. 5.1, average pro-
files of the 7 boundary layer crossings earthward of a low
shear magnetopause are compared with average profiles of

the 15 boundary layer crossings earthward of a high shear
magnetopause. Of the 22 crossings selected for the super-
posed epoch analysis, 11 are Walén events. In Sect. 5.2, we
compare the average profiles of the 11 Walén events with
those of the 11 non-Walén events. Finally, in Sect. 5.3, av-
erage profiles of the 13 crossings dawnward of local noon
are compared with the average profiles of the 9 crossings
duskward of local noon. The magnetic field and the proton
bulk velocity are displaced inLMN boundary normal coor-
dinates (Russell and Elphic, 1979).

5.1 Low versus high magnetic shear

Figures 2 and 3 present a superposed epoch analysis of the 7
IRM crossings with low magnetic shear (|∆ϕB | < 40◦) and
the 15 crossings with high magnetic shear (|∆ϕB | > 40◦).
For our analysis, we use two key times: the time when the
magnetopause is crossed and the time when the interface be-
tween the OBL and the IBL is crossed. The time of the mag-
netopause crossing is set to zero and the order of the time
series is reversed for outbound crossings. Next, we normal-
ize the time axis so that all OBLs have the same normalized
duration. Thus, normalized timêt = 0 corresponds to the
magnetopause and normalized timet̂ = 1 corresponds to
the interface between the OBL and the IBL for each event.
Finally, the traces of each parameter as a function of the nor-
malized timêt are superposed and averaged.

The panels of Figs. 2 and 3 include data fromt̂ = −1
to t̂ = 2. This means that we use all measurements in the
magnetosheath that are obtained with less than one OBL in
duration,∆tOBL, sunward of the magnetopause and all mea-
surements that are obtained with less than∆tOBL earthward
of the interface between the OBL and the IBL. The data are
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Fig. 2. Superposed epoch analysis of
the magnetic pressure,PB , the mag-
netic field rotation angle,ϕB , the total
plasma density,N , and the components
VpL, VpM of the proton bulk velocity
across the outer boundary layer. The
sign ofVpL is reversed for crossings at
southern latitudes and the sign ofVpM

is reversed for crossings duskward of
local noon. The left panels display data
from 7 low shear crossings and the right
panels display data from 15 high shear
crossings. Normalized timêt = 0 cor-
responds to the magnetopause and nor-
malized timet̂ = 1 corresponds to the
interface between the OBL and the IBL.
Vertical error bars indicate the standard
deviation of the average of each param-
eter.

sorted into 18 bins and averaged within each bin. Parameters
that can change sign are averaged linearly, and parameters
that are positive by definition are averaged logarithmically.
The density ratiosN0p/Np andN0e/Ne, which are averaged
linearly, represent an exception.

The length of the error bars in Figs. 2 and 3 gives the stan-
dard deviation of the average, i.e. the standard deviation,σ,
of the respective parameter or its logarithm divided by the
square root of the number,n, of events. Since the absolute
value of some parameters may vary considerably from case
to case, the time average in the OBL of each parameter or its
logarithm is subtracted from the individual values before the
averaging over events. After the event averaging, the event
average of all time averages in the OBL is added again. This
procedure has only a minor influence on the event averages
plotted in Figs. 2 and 3, but it reduces the error bars. The
plotted error bars are useful in judging whether or not the
variation within one profile is significant. However, they can-
not be used to judge whether or not the absolute value of a
parameter in the panels on the left side is significantly differ-
ent from its absolute value in the panels on the right side of
Figs. 2 and 3.

Let us start with Fig. 2. The trace ofϕB in the second

panel shows the rotation of the magnetic field tangential to
the magnetopause. The sign ofϕB is reversed for events for
which the change∆ϕB from the magnetosphere to the mag-
netosheath is negative. This is done in order to avoid that
events with clockwise rotation compensate for events with
an anticlockwise rotation. As expected from the respective
definition of low and high shear,ϕB changes only slightly
across the low shear boundary layer, whereas it rotates, on
average, by about90◦ across the high shear boundary layer.
About 70% of the change inϕB occurs from the bins sheath-
ward of the magnetopause to the first bin in the OBL. The
remaining rotation is accomplished within the OBL.

The third panel of Fig. 2 shows clearly that the interface
between the OBL and the IBL is the location where most of
the density decrease from the magnetosheath level of about
20 cm−3 to the magnetospheric level of about2 cm−3 takes
place. Paschmann et al. (1993) and Phan et al. (1994) showed
that for low shear, a plasma depletion layer evolves in the
magnetosheath adjacent to the magnetopause. In the plasma
depletion layer the magnetic field piles up and the plasma
is squeezed out. Since ions with high field-aligned velocities
leave the plasma depletion layer earlier than ions with low
field-aligned velocities, the solar wind ions in the plasma
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Fig. 3. Superposed epoch analysis of
and the partial density,N2p, of pro-
tons above 8 keV, and the partial den-
sity, N2e, of electrons above 1.8 keV,
the proton temperature,Tp, the electron
temperature,Te, the proton tempera-
ture anisotropy,Tp‖/Tp⊥, and the elec-
tron temperature anisotropy,Te‖/Te⊥,
across the outer boundary layer. The
format is the same as in Fig. 2.

depletion layer exhibit a strong perpendicular temperature
anisotropy. For our events, the average density in front of the
low shear magnetopause is not lower than in front of the high
shear magnetopause. However, the first panel of Fig. 2 shows
that the magnetic pressure,PB, in front of the low shear mag-
netopause is higher by more than a factor of 2 due to its pile
up in the plasma depletion layer. Moreover, the proton tem-
perature anisotropies displayed in the fifth panel of Fig. 3 are
clearly different for low and high shear. AlthoughTp‖/Tp⊥
is about 0.7 in front of the high shear magnetopause it is less
than 0.5 in front of the low shear magnetopause. In the OBL,
Tp‖/Tp⊥ is about 0.8 both for high and low shear.

The upper two panels of Fig. 3 give the partial density,
N2p, of protons above 8 keV, which is dominated by ring
current ions, and the partial density,N2e, of electrons above
1.8 keV, which is dominated by ring current electrons. Con-
firming the case studies of Paper I, we find thatN2e drops
from the IBL to the OBL. A further reduction ofN2e is ob-

served from the OBL to the magnetosheath. For low shear
this reduction is much more pronounced than for high shear.
This might indicate that for high shear the plasmas on both
sides of the magnetopause mix faster.N2p also decreases
both from the IBL to the OBL and from the OBL to the mag-
netosheath.

The last two panels of Fig. 2 display the componentsVpL

andVpM of the proton bulk velocity. The sign ofVpL is re-
versed for crossings at southern latitudes so thatVpL > 0 cor-
responds to a poleward flow away from the equatorial plane.
The sign ofVpM is reversed for crossings duskward of local
noon so thatVpM > 0 corresponds to a tailward flow to-
ward the flanks. The plasma flow in the magnetosheath and
boundary layer is directed poleward and toward the flanks.
The magnitudes ofVpL andVpM are roughly the same in the
magnetosheath and in the OBL, but they drop clearly at the
interface between the OBL and the IBL. Looking at the error
bars, we find that for most of the bins in the inner boundary
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Fig. 4. Superposed epoch analysis of
the magnetic pressure,PB , the mag-
netic field rotation angle,ϕB , the to-
tal plasma density,N , and the compo-
nentsVpL, VpM of the proton bulk ve-
locity across the outer boundary layer.
The sign ofVpL is reversed for cross-
ings at southern latitudes and the sign of
VpM is reversed for crossings duskward
of local noon. The left panels display
data from 11 crossings that show rea-
sonable agreement with the Walén rela-
tion, and the right panels display data
from 11 crossings without agreement.
Normalized timêt = 0 corresponds to
the magnetopause and normalized time
t̂ = 1 corresponds to the interface be-
tween the OBL and the IBL. Vertical er-
ror bars indicate the standard deviation
of the average of each parameter.

layer VpL andVpM are not significantly different from zero.
The proton and electron temperatures displayed in Fig. 3

exhibit a slight increase at the magnetopause and a strong
increase from the OBL to the IBL. On average, the ther-
mal energy,KTp (KTe), of the protons (electrons) is about
500 eV (60 eV) in the OBL and about 1.5 keV (100 eV) in the
IBL. In the last panel of Fig. 3, we can see that the electrons
show a perpendicular temperature anisotropy in the magne-
tosheath, while in both parts of the boundary layer field-
aligned anisotropies,Te‖/Te⊥ ≈ 1.2, are observed.

5.2 Waĺen events versus non-Walén events

Now we use the same data intervals as in Sect. 5.1 and plot
the averages of all Walén events against the averages of all
non-Waĺen events in Figs. 4 to 6. The magnetic pressure,
PB , decreases from the IBL to the OBL. Whereas it is about
constant across the magnetopause for the Walén events, it
changes by a factor of 2 across the magnetopause for the
non-Waĺen events. This reflects the finding of Paschmann
et al. (1986) and Phan et al. (1996) that for low plasmaβ
in the magnetosheath agreement with the Walén relation is
more frequently observed than for highβ. Hereβ is the ratio
P/PB of the plasma pressure,P = NpKTp + NeKTe, and

magnetic pressure. Since the average ofP is about the same
for the Waĺen and non-Walén events, the different averages
of PB correspond to different averages ofβ. The plasmaβ in
the magnetosheath adjacent to the magnetopause is on aver-
age 0.9 for the Walén events and 2 for the non-Walén events.

The north-south component,VpL, of the proton bulk ve-
locity is approximately 50 km/s in the magnetosheath and
OBL, and the dawn-dusk component,VpM , is approximately
100 km/s. The averages of both velocity components drop at
the interface between OBL and IBL. This drop is more pro-
nounced for the non-Walén events. This indicates that the
flow in the IBL is not coupled to the flow in the magne-
tosheath and OBL, irrespective of whether or not agreement
with the Waĺen relation is fulfilled. The superposed epoch
traces ofN , N2p, N2e, Tp, Te, Tp‖/Tp⊥, andTe‖/Te⊥ do not
show any remarkable differences between Walén and non-
Walén events.

The upper two diagrams of Fig. 6 serve to illustrate the
degree of agreement between the Walén relation (1) and the
plasma moments measured in the vicinity of the magne-
topause. The parameters plotted are the ratio,V ′

p‖/cA, of the
field-aligned component of the proton bulk velocity in the de
Hoffmann-Teller frame and the Alfv́en speed, and the angle,
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Fig. 5. Superposed epoch analysis of
the partial density,N2p, of protons
above 8 keV, the partial density,N2e, of
electrons above 1.8 keV, the proton tem-
perature,Tp, the electron temperature,
Te, the proton temperature anisotropy,
Tp‖/Tp⊥, and the electron temperature
anisotropy,Te‖/Te⊥, across the outer
boundary layer. The format is the same
as in Fig. 4.

θV′B , between the proton bulk velocity in the de Hoffmann-
Teller frame and the magnetic field direction. Since these pa-
rameters are only useful if a well-defined de Hoffmann-Teller
frame exists and if the sign ofBn is known, they are not plot-
ted for the non-Waĺen events. For magnetopause crossings
for which the test of the Walén relation indicatesBn > 0, the
sign ofV ′

p‖ is reversed andθV′B is replaced by180◦ − θV′B.
Thus,V ′

p‖/cA should, according to the theory of a rotational
discontinuity be equal to+1, andθV′B should be equal to0◦

on open field lines in the vicinity of the magnetopause.

The average ofθV′B for all Walén events is less than30◦

in the normalized time interval−1 < t̂ < 0 and approxi-
mately30◦ for the first five bins in the OBL. This shows that
the plasma flow in the de Hoffmann-Teller frame is indeed
predominantly field-aligned. In view of the fact that a one-
dimensional time stationary rotational discontinuity can only
be a crude model of the real magnetopause, it is not surpris-
ing that the average anglesθV′B are not closer to0◦. In the

IBL, the plasma flow in the de Hoffmann-Teller frame is, on
average, nearly perpendicular toB, which indicates that the
IBL is either on closed field lines or on newly opened field
lines.

The ratioV ′
p‖/cA is between 0.6 and 1 in the normalized

time interval−1 < t̂ < 0 and approximately 0.4 for the first
five bins in the OBL. The deviation from the theoretical value
V ′

p‖/cA = 1 reflects the finding of Paper I that the slopeΛ in
Eq. (2) is, in general, less than 1. In the IBL, the average of
V ′

p‖/cA falls below 0.1.

While the superposed epoch traces ofV ′
p‖/cA and θV′B

measure the quality of the fit to Eq. (1), the last panel of
Fig. 6 presents a result that is independent of the test of the
Walén relation, vis-a-vis, a superposed epoch analysis of the
proton heat flux,Hp‖, parallel toB. For Waĺen events with
Bn > 0, the sign ofHp‖ is reversed before the superposition.
Thus,Hp‖ < 0 indicates heat flux that is opposed to the pro-
ton bulk velocity in the de Hoffmann-Teller frame and there-
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Fig. 6.Superposed epoch analysis of the ratio,V ′
p‖/cA, of the field-

aligned component of the proton bulk velocity in the de Hoffmann-
Teller frame and the Alfv́en speed, the angle,ϑV′B , between the
proton bulk velocity in the de Hoffmann-Teller frame and the mag-
netic field direction, and the proton heat flux,Hp‖, parallel toB
across the outer boundary layer. For magnetopause crossings for
which the test of the Walén relation indicatesBn > 0, the sign of
V ′

p‖ andHp‖ is reversed. Thus,ϑV′B is replaced by180◦ − ϑV′B

in this case. The format is the same as in Fig. 4.

fore directed outward along open field lines. The superposed
epoch average ofHp‖ reveals that there is indeed an outward
directed proton heat flux of the order of0.05 mW/m2 in the
magnetosheath and OBL. Ion distribution functions associ-
ated with heat flux have been examined in Paper I.

We do not plot the routinely computed electron heat flux,
since it is often strongly affected by an instrumental defect
(see Appendix 1 of Paschmann et al., 1986). Therefore, the
electron heat flux can best be studied by direct inspection of
the distribution functions (Paper I).

5.3 Dawnside versus duskside

Figures 7 and 8 compare crossings on the morning side
(08:00–12:00 LT) with magnetopause crossings on the
evening side (12:00–16:00 LT). Whereas the superposed
epoch traces of the dawnside crossings are displayed in the
left panels of Fig. 7 and 8, the right panels display the dusk-
side crossings. Since in this section we focus on the IBL and
on the interface between the IBL and magnetosphere proper,
we now plot the parameters as function of a normalized time,

t̆, which is defined such that̆t = 0 corresponds to the inter-
face between OBL and IBL and̆t = 1 corresponds to the in-
ner edge of the boundary layer. With this choice of the time
axis the magnetopause corresponds for each event to a differ-
ent positiont̆ < 0 and changes of the parameters occurring
at the magnetopause are washed out. The averaging is per-
formed in the same manner as in Sect. 5.1, and the data are
plotted for−1 < t̆ < 2.

For the diagrams ofVpL, andVpM in Fig. 4, the sign of
VpL is again reversed for crossings at southern latitudes, and
the sign ofVpM is again reversed for crossings duskward
of local noon, i.e. for the crossings plotted in the right pan-
els of Fig. 4. In the magnetosphere proper, the average of
the north-south component,VpL, is not significantly differ-
ent from zero, and it is also not significantly different from
zero in the IBL on the duskside.VpL is directed poleward
away from the equatorial plane in the IBL on the dawnside.
The dawn-dusk component,VpM , exhibits a strong change
at the interface between the OBL and the IBL on the dusk-
side. While the flow in the OBL and magnetosheath is di-
rected toward the (dusk) flank, the plasma flow in the IBL
and magnetosphere is directed sunward toward the subsolar
point. However, on the dawnside, the componentVpM of the
plasma flow is directed toward the (dawn) flank in all four
plasma regions. We do not know the reason for this dawn-
dusk asymmetry ofVpM . Possibly, the evening side bulge of
the plasmasphere plays a role.

The first panel of Fig. 7 shows again that the interface be-
tween the OBL and the IBL is the location where most of the
density decrease from the magnetosheath level to the mag-
netospheric level of about1 cm−3 takes place. At the inner
edge of the boundary layer,N changes by a factor of 2 on
the dawnside and there is no significant change on the dusk-
side. The last two panels of Fig. 7 show again the drop inN2p

andN2e from the IBL to the OBL. There is also a reduction
of N2e from the magnetosphere proper to the IBL. On the
dawnside,N2e is almost one order of magnitude higher than
on the duskside, and the reduction from the magnetosphere
to the IBL is more pronounced.

The average proton temperature displayed in Fig. 5 in-
creases at the interface between the OBL and the IBL and
again at the inner edge of the boundary layer both for the
dawnside and duskside crossings. The thermal energy of
electrons,KTe, on the dawnside increases continuously from
about 60 eV sheathward of the IBL to 300 eV in the mag-
netosphere proper. On the duskside, the average electron
temperature in the IBL is comparable to its value on the
dawnside. However, the electron temperature in the magne-
tosphere proper on the duskside is considerably less than on
the dawnside. We will return to this dawn-dusk asymmetry
of Te shortly.

The proton temperature anisotropy,Tp‖/Tp⊥, does not
vary significantly in the plotted interval−1 < t̆ < 2. The
electron temperature is roughly isotropic in the magneto-
sphere, while it exhibits a strong field-aligned anisotropy,
Te‖/Te⊥ ≈ 1.2 in the boundary layer.



T. M. Bauer et al.: Low latitude boundary layer 1075

Fig. 7. Superposed epoch analysis of
the componentsVpL, VpM of the proton
bulk velocity the total plasma density,
N , the partial density,N2p, of protons
above 8 keV, and the partial density,
N2e, of electrons above 1.8 keV across
the inner boundary layer. The sign of
VpL is reversed for crossings at south-
ern latitudes and the sign ofVpM is re-
versed for crossings duskward of local
noon. The left panels display data from
13 crossings dawnward of local noon
and the right panels display data from 9
crossings duskward of local noon. Nor-
malized timet̆ = 0 corresponds to the
interface between the OBL and the IBL
and normalized timĕt = 1 corresponds
to the inner edge of the boundary layer.
Vertical error bars indicate the standard
deviation of the average of each param-
eter.

Densities at the full time resolution of one IRM spin pe-
riod are available in 3 energy bands;N0p, N1p, N2p are
the partial densities of protons in the energy bands 20 eV–
400 eV, 400 eV–8 keV, and 8 keV–40 keV, respectively.N0e,
N1e, N2e are the partial densities of electrons in the energy
bands 15 eV–60 eV, 60 eV–1.8 keV, and 1.8 keV–30 keV, re-
spectively, whileN2p andN2e are plotted in Fig. 4. In the
last two panels of Fig. 8,N0p/Np and N0e/Ne are given,
i.e. the fraction of protons below 400 eV and the fraction of
electrons below 60 eV, respectively.N0p/Np is roughly con-
stant in the interval plotted. Note, however, that the particles
contributing toN0p belong to different populations. While in
the magnetosheath and the OBL,N0p is dominated by the
low energy portion of the solar wind population, it measures
predominantly cold ionospheric ions in the magnetosphere.
where1−N0p/Np andN0p/Np can be considered as rough
estimates of the respective contributions of hot ring current
ions and cold ionospheric ions to the total density. We obtain
the result that there are about as many ring current ions as
cold ions both in the dawnside and duskside magnetosphere.
Note, however, that there may be a large number of cold ions
that are not detected if their energy is below 20 eV.

In the sixth panel of Fig. 8, we recognize an increase in

N0e/Ne at the interface between the IBL and the magneto-
sphere proper. This increase reflects a strong decrease inN1e

and is more pronounced on the duskside. The reason for the
decrease inN1e is the disappearance of solar wind electrons
at the inner edge of the boundary layer. Siminar for ions,
the respective contributions of hot ring current electrons and
cold ionospheric electrons to the total density in the magne-
tosphere can be estimated with1−N0e/Ne andN0e/Ne. We
find that∼ 40% of the electrons on the dawnside and∼20%
of the electrons on the duskside are ring current electrons.
Since the IRM plasma instrument does not detect electrons
below 15 eV, the actual percentage of ring current electrons
is likely to be lower. The low percentage of ring current elec-
trons on the duskside explains why the thermal energy,KTe,
of electrons measured in the magnetosphere is only 80 eV.
The higher number of ring current electrons on the dawn-
side may be explained with the drift paths of energetic par-
ticles in the magnetosphere: when electrons (ions) energized
in the magnetotail are convected sunward, they are deflected
to the dawnside (duskside) due to curvature drift and gradi-
entB drift. A dawn-dusk asymmetry in the reverse sense for
ring current ions has indeed been observed by Fujimoto et al.
(1998b). Our traces ofN2p do plotted, however, not exhibit
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Fig. 8. Superposed epoch analysis of
the proton temperature,Tp, the electron
temperature,Te, the proton temperature
anisotropy,Tp‖/Tp⊥, the electron tem-
perature anisotropy,Te‖/Te⊥, the frac-
tion,N0p/Np, of protons below 400 eV,
and the fraction,N0e/Ne, of electrons
below 60 eV across the inner bound-
ary layer. The format is the same as in
Fig. 7.

a dawn-dusk asymmetry for the ions.

6 Average wave spectra and estimated diffusion

In the present section, we evaluate average spectra of elec-
tric and magnetic fluctuations in the vicinity of the magne-
topause. The electric power spectral density is directly mea-
sured by the IRM wave experiment in 16 frequency channel,
and the magnetic power spectra are obtained by Fourier anal-
ysis of the high resolution magnetometer data.

6.1 Electric fluctuations

For each of the 16 frequency channels, the ELF/VLF spec-
trum analyzer provides mean values,SE , and peak values,
ŜE , of the electric power spectral density with a time reso-
lution of 1 s. In Fig. 9,SE and ŜE are binned with respect
to the boundary layer and averaged over the magnetopause

crossings of the statistical data set. Each diagram of Fig. 9
corresponds to one bin. The first diagram (Sheath) includes
all spectra obtained in a time interval that starts∆tOBL

sheathward of the magnetopause and ends0.5∆tOBL sheath-
ward of the magnetopause. The second diagram (Sheath/MP)
includes all spectra obtained in a time interval that starts
0.5∆tOBL sheathward of the magnetopause and ends at
the magnetopause. The next four diagrams (OBL/MP, OBL,
IBL, IBL/IE) include all spectra obtained in the sheathward
half of the OBL, in the earthward half of the OBL, in the
sheathward half of the IBL, and in the earthward half of the
IBL, respectively. In the last diagram, all spectra are included
that are obtained in the magnetosphere less than0.5∆tIBL

earthward of the interface between the IBL and the magne-
tosphere. The spectra plotted on the left side of Fig. 9 are
based on all crossings of the data set that have an OBL, and
the spectra plotted on the right side are based on all crossings
that have an IBL.
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Fig. 9.Spectra of electric fluctuations in
the vicinity of the boundary layer aver-
aged over the crossings of the data set.
Each diagram displays mean values,SE

(lower curve), and peak values,ŜE (up-
per curve), of the electric power spectral
density in a normalized time interval.
SE is averaged within the interval of
one event and then again averaged over
all events. For̂SE the maximum within
the interval is taken for each event and
then the maxima are averaged over all
events. On the left side, we see from
top to bottom average spectra in the
magnetosheath (−1 < t̂ < −0.5), in
the magnetosheath close to the magne-
topause (−0.5 < t̂ < 0), in the sheath-
ward half of the OBL (0 < t̂ < 0.5),
and in the earthward half of the OBL
(0.5 < t̂ < 1). On the right side, we
see from top to bottom average spec-
tra in the sheathward half of the IBL
(0 < t̆ < 0.5), in the earthward half
of the IBL (0.5 < t̆ < 1), and in the
magnetosphere (1 < t̆ < 1.5). Vertical
error bars indicate the standard devia-
tion of the average ofSE andŜE . The
dash-dotted line gives the noise level.
Crosses and diamonds with horizontal
error bars give the average and standard
deviation (±σ) of the electron gyrofre-
quency and electron plasma frequency,
respectively.

The mean values,SE , of one event are averaged within
one bin and then again averaged over all events. For the peak
values,ŜE , we take the maximum within one bin for each
event and then average the maxima over all events. In each
diagram of Fig. 9, the peak values are much higher than the
mean values, which indicates that the power of the fluctua-
tions is very variable.

Below the electron gyrofrequency,fge, all spectra of the
mean power,SE , in Fig. 9 follow a power law,SE ∝ f−ε,
with 2.1 < ε < 2.5. In the magnetosphere, electric fluctua-
tions in that frequency range are known to be due to whistler
mode chorus (Tsurutani and Smith, 1977) excited by trapped
ring current electrons. The power law spectrum belowfge

in the magnetosheath and boundary layer was reported by

Gurnett et al. (1979). They concluded that these electric fluc-
tuations are partly due to whistler waves and to electro-
static emissions that are referred to as broad-band electro-
static noise. The lower hybrid drift instability and the electro-
static ion cyclotron instability have been invoked as possible
sources of the broad-band electrostatic noise.

Figure 9 shows that the wave power below 800 Hz max-
imizes, on average, in the earthward half of the OBL and
sheathward half of the IBL. This finding can be highligned
in Figure 10 by plotting the superposed epoch traces of the
root-mean-square amplitudes,δE1 andδÊ1, of channels 1–6
(25–800 Hz).δE1 is computed by integrating channels 1–6,
after SE has been averaged within one bin for each event.
δÊ1 is computed by integrating channels 1–6, after the maxi-
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Fig. 10.Superposed epoch analysis of the root-mean-square ampli-
tudes of electric fluctuations in the range of 25–800 Hz,δE1 and
δÊ1, across the outer boundary layer.

mum ofŜE within one bin has been taken for each event.δE1

andδÊ1 are enhanced at the interface between the OBL and
the IBL, which is the location of the strongest density gradi-
ent (Figs. 2 and 4). The connection between the maximum of
δE1 and the strongest density gradient argues for the effect of
the transverse density gradient as required by the lower hy-
brid drift instability. On the other hand, Sazhin et al. (1991)
suggested that enhanced wave power at the location of the
strongest density gradient may be caused by reflection or the
trapping of whistler waves. Lower hybrid waves near the res-
onance cone propagate on the same branch as whistlers and
may transform into whistler waves and vice versa.

At about half the electron gyrofrequency, the average spec-
tra of the mean power,SE , in the magnetosphere and IBL
start to deviate from the power law observed at low frequen-
cies. Between the electron gyrofrequency,fge, and the elec-
tron plasma frequency,fpe, they are pretty flat, before they
are finally cut off abovefpe. The electric fluctuations mea-
sured abovefge are due to electrostatic electron cyclotron
emissions and upper hybrid waves (Anderson et al., 1982),
which are excited by trapped ring current electrons.

In the magnetosheath and OBL, the average spectra of
SE show a similar deviation from the power law nearfge

and a bump at the plasma frequency. The deviation nearfge

is probably also caused by electrostatic electron cyclotron
emissions. Moreover, electron acoustic waves may contribute
to the power in that frequency range (LaBelle et al., 1987).
The bump atfpe is due to Langmuir waves or upper hybrid
waves. Comparing the observed power atfpe with the ther-
mal fluctuation level (e.g. Baumjohann and Treumann, 1996)
of Langmuir waves in an unmagnetized Maxwellian electron
plasma with thermal energy,KTe ≈ 50 eV, which is typical
for the magnetosheath, we find that the mean power is com-
parable to that thermal level, whereas the peak power is 2
orders of magnitude higher and must be caused by a nonther-
mal source. Gurnett et al. (1979) reported that the emissions
at the plasma frequency occur in bursts, which explains the
large difference between̂SE andSE .

According to Thorne and Tsurutani (1991), the average
power spectra of electric and magnetic fluctuations measured
in the boundary layer close to the magnetopause on board the

ISEE satellites have been approximated by the expressions

SE =
(

f

1 Hz

)−2.8

· 30
mV2

m2Hz
(3)

SB =
(

f

1 Hz

)−3.9

· 10
nT2

Hz
(4)

for frequenciesf > 10 Hz. At 1 kHz, the average power ob-
served by IRM in the OBL and IBL is comparable to expres-
sion (3). However, since the spectral slope that we find for the
broad-band electrostatic noise (2.1 < ε < 2.5) is less than
the value of 2.8 given by Thorne and Tsurutani (1991), our
average spectra are almost one order of magnitude lower at
30 Hz. This difference is presently not understood, since the
instruments on ISEE and IRM are similar and differ only in
antenna length. Expression (4) can be compared with power
spectra of the high resolution magnetometer data (next sub-
section). These are available up to the Nyquist frequency of
16 Hz. We find that the magnetic power obtained at about
10 Hz is consistent with expression (4).

6.2 Magnetic fluctuations

Magnetic field readings of AMPTE-IRM are usually taken
with a sampling rate of 32 Hz. For the spectral analysis, we
multiply the time series of the components ofB with a 4 min
wide Hanning window. Since the Hanning window tapers at
its edges, we overlap subsequent windows and compute the
power spectra every 2 min. Thereby, the field vectors are de-
composed into (1) a component along the average magnetic
field, 〈B〉, of the respective 2 min interval, (2) a component
along(n×〈B〉)×〈B〉, and (3) a component alongn×〈B〉,
wheren is the magnetopause normal taken from the model
of Fairfield (1971). Thus, we obtain spectra of compressional
fluctuations,SB‖ , transverse fluctuations normal to the mag-
netopause,SBn⊥ , and transverse fluctuations tangential to
the magnetopause,SBt⊥ . Prior to Fourier transformation, the
linear trend of the magnetic field components is removed. As
described by Bauer et al. (1995), the spacecraft noise at the
spin harmonics is finally eliminated.

In Figure 11, the computed power spectra are binned with
respect to the boundary layer and averaged over the magne-
topause crossings of the statistical data set. The averaging is
done in the same way as for the mean powerSE in the last
subsection. The bin into which a given spectrum is sorted is
determined by the center time of the corresponding 2 min in-
terval. A spectrum is sorted out if IRM does not stay in the
same region during the 2 min interval.

For frequenciesf < 0.5fgp, the average spectra in the
magnetosheath follow power laws,S ∝ f−ε, with spectral
slopes1.2 < ε < 1.6 considerably flatter than the elec-
tric spectra discussed in the previous section. The average
spectra of magnetic fluctuations normal to the magnetopause,
SBn⊥ , are flatter thanSB‖ andSBt⊥ . Above the proton gy-
rofrequency the average spectra in the magnetosheath be-
come distinctly steeper thanf−2. The change in the slope
atf ≈ 0.5fgp may be due to the presence of electromagnetic
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Table 2. Diffusion coefficients for solar wind particles in the OBL
and IBL. The upper four rows give averages for the magnetic field
magnitude,B, the density,N , and the field-aligned and perpen-
dicular thermal energies,KTs‖ andKTs⊥, of solar wind protons
(s = p) and electrons (s = e). These quantities are combined with
typical amplitudes of electric and magnetic fluctuations in order to
estimate proton and electron diffusion coefficients caused by lower
hybrid drift instability (DLH), gyroresonant pitch-angle scattering
due to electrostatic (Ds,ES) and electromagnetic (Ds,EM) waves,
and by kinetic Alfv́en wave turbulence (Ds,KA). The relevant wave
amplitudes are given one row above the respective diffusion coeffi-
cients

OBL IBL

s = p s = e s = p s = e

B in nT 30 50

N in cm−3 10 1

KTs‖ in eV 500 60 500 90

KTs⊥ in eV 500 60 500 60

δELH in mV/m 2 1.5

DLH in m2/s 107 106

δEES in mV/m 5 5 · 10−3 3 3 · 10−3

Ds,ES in m2/s 1010 101 109 3 · 10−1

δBEM in nT 4 0.1 · 10−3 2 0.04 · 10−3

Ds,EM in m2/s 3 · 108 3 · 10−2 3 · 107 10−3

δBn,KA in nT 8 1.5

Ds,KA in m2/s 108 107 102 3 · 106

ion cyclotron waves, which were reported by, for example,
Anderson et al. (1991). Electromagnetic ion cyclotron emis-
sions can also be seen in the magnetosphere (e.g. Treumann
et al., 1995), but do not show up in the average spectra of
Fig. 11. The dominance of the compressional component at
the lowest frequencies in the magnetosheath is due to mir-
ror waves and the low-frequency part of magnetosonic waves
(e.g. Denton et al., 1995).

Progressing from the magnetosheath to the magneto-
sphere, we recognize that the power below 0.3 Hz in the three
components ofB stays about constant until the outer half of
the OBL and then decreases continuously. It is reasonable to
assume that magnetic fluctuations below 0.3 Hz in the bound-
ary layer are driven by the observed turbulence in the magne-
tosheath. These waves may, therefore, penetrate the bound-
ary layer up to about half the thickness of the OBL, where
they are either absorbed or transformed into other waves. For
frequencies above 1 Hz, however, the magnetic power max-
imizes at the magnetopause. This is consistent with ISEE
measurements (e.g. Thorne and Tsurutani, 1991).

The maximum of the magnetic fluctuation at this place

may have a number of causes. Either the magnetopause is
capable of locally generating magnetic fluctuations in the
frequency range off > 1 Hz or the increase in the higher
frequency wave power results from wave transformation. In
this respect, it is interesting to note that a number of such
transformation mechanisms have been discussed in the past
referring to impinging sheath wave resonance in the magne-
topause boundary layer (e.g. Southwood, 1974; Belmont et
al., 1995; Zhu and Kivelson, 1988, 1989) and have been sum-
marized in Rezeau and Belmont (2001). Very recently, how-
ever, Belmont and Rezeau (2001) have shown that it is prob-
able that the transformation of sheath waves hitting the mag-
netopause is of a non-resonant nature and can be amplified
over a broad range of wavelengths corresponding to a broad
range of frequencies. This is due to the fact that those waves
experience the density gradient in the magnetopause with the
Hall and finite Larmor radius effects playing a fundamental
role in the transformation process. Interestingly, Belmont and
Rezeau (2001) find that the amplified waves which accumu-
late in the transition region have shorter wavelengths. This
would explain the increase in frequency coinciding with the
decrease in the low frequency wave power observed here.
Belmont and Rezeau (2001) reach, however, unrealistically
high amplitudes. This effect is attributed by them to their ne-
glect of finite Larmor radius effects. Indeed, inclusion of such
effects introduces a kind of damping of the waves by detun-
ing and dissipation. Johnson and Cheng (1997) have investi-
gated the interaction of sheath waves with the magnetopause,
including finite Larmor radius corrections.

6.3 Estimates of diffusion coefficients

Deconvolving the time series with the measured proton
bulk velocity, Vpn, normal to the magnetopause, Phan and
Paschmann (1996) performed a statistical survey of the
thickness of the dayside low-latitude boundary layer. They
inferred an average thickness (geometric average) of∼
1000 km, both for high and low magnetic shear. The inner
edge of the boundary layer was defined as the point where
the total (proton) density,Np, drops below 5% of its mag-
netosheath value. Since the sharpest drop of the density is
observed at the interface between the OBL and the IBL, the
thickness derived by Phan and Paschmann (1996) might be
taken as the thickness of the OBL rather than the thickness
of the entire boundary layer. Combining this result with our
finding that the average durations of the OBL and IBL are
comparable (Sect. 3), we may conclude that both sublayers
are on average roughly, 1000 km thick.

We have presented evidence that the IBL us large-scale on
closed field lines. Thus, the question arises whether the solar
wind particles observed in the IBL enter by means of cross-
field diffusion from the OBL. Diffusion in the boundary layer
is an ongoing subject of controversy, for more recent reviews
of some viewpoints see, (e.g. Treumann and Skopke, 1999).
The problem has not been settled yet and depends heavily on
the view of (1) how diffusive processes are defined, and (2)
how they can be observed. Diffusion makes sense only in an
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Fig. 11. Spectra of magnetic fluctua-
tions in the vicinity of the boundary
layer averaged over the crossings of the
data set. Each diagram displays power
spectra of compressional fluctuations,
SB‖ (solid line), transverse fluctuations
normal to the magnetopause,SBn⊥

(dotted line), and transverse fluctua-
tions tangential to the magnetopause,
SBt⊥ (dashed line), in a normalized
time interval. The spectra are averaged
within the interval of one event and then
again averaged over all events. On the
left side, we see from top to bottom
spectra in the magnetosheath (−1 <
t̂ < −0.5), in the magnetosheath close
to the magnetopause (−0.5 < t̂ < 0),
in the sheathward half of the OBL (0 <
t̂ < 0.5), and in the earthward half of
the OBL (0.5 < t̂ < 1). On the right
side, we see from top to bottom spec-
tra in the sheathward half of the IBL
(0 < t̆ < 0.5), in the earthward half
of the IBL (0.5 < t̆ < 1), and in the
magnetosphere (1 < t̆ < 1.5). Verti-
cal error bars indicate the standard de-
viation of the average ofSB‖ , SBn⊥ ,
and SBt⊥ . The dash-dotted line gives
the noise level. Crosses with horizontal
error bars give the average and standard
deviation (±σ) of the proton gyrofre-
quency.

inhomogeneous plasma. It will thus be confined to regions of
gradients in any of the plasma and field quantities (density,
pressure, flow, and magnetic field). Moreover, one can take
the microscopic or the macroscopic viewpoint. Microscopi-
cally, one needs to specify the very mechanism of local parti-
cle (or field) scattering, while macroscopically, one assumes
given transport coefficients and considers large-scale turbu-
lent transport. Both views have been taken in the literature
with more or less diverging results. Clearly, the microscopic
approach is the more consistent one; it has, however, in many
cases to be combined with the macro-viewpoint in order to do
justice to reality. On the other hand, the microscopic view re-
quires precise knowledge of the relevant micro-instabilities,
which in most cases, is not available. Micro-instabilities are

usually treated only in velocity space. When accounting for
the inclusion of configuration space inhomogeneities, vari-
ous effects like particle drift, finite Larmor radius effects and
wave transformation have to be taken into account. This can
have a strong influence on the evolution of the microinstabil-
ities and thus modify their importance. Recently, Rezeau and
Belmont (2001) and Belmont and Rezeau (2001) have dis-
cussed the effect of inhomogeneities on the evolution of low
frequency waves when interacting with the magnetopause
and have shown that non-locally generated waves convecting
in from the magnetosheath can have strong effects on trans-
port in the magnetopause layer. We will briefly come to this
point below. Here, at the expense of a discussion of the lat-
ter, we take for the moment the micro-viewpoint. We use the
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available spectral information about the plasma turbulence in
order to estimate the micro-diffusion coefficient. Interpreting
the spectra in terms of the well developed nonlinear state of
some micro-instabilities, one estimates the diffusivities. We
will then briefly discuss the relevance of this approach.

Let us first focus on the differences between diffusion in
the outer and inner boundary layer. If the OBL is formed by
inward diffusion, then its thickness,hOBL, at a certain loca-
tion is given by the diffusion coefficient,DOBL, and the time
τOBL that has passed since the flux tubes first came into con-
tact with the magnetopauseyieldshOBL ∼ (DOBLτOBL)1/2.
At the dayside magnetopause the contact timeτOBL is of the
order of 10 min, corresponding to a distance of15 RE trav-
eled at a flow speed of 150 km/s which is typical for the OBL.
Combining this with a typical thickness,hOBL ∼ 1000 km,
of the OBL, one arrives at the often quoted result (Skopke et
al., 1981) thatDOBL ∼ 109m2/s is needed to populate the
OBL by means of cross-field diffusion. For the diffusion of
solar wind particles from the OBL into the IBL, the timeτIBL

that has passed since the flux tube in the IBL first came into
contact with the interface between the sublayers is relevant.
Since the flow in the IBL is distinctly slower than in the OBL
and often directed sunward rather than tailward,τIBL may be
considerably longer thanτOBL.

Table 2 lists the estimates for the diffusivities in the OBL
and IBL caused by the lower hybrid drift instability, gyrores-
onant pitch angle scattering, and kinetic Alfvén wave turbu-
lence, respectively. The lower hybrid drift instability may be
driven by the cross-field (density and temperature gradient-
drift, shear flow) current in the magnetopause (Treumann et
al., 1992a, 1995; Winske et al., 1995; Winske and Omidi,
1995). The quasilinear anomalous resistivity associated with
this instability should lead to ambipolar diffusion with a com-
mon diffusion coefficient for protons and electrons given by

DLH ≈ 0.6r2
geωLH

mpω
2
pe

meω2
ge
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)
ε0δE

2

2NKTp⊥
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whereωps and ωgs are the plasma frequency and gyrofre-
quency of speciess (s = p for protons,s = e for elec-
trons). The thermal speed and gyroradius of speciess are
defined asvTs = (KTs/ms)1/2 andrgs = vTs/ωgs. ωLH

is the lower hybrid frequency andδE is the electric field am-
plitude of the waves. For the estimate ofDLH in Table 2,
we assume that the lower hybrid drift instability is respon-
sible for the electric power observed in the frequency range
0.1–10fLH and computeδE by integrating Eq. (3) over that
frequency range. Since the anomalous resistivity associated
with other cross-field current-driven instabilities are much
less than the lower hybrid drift resistivity (Winske et al.,
1995; Treumann et al., 1992a, 1995), diffusion coefficients
based on those instabilities are considerably lower than the
one given in Eq. (5). The philosophy of such an approach to
anomalous diffusion has been widely discussed in the liter-
ature, starting from an investigation of the neo-classical ba-
nana regime which was fashionable in the 1960s. The idea
is that current or gradient driven electrostatic waves scatter
the particles by their electric wave fields, similar to particle

collisions. The wave spectrum is generated by non-linear cas-
cading into sidebands. This process cannot be resolved in a
simple way by measurements, such as the ones we are basing
our discussion on. Therefore, we are forced to restrict the ap-
plication to taking the wave spectrum for granted as the final
result of the cascading process (e.g. Sagdeev, 1979). Non-
linear evolution of the diffusivity is a complicated process.
It has been phenomenologically treated in work on plasma
turbulence (Sagdeev, 1979) and on Lévy flights (Treumann,
1997). In the nonlinear regime, the diffusivity becomes time-
dependent. The latter reference has demonstrated that it is
usually less than any quasilinear estimate which identifies
the estimates given in Table 2 as upper limits. In any case,
they are only crude estimates in light of the assumptions, ap-
proximations and neglects discussed below.

When abandoning microscopic anomalous collisions, one
may assume that pitch-angle scattering causes increases in
the gyroradii until the particles move to a new magnetic flux
tube. This approach is equivalent to postulating that the colli-
sion frequency of the particles equals the coefficient of pitch
angle diffusion by gyroresonant waves. Thorne and Tsurutani
(1991) derive the expressions for the spatial proton (s = p)
and electron (s = e) diffusion coefficients

Ds,ES ∼ r2
gsωgs

(
δE

vTsB

)2

(6)

Ds,EM ∼ r2
gsωgs

(
δB

B

)2

(7)

in this case associated with pitch angle scattering (PAS) by
electrostatic (ES) and electromagnetic (EM) waves, respec-
tively. In Table 2, we estimateδE and δB by integrating
Eqs. (3) and (4) from0.9fgs to 1.1fgs. As for a general criti-
cism of this method, we note that this kind of gyro-resonance
affects only resonant particles which occupy only a narrow
range of the particle phase space (essentially of measure
zero). Therefore, the main application of this kind of diffu-
sion is to scatter sufficiently energetic particles in a plasma,
such as cosmic rays crossing the interplanetary space. Non-
resonant and, in particular, low-energy particles, such as the
solar wind-magnetosheath plasma, remain immune against
pitch-angle scattering.

Kinetic Alfv én waves in the boundary layer may be gen-
erated due to the coupling of the turbulence in the magne-
tosheath (Lee et al., 1994). Resonant amplification (Belmont
et al., 1995) of magnetosheath waves at the magnetopause
gradient may also be a cause of such waves appearing in
the magnetopause, though it has recently been argued (Bel-
mont and Rezeau, 2001) that the resonant amplification plays
a considerably minor role here. These waves will certainly
evolve nonlinearly by various processes, even forming soli-
tary structures (Rezeau et al., 1993) and causing field-line
resonances (Lotko and Sonnerup, 1995; Streltsov and Lotko,
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1996). They will lead to anomalous diffusion as well (Lotko
and Sonnerup, 1995). The associated diffusion coefficient

Ds,KA ≈ 0.6c2
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depends on the amplitudeδBn of magnetic fluctuations nor-
mal to the magnetopause and on the componentsk⊥ andk‖
of the wave vectork perpendicular and parallel toB. For our
estimate ofDs,KA in Table 2, we assumek⊥rgp = 0.5 and
λ‖ = 2π/k‖ = 5 RE . The amplitudeδBn is computed by in-
tegrating the average powerSBn⊥ of Fig. 11 from0.5cA/λ‖

to 2cA/λ‖. The estimate ofDs,KA is thus based on the as-
sumption that the full powerSBn⊥ observed in that frequency
range is due to kinetic Alfv́en waves.

Table 2 suggests that cross-field diffusion by lower hybrid
waves cannot explain the formation of the boundary layer.
The value found forDp,ES in the OBL is one order of mag-
nitude higher than required for the transport of solar wind
protons into that sublayer, but pitch angle scattering by gy-
roresonant waves cannot explain the presence of solar wind
electrons in the boundary layer. Note that an ambipolar elec-
tric field generated by the fast ion diffusion will enhanceDe

only by a factor of1 + Tp⊥/Te⊥ which is of importance
only in extremely low electron temperature plasmas. In the
magnetosheath-magnetopause region, this factor is only of
the order of∼8. Hence, the electrons will hold the ions back,
even when the latter would diffuse fast enough. Their motion,
nevertheless, requires breaking the frozen-in condition. This
must be achieved by instability involving the electrons, i.e.
in order to neutralize the plasma electrons, field-aligned cur-
rents are formed which generate anomalous resistance and
scatter the electrons into the direction of the ion flow. More-
over, the ions behave non-magnetized over the distance of
their gyroradii, which leads to the excitation of lower-hybrid
waves. Both mechanisms lead back to the above discussed
current driven instabilities and thus cannot be faster than
those.

In the IBL, DLH, Ds,ES, andDs,EM are all about one or-
der of magnitude lower than in the OBL. SinceDp,KA is very
sensitive to the ratiocA/vTs‖, its value in the IBL is 6 orders
of magnitude lower than in the OBL, whereas the values of
De,KA in the IBL and OBL are not very different. Among the
diffusion coefficients considered,De,KA is the best candidate
for explaining the entry of warm electrons from the magne-
tosheath onto closed field lines in the IBL. However, with
DIBL ∼ De,KA ∼ 3 · 106m2/s, a contact timeτIBL, of the
order of 100 hours is needed to form an IBL of the thickness
δIBL ∼ 1000 km, which is too long, even in view of the stag-
nant flow observed in the IBL. In summary, apparently none
of the diffusion mechanisms considered can explain the pres-
ence of both solar wind protons and electrons in the OBL or
IBL. This rules out purely anomalous diffusion based solely
on velocity space instabilities.

We note that Treumann et al. (1992b) directly determined
diffusion coefficients from the density profiles in the bound-
ary layer and found that the diffusivities were low and

roughly in agreement with microscopic theory. The appar-
ent contradiction to numerical simulations presented, for in-
stant, by Winske and Omidi (1995) and Winske et al. (1995)
were resolved when applying the same methods to the sim-
ulation profiles. The diffusion coefficients there were consis-
tent with microscopic theory as well, while the diffusivities
determined from the first arrival of particles at a certain po-
sition were much higher, at approximately the order of the
diffusivity needed for the explanation of the boundary layer
by diffusion. However, the arrival of the first scattered parti-
cles at some position is not significant for a diffusive process,
for diffusion is an average statistical process and applies to
the bulk distribution and not to a small, insignificant number
of single scattered particles, as has been argued in Treumann
et al. (1992b).

Diffusion in this section has been treated on the ba-
sis of micro-processes, assuming the presence of micro-
instabilities. One possibility of saving a microscopic dif-
fusion process may be based on the assumption that the
wave power in the resulting spectra is concentrated in much
smaller patches than can be resolved by the instrumentation.
In this case, the power will be locally large and cause much
stronger diffusivities locally than estimated here. Elsewhere
(Treumann et al., 1995), we have argued that lower-hybrid
drift waves will actually form such small structures of con-
centrated wave power. The process is, however, not restricted
to this particular kind of waves. One knows that ion sound
waves and electron acoustic waves form small-scale nonlin-
ear patches called solitary structures of ion holes, respec-
tively, electron holes. Particles are mixed here and may be-
come accelerated both along and perpendicular to the mag-
netic field. Such effects should cause strong though localized
diffusion. However, confirmation requires better resolution
of the particle and field measurements.

On the other hand, coupling between micro- and macro-
processes could lead as well to an important modification of
the diffusive concept (Treumann and Skopke, 1999). Such a
coupling can be three-fold. First, assume that the micro- and
macro-instabilities are essentially decoupled, which is the
simpler case. In the presence of macroscopic eddies caused
by macro-instabilities, such as the Kelvin-Helmholtz insta-
bility and its nonlinear relatives or by wave vortices trans-
ported from the magnetosheath by convection, the plasma
undergoes large-scale motions that steer the magnetic flux
tubes without the necessity for diffusive processes or recon-
nection to be generated by the large-scale turbulence. Even
when the flux tubes retain their identity and do not recon-
nect, a small amount of micro-diffusivity along the path of
a flux tube caused by micro-instabilities will be sufficient
to transport plasma during the slow turbulent eddy motion
from one flux tube to another neighboring flux tube. In this
case, the main transport is provided on the large-scale by the
macroscopic eddy motion, while micro-diffusion just cares
for the exchange of plasma across the borders of flux tubes on
the small scale of the inter-flux tube distances. Diffusivities
in such a model need not be extraordinarily large and could
well remain of the order of the estimates presented here. This
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is the simplest imaginable non-reconnective plasma transport
based on very weak microscopic diffusivity and macroscopic
turbulent motion.

In the second case, micro-and macroprocesses may be
coupled directly in the presence of sufficiently steep gradi-
ents when both wave transformation and finite Larmor radius
effects must be taken into account. Such effects have been
discussed by Galeev et al. (1986) and reviewed by Rezeau
and Belmont (2001). We will briefly return to them below. A
third possibility is based on the idea that the large-amplitude,
very low-frequency turbulence present in the magnetosheath
may resonantly and nonresonantly interact with the mag-
netopause density/temperature/field/velocity gradient layer
(Johnson and Cheng, 1997; Belmont and Rezeau, 2001) in
a way that the turbulence is transformed in frequency and
mode and accumulates in the transition layer, as mentioned
earlier in this paper. A broad spectrum of such low-frequency
turbulence will of course lead to a mixing of plasma and
magnetic field flux tubes on short scales and may, therefore,
contribute to microscopic and possibly even patchy recon-
nection. One may infer that such processes might lead to
scale invariant reconnection, in which case the power law
spectra observed in the waves at low frequencies will find
a relatively natural explanation. It is assumed (Belmont and
Rezeau, 2001) that in this case, no micro-instabilities may
be required. Reconnection providing a diffusive process of
the type of flux-tube diffusivity (or percolation) was origi-
nally proposed by Rosenbluth et al. (1966) and applied to
magnetopause processes by Galeev et al. (1986). Based on
that theory, LaBelle and Treumann (1988) had already es-
timated reasonably high magnetic mixing diffusivities that
clearly could account for the generation of the entire OLB
and ILB by magnetic flux tube diffusion in turbulent percola-
tive micro-reconnection. Belmont and Rezeau (2001) have
provided a first solution to the problem of transformation of
the fundamental magnetohydrodynamic (MHD) waves at the
magnetopause in Hall-magnetohydrodynamic, while still ne-
glecting finite Larmor radius effects. These results look very
promising and may provide a first clue to the treatment of
turbulent reconnection driven by magnetosheath wave pro-
cesses. Thus, in this case, the energy source of the turbulent
transport at the magnetopause may be sought for the persis-
tent presence of large amplitude, large-scale magnetosheath
turbulence. It should, however, be mentioned that in the pres-
ence of such an intense wave spectrum and relatively steep
local gradients, one expects that the macro-turbulence will
readily couple to micro-turbulence, thereby increasing the
diffusivity locally and additionally supporting the evolution
of reconnection. The real reconnection process will thus be a
mixture of a locally diffusive and on the larger scale magnet-
ically turbulent phenomenon.

7 Discussion

The analysis of the AMPTE/IRM magnetopause crossings
presented a variety of information on the structure of the day-

side, low-latitude boundary layer. Let us now use this infor-
mation to discuss how the boundary layer is formed.

7.1 Formation of the outer boundary layer

In Paper I, we found that for the 13 Walén events in the data
set, the measurements taken in the vicinity of the magne-
topause fulfill a linear relation of the type of Eq. 2. Is Eq. (2)
fulfilled in the entire OBL or only in a small portion close
to the magnetopause? For 2 of the 13 Walén events it is not
possible to distinguish between the OBL and the IBL. For
2 Waĺen events, Eq. (2) is fulfilled only in a small portion
(a few percent) of the OBL close to the magnetopause. One
of these two events is the magnetopause crossing on 30 Au-
gust 1984 at 09:56:43. In Paper I, it was mentioned that dur-
ing that crossing the counterstreaming of solar wind and cold
ions is inconsistent with the sign ofBn inferred from Eq. (2).
Obviously, only a small portion of the OBL is on field lines
that cross the magnetopause locally. For one Walén event
Eq. (2) is fulfilled for∼ 80% of the OBL. For the remain-
ing 8 Waĺen events, Eq. (2) is fulfilled over the entire OBL,
which indicates that the entire OBL is on open field lines.

In the case of the 27 non-Walén events, we do not find the
correlation betweenV p andcA expected at an open magne-
topause generated by reconnection equatorward of the cusps.
What processes other than reconnection equatorward of the
cusps may contribute to the formation of the boundary layer?
Entry of solar wind particles into the boundary layer due to
curvature drift, gradientB drift, and polarization drift always
contribute to the formation of the boundary layer to some
degree. However, Hill (1983) and Treumann and Baumjo-
hann (1988) estimated that drift entry can only give a small
percentage contribution. Impulsive penetration of irregulari-
ties in the solar wind containing excess momentum was sug-
gested by Lemaire et al. (1985). Since we do not know of any
method to elucidate the importance of impulsive penetration,
this process is not considered in the present work.

In Sect. 6.3, we argued that cross-field diffusion caused
by lower hybrid drift instability, gyroresonant pitch angle
scattering, or kinetic Alfv́en wave turbulence, based on the
presently available theories, probably cannot transport solar
wind plasma at a rate that would account for the thickness of
the OBL. Moreover, and even more seriously, cross-field dif-
fusion based solely on micro-instabilities should not form an
OBL whose density profile shows a plateau inside the OBL,
exhibiting a sharp step only at its inner edge, the transition to
the inner boundary layer, as diffusive processes are restricted
to gradient regions only. For diffusion to work here, one re-
quires sufficiently steep gradients in temperature (i.e. pres-
sure) or in the flows for which there are little indications in
the data.

Magnetic reconnection with the interplanetary magnetic
field directed northward (or nearly northward) is expected to
occur poleward of the cusps. In the model of Le et al. (1996),
the OBL for the northward interplanetary magnetic field con-
sists of open flux tubes that have been reconnected at one
of the two tail lobes. When these open flux tubes are recon-
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nected again at the other lobe, they become closed flux tubes
and may form the IBL. On the dayside, the observed proper-
ties of the plasma in the OBL are entirely different from the
properties of the plasma in the IBL (e.g. Sect. 5). In our opin-
ion, it is hardly possible that the merging of open field lines
and lobe field lines occurring poleward of the cusps at a dis-
tance of more than15 RE can effect the plasma seen on the
dayside at low-latitudes drastically enough that its properties
change from those seen in the OBL to those seen in the IBL.
Step like profiles of the boundary layer with two plateaus
(OBL and IBL) are also observed for directions of the in-
terplanetary magnetic field different from northward and for
high magnetic shear across the magnetopause, which does
not support such a model.

According to Fig. 9 of Le et al. (1996), the plasma in
the flux tubes forming the boundary layer is accelerated
toward low-latitudes. The superposed epoch traces of the
north-south component,VpL, of the proton bulk velocity
(Fig. 2) show that the plasma flow in the boundary layer is di-
rected toward high-latitudes, both for low and high magnetic
shear. This argues against the possibility that the low-latitude
boundary layer is populated with solar wind plasma primar-
ily from the cusps. At this point, it should be noted that we
believe that reconnection poleward of the cusps occurs. It has
been nicely demonstrated by Kessel et al. (1996) and Gosling
et al. (1996). However, we doubt that this process is respon-
sible for the formation of the low-latitude boundary layer on
the dayside.

In summary, we do not find evidence that processes other
than reconnection equatorward of the cusps play a major role
in forming the dayside low-latitude boundary layer. The fact
that most of the superposed epoch profiles look similar for
the Waĺen events and non-Walén events suggests that the
OBL is formed by the same process in both cases. In Pa-
per I, we mentioned the possibility that the OBL is on open
field lines that cross the magnetopause at a location farther
away from the spacecraft. In this case, the solar wind plasma
detected in the OBL may have entered along open field lines.
If these field lines do not cross the magnetopause locally but
rather farther away from the spacecraft, there is no reason
why the observed local magnetopause should have the prop-
erties of a rotational discontinuity. Another possibility is that
the flux tubes in the OBL have been first opened by recon-
nection, then filled with solar wind plasma, and have closed
again later on (Nishida, 1989).

At this point, let us return to the superposed epoch pro-
file of the magnetic pressure in Fig. 4.PB is constant across
the magnetopause for Walén events, whereas it increases,
on average, by a factor of two across the magnetopause for
non-Waĺen events. The plasma in the vicinity of the magne-
topause hasβ ≈ 1 and pressure anisotropyP‖/P⊥ ≈ 0.7.
Under these conditions, a change inPB by a factor of two is
not possible according to the jump conditions at a rotational
discontinuity (Hudson, 1970). Thus, the total magnetic flux
observed in the OBL cannot cross the magnetopause locally.
A large portion of the magnetic flux in the OBL must either
be closed (maybe re-closed) or it crosses the magnetopause

at a remote location.

7.2 Formation of the inner boundary layer

Warm electrons are a characteristic feature of the IBL. The
flux of warm electrons parallel toB is almost always bal-
anced by a flux antiparallel toB. This balance was inter-
preted as evidence for closed field lines by Hall et al. (1991).
On the other hand, the approximate balance of a field-aligned
electron flux may also be observed for electrons on open field
lines that are mirrored at low altitudes (Fuselier et al., 1997).

Let us discuss the possibility that the IBL is on newly
opened field lines. When reconnection is in a steady state,
velocity filtering occurs: solar wind particles entering the
boundary layer do not fill the entire region of open field lines
between the magnetopause and the separatrix, but only the
region bounded by the magnetopause and an inner edge that
depends on the field-aligned velocity,v′‖, of the particles in
the de Hoffmann-Teller frame (e.g. Gosling et al., 1990). At
the inner edge of particles with velocityv′‖, the time-of-flight
of these particles from the magnetopause along a field line to
the inner edge equals the time since the same field line was
opened by reconnection. Since the particles did not have ac-
cess to the boundary layer before the field line was opened,
no particles are seen earthward of this inner edge or time-of-
flight boundary. If the transmitted solar wind ion population
were a cool (Tp ≈ 0) beam, with all ions having the same ve-
locity, v ≈ V p, the density of solar wind ions in the bound-
ary layer would drop sharply at the time-of-flight boundary,
defined by the field-aligned velocity,v′‖, of the beam in the de
Hoffmann-Teller frame. Since the thermal velocity of the so-
lar wind electrons is distinctly higher thanVp, they can enter
the region between the inner edge of the ions and the sepa-
ratrix of open and closed field lines. In reality, the thermal
velocity of the ions is comparable to their bulk speed,Vp.
Therefore, the time-of-flight boundary of the solar wind ions
cannot be sharp. Furthermore, collective interactions prevent
the particles from flying freely alongB. For example, the
number of solar wind electrons in the region between the in-
ner edge of the ions and the separatrix is limited by the ac-
tion of the electrostatic field estabilished by the charge sep-
aration. In hybrid simulations (e.g. Lin and Lee, 1994) with
ions treated as particles and electrons treated as a fluid, the
inner edge of the solar wind ions is described as a slow mode
structure consisting of a slow expansion fan and a slow mode
shock.

The time-of-flight boundary of the solar wind ions is iden-
tified with the location of the strongest density gradient, i.e.
with the interface between the OBL and the IBL. Since it
is located sheathward of the separatrix between open and
closed field lines, at least part of the IBL must be on newly
opened field lines when reconnection is in a steady state. In
this case, the presence of warm electrons in the IBL can be
understood: they are those solar wind electrons that can en-
ter the region between the time-of-flight boundary of the ions
and the separatrix due to their high|v′‖|. The region located
between the time-of-flight boundary and the separatrix is de-



T. M. Bauer et al.: Low latitude boundary layer 1085

void of solar wind ions; no momentum has thus been trans-
ported from the magnetosheath to the plasma on the newly
opened field lines of this region.

On 21 September 1984 the proton bulk flow changes both
magnitude and direction at the interface between the OBL
and the IBL (Paper I).V ′

p is field-aligned in the magne-
tosheath and in the OBL, it is not in the IBL whereas. This
feature cannot be used to determine whether the IBL is on
closed field lines or on newly opened field lines. Another im-
portant feature is the profile of the partial density,N2e, of
electrons above 1.8 keV.N2e has roughly the same value in
the IBL and magnetosphere proper, whereas it drops at the
interface between the IBL and the OBL. Since newly opened
field lines also cross the OBL, the density of ring current
electrons in an IBL on newly opened field lines should equal
the density of ring current electrons in the OBL. Thus, the
drop in N2e indicates that most of the IBL observed on 21
September 1994 is on closed field lines and not on newly
opened field lines.

The change inV ′
p and the drop inN2e at the interface

between the OBL and the IBL is confirmed by the super-
posed epoch analysis of all Walén events. The superposed
epoch average of the angle between the proton bulk veloc-
ity in the de Hoffmann-Teller frame and the magnetic field
(Fig. 6) changes from approximately30◦ in the OBL to al-
most90◦ in the IBL. The search for single particle signatures
of open field lines reveals that on rare occasions, counter-
streaming of solar wind ions and cold ions can be observed
at the sheathward edge of the IBL. Farther earthward, par-
ticle signatures of open field lines are absent in the IBL. In
particular, we never observe field-aligned streaming of ring
current electrons. This supports the argument that most of the
IBL is on closed field lines rather than on newly opened field
lines. Near the interface between the OBL and the IBL, the
superposed epoch profiles of the non-Walén events look sim-
ilar to the superposed epoch profiles of the Walén events. For
the non-Waĺen events we obviously do not observe steady-
state reconnection. Therefore, the interface between the OBL
and the IBL cannot be a time-of-flight boundary for the non-
Walén events.

Reconnection may often not be in a steady state. Rather,
it is time dependent or even turbulent. Evidence for time de-
pendent patchy reconnection is provided by magnetopause
crossings for which a particular particle signature changes its
orientation in the course of the crossing from parallel toB, to
antiparallel toB, or vice versa. Moreover, there are passes of
the magnetopause region with multiple magnetopause cross-
ings, where the test of the Walén relation indicates,Bn < 0
for the first crossing,Bn > 0 for the second crossing, and
Bn = 0 for the remaining crossings. Further evidence of time
dependent patchy reconnection is provided by the occurrence
of flux transfer events. The time dependent nature of recon-
nection can also be deduced from ground-based observations
and satellite observations at low altitudes (e.g. Lockwood,
1995). Finally, evidence for time dependent, i.e. turbulent re-
connection, could also be read from the enhanced magnetic
wave spectra at around 1 Hz in the boundary layer. As we

have discussed, such enhancements may be a sign of mag-
netic flux tube diffusion due to percolation (Galeev et al.,
1986; LaBelle and Treumann, 1988; Belmont and Rezeau,
2001). Manifestation in a power law magnetic fluctuation
spectrum at these frequencies could indicate that many spa-
tial flux tube scales participate in this process, which natu-
rally implies that there is interaction and reconnection be-
tween those flux tubes. Mixing at smaller scales and on the
order of the ion gyroradius, therefore, necessarily causes slip-
page between the field and the plasma, and thus cuases a vi-
olation of the frozen-in condition.

If a pulse of reconnection is followed by a period without
local reconnection, the time-of-flight boundary of the solar
wind ions propagates toward the terrestrial end of an open
flux tube and is no longer visible near the equatorial plane.
What is seen near the equatorial plane is a bundle of open
flux tubes that has been produced by the pulse of reconnec-
tion and that is now separated from the closed flux tubes by a
topological boundary, across which the plasma density drops
from values comparable to the magnetosheath density to val-
ues comparable to the magnetospheric density. If the inter-
face between the OBL and the IBL is interpreted as such a
topological boundary between open and closed field lines, it
can be understood whyN2e drops at this interface and why
single particle signatures of open field lines are absent in the
IBL.

For all crossings in our data set, solar wind ions are de-
tected at least in part of the IBL. In Sect. 7.1, we gave
arguments why reconnection poleward of the cusps cannot
be responsible for the formation of the boundary layer on
the dayside. Reconnection equatorward of the cusps cannot
easily explain the presence of solar wind ions in the IBL:
there should be no solar wind ions earthward of the topolog-
ical boundary between open and closed field lines and there
should not be solar wind ions earthward of their own time-
of-flight boundary. According to Sect. 6.3, estimated micro-
scopic diffusion coefficients do not account for the formation
of the IBL. We must, however, admit that the diffusion pro-
cess itself is barely understood at the present time. Our esti-
mates were based on the assumption of anomalous transport
due to micro-instabilities and are thus subject to the criticism
as to what degree we know the evolution and cascade of such
instabilities. Possibly, localization in small patches causes
much stronger diffusivities than estimated by us. Further-
more, one important energy source for transport can be found
in the intense spectrum of low frequency magnetosheath fluc-
tuations (Johnson and Cheng, 1997; Belmont and Rezeau,
2001). Their contribution to diffusion and reconnection is be-
ginning to be understood and is very promising, as it might
lead to a deeper understanding of the entire turbulent pro-
cess of reconnection and the reconnective self-organization
at the magnetopause. Finally, the concept of micro-diffusion
has to be combined with macroscopic eddy motions. When-
ever these come into play, micro-diffusion needs to act only
over short spatial scales, while large eddy non-diffusive mo-
tion transports the plasma to the locations where it changes
the identity of a flux tube. These processes are not yet under-
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stood and need further investigation. Formation of the IBL,
in our view, thus still remains barely understood (see also our
above comments on turbulent reconnection).

We conclude by mentioning that another possible, though
unconventional, way out of this dilemma would be that the
IBL is not formed on the dayside, but by processes operat-
ing farther down in the magnetotail. In Sect. 5.3, we argued
that the dawn-dusk component of the proton bulk velocity in
the IBL and magnetosphere on the evening side is directed
from the nightside toward local noon (Fig. 7). So it is in-
deed possible that the processes forming the IBL operate far-
ther tailward of the region examined in this work. If this is
true, the terms “halo” and “mixing region” coined by Skopke
et al. (1981) and Fujimoto et al. (1998a) are more adequate
than the term “inner boundary layer”. Fujimoto et al. (1998a)
suggested that the solar wind particles in the mixing region
might be supplied to the magnetosphere by the same pro-
cess as the solar wind particles seen in the cold dense plasma
sheet of the tail. The IBL, in such a case, appears to be noth-
ing else but the dayside extension of the near-Earth edge of
the tailward plasma sheet.
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