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[1] Time History of Events and Macroscale Interactions during Substorms multispacecraft
observations are presented for a 2-h-long postnoon magnetopause event on 8 June 2007
that for the first time indicate that the trailing (sunward) edges of Kelvin-Helmholtz (KH)
waves are commonly related to small-scale <0.56 RE magnetic islands or flux transfer
events (FTE) during the growth phase of these surface waves. The FTEs typically show a
characteristic bipolar BN structure with enhanced total pressure at their center. Most of the
small-scale FTEs are not related to any major plasma acceleration. TH-A observations of
one small FTE at a transition from the low-latitude boundary layer (LLBL) into a
magnetosheath plasma depletion layer were reconstructed using separate techniques that
together confirm the presence of a magnetic island within the LLBL adjacent to the
magnetopause. The island was associated with a small plasma vortex and both features
appeared between two large-scale ( 1 RE long and 2000 km wide) plasma vortices. We
propose that the observed magnetic islands may have been generated from a time-varying
reconnection process in a low ion plasma beta (bi < 0.2) and low 8.3 field shear
environment at the sunward edge of the growing KH waves where the local magnetopause
current sheet may be compressed by the converging flow of the large-scale plasma vortices
as suggested by numerical simulations of the KH instability.

Citation: Eriksson, S., et al. (2009), Magnetic island formation between large-scale flow vortices at an undulating postnoon

magnetopause for northward interplanetary magnetic field, J. Geophys. Res., 114, A00C17, doi:10.1029/2008JA013505.

1. Introduction

[2] The Kelvin-Helmholtz instability (KHI) is expected to
grow along the flank magnetopause because of the local
shear between the tailward magnetosheath flow and the
stagnant or sunward flow in the equatorial outer magneto-
sphere. It has been studied extensively for understanding
various magnetospheric phenomena, such as momentum or
mass transport from the solar wind into the magnetosphere
[e.g., Miura, 1984; Fujimoto and Terasawa, 1994].

[3] Observational evidence of magnetopause surface
waves excited by the KHI that propagate antisunward has
been reported for some time [e.g., Sckopke et al., 1981;
Fairfield et al., 2000, and references therein]. Recent multi-
spacecraft observations by Cluster [Hasegawa et al., 2004]
have demonstrated that the KHI grows nonlinearly along the
flank magnetopause to form large-scale rolled up plasma
vortices for prolonged northward interplanetary magnetic
field (IMF) conditions. Such vortices are believed to be a
key ingredient for efficient solar wind plasma entry into the
magnetosphere during northward IMF [e.g., Fairfield et al.,
2000]. Large-amplitude KH vortices are now known to be a
rather common feature along the flank magnetopause beyond
the dawn-dusk terminator for northward IMF [Hasegawa et
al., 2006a].

[4] Numerical simulations predict that non-MHD pro-
cesses, e.g., magnetic reconnection, may become effective
in the vicinity of KH vortices and can lead to transport or
mixing of plasmas [e.g., Pu et al., 1990; Otto and Fairfield,
2000; Brackbill and Knoll, 2001; Nykyri and Otto, 2001;
Knoll and Brackbill, 2002;Nykyri andOtto, 2004;Nakamura
et al., 2006, 2008]. However, very little is known about
these microphysical processes in and around the KH vorti-
ces from an observational point of view. Nykyri et al. [2006]
found in situ evidence of reconnection within KH vortices
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in the form of satisfied Walén relations [e.g., Sonnerup et
al., 1987] and ion beams in the velocity distributions. This
study, however, could not establish a clear causal connec-
tion between the KHI and the identified reconnection
signatures. Important questions thus remain as to how
reconnection initiates in connection with surface waves
and at what stage of the KHI development.

[5] This report provides new evidence from the Time
History of Events and Macroscale Interactions during Sub-
storms (THEMIS) mission [Angelopoulos, 2008] suggesting
that small-scale flux transfer events (FTE) [e.g., Russell and
Elphic, 1979; Sonnerup, 1987] may be generated predom-
inantly at the sunward edge of KH waves (rather than at the
tailward edge) during their growth phase in the equatorial
postnoon magnetopause region. FTEs are often assumed to
be a signature of a time-dependent reconnection rate [e.g.,
Paschmann et al., 1982; Sonnerup, 1987; Scholer, 1988;
Phan et al., 2005] and we adopt this assumption in our
interpretations of the postnoon THEMIS observations on
8 June 2007.

2. Overview of THEMIS Observations and Solar
Wind Conditions

[6] The five spacecraft of the THEMIS mission were
launched into a near-equatorial orbit on 17 February 2007.
These probes are referred to as TH-A, TH-B, TH-C, TH-D
and TH-E. The initial coast phase of the mission with all
five probes in the same 1.1 by 15.4 RE string-of-pearls
configuration lasted until mid-September 2007, with TH-B
leading and TH-A trailing. The individual orbits were then
changed over time to a configuration optimized for the
magnetotail substorm physics goal of the mission. Figure 1
shows the postnoon positions of the five inbound THEMIS
probes during the 0600–0900 UT period on 8 June 2007 as
represented by their different colors. The first magnetopause
transition of each individual probe is indicated by a dia-
mond symbol.

[7] Figures 2a–2e display the time-shifted IMF (ACE)
and solar wind conditions (ACE and Wind) during the 9.5-h-
long 0330–1300 UT period on 8 June 2007. Figures 2f and
2g show the magnetic field measured by the TH-A Fluxgate
Magnetometer (FGM) instrument [Auster et al., 2008],
while Figure 2h shows the TH-A ion energy-time spectro-
gram recorded by the ion Electro Static Analyzer (ESA)
instrument [McFadden et al., 2008a]. The ACE data were
shifted forward in time by 66.5 min to optimize the match
between the ACE IMF clock angle, q = arctan(By/Bz), and
the corresponding clock angle recorded by the TH-A FGM
instrument in the solar wind and magnetosheath until

0630 UT (see Figures 2f and 2h). The Wind data were
time shifted by 87 min to match the ACE solar wind
plasma data.

[8] The vertical dotted line at 0645 UT marks the
beginning of a 2-h-long period of significant fluctuations
at the TH-A location between a magnetosheath-like region
and a region of high-energy magnetospheric ions coincident
with ions of magnetosheath origin which is characteristic of
the dayside low-latitude boundary layer (LLBL). TH-A
eventually entered the plasma sheet (PS) after 0930 UT.
The 0645 UT transition coincided with a sudden drop in
solar wind density from NP = 16.8 to 4.3 cm 3 and a

corresponding drop in dynamic pressure, Pdyn = r V2, from
3.4 to 0.9 nPa. The pressure drop is expected to result in an
outward propagation of the magnetopause. The IMF mag-
nitude also increased from 7.5 to 8.7 nT at this time (see
Figure 2a) while the clock angle stayed nearly constant at
qIMF = 19 . The entire 0650–0900 UT period was
characterized by a slow 355 km/s solar wind bulk speed
and a strong northward IMF Bz = 7.7 nT with a fluctuating
IMF By < 0 such that 45 < qIMF < 0 .

[9] Figure 3 shows the TH-A ion energy-time spectro-
gram in the 0300–1000 UT interval, the corresponding
magnitude of the magnetic field (B), and the power of
magnetic field fluctuations in the 192 Hz frequency band
from the THEMIS Search Coil Magnetometer (SCM) in-
strument [Roux et al., 2008]. The 80–227 Hz passband of
the 192 Hz filter has a maximum sensitivity at 144 Hz
[Cully et al., 2008]. Figures 3d and 3e show the ion plasma
beta (bi) and the Alfvén Mach number (MA) when 3-s spin
resolution fast survey mode ESA data [McFadden et al.,
2008a] are available. Figure 3 clearly indicates that any
magnetosheath-like period encountered by TH-A during the
0645–0850 UT interval (between vertical dotted lines) was
different in many aspects from the magnetosheath proper,
which was characterized by bi > 1, super-Alfvénic flow and
significant power enhancements in the 192 Hz band. A
majority of the enhancements display a clear correlation
with local 5 nT dips in the magnetic field magnitude (not
shown) as expected for whistler-mode lion roars associated
with mirror mode waves in the magnetosheath proper [e.g.,
Tsurutani et al., 1982]. The power enhancements were
typically nonexistent during the sub-Alfvénic magneto-
sheath-like intervals between 0645 and 0850 UT where
bi < 0.2 (lower bi envelope). The weak power enhance-
ments that did occur in the 192 Hz band mainly appeared at
the steep B gradients across the magnetopause boundary.

[10] Figure 4 displays the 0615–0945 UT ion energy-
time spectrograms from all THEMIS probes as well as the
plasma density (NP), magnetic field magnitude (B), plasma
bulk speed (V) and the total plasma pressure (Ptot = PB +
PPi + PPe). The total speed is only available from TH-B
and TH-A because of the higher fast survey telemetry mode
[Angelopoulos, 2008] in which these probes operated until

0915 UT.
[11] Several conclusions can be drawn from the multi-

spacecraft observations in Figure 4. First, it is clear from the
ion energy-time spectrograms that all probes (except per-
haps TH-A) moved from the magnetosheath into the outer
magnetosphere during a relatively short time period (TH-B
at 0648:48 UT; TH-D at 0648:53 UT; TH-C at 0649:20 UT;
TH-E at 0649:55 UT). This B-D-C-E sequence confirms an
outward motion of the magnetopause (see Figure 1) in
agreement with the dynamic pressure drop at this time
(see Figure 2). Second, there was no clear evidence of a
magnetosheath-like population at TH-B after the magneto-
pause crossing there, suggesting that TH-B ended up well
inside the magnetosphere. This is confirmed by the low (V <
50 km/s) plasma speed and the low (NP < 1 cm 3) plasma
density after 0650 UT (see Figures 4f and 4h). TH-D
observed magnetosheath-like plasmas coincident with
higher-energy magnetospheric ions (LLBL) at 0705 and

0750 UT. The occurrence frequency of magnetosheath-
like periods increased radially outward from TH-C to TH-A,
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which encountered numerous magnetopause transitions be-
tween the LLBL and the adjacent magnetosheath during
0650–0900 UT.

[12] The total plasma pressure was relatively constant
below Ptot = 1 nPa after 0650 UT at all THEMIS probes,
which indicates that the local magnetopause was at pressure
balance during this time period. The fact that Ptot dropped
from 1.19 to 0.69 nPa at 0650 UT (TH-A) indicates
that the magnetopause was not yet in pressure balance in
agreement with an accelerated outward motion of the
magnetopause following the sudden solar wind dynamic
pressure drop at this time.

[13] The 0650–0850 UT magnetosheath-like TH-A
observations indicate a lower NP and a generally faster bulk
speed V than observed by TH-A and TH-B in the magneto-
sheath before 0650 UT. Moreover, TH-A observed a max-
imum magnetic field strength in the B = 40–45 nT range
during these magnetosheath-like intervals, that was similar
to that measured by TH-B in the adjacent magnetosheath
before 0650 UT. With the exception of the B observation
(which should have been larger still) it may be argued that
the NP and V changes as seen by TH-A reflect the solar

wind changes at this time (see Figure 2). However, this is
not consistent with the larger differences seen after 0650 UT
between the observed magnetic field clock angle (q) at ACE
and TH-A (see Figure 2f). The TH-A clock angle rather
reflected an alignment between the geomagnetic and mag-

Figure 1. THEMIS multispacecraft positions are shown in
GSM coordinates for the 0600–0900 UT period on 8 June
2007. Solid dots indicate probe positions at 0600, 0700,
0800, and 0900 UT. Diamond symbols mark the positions
of the first magnetopause encounter for each probe.

Figure 2. (a–d) ACE (black) and Wind (red) solar wind
plasma and IMF data, (e) ACE IMF BGSM, (f) ACE (red)
and TH-A (black) GSM magnetic field clock angle (q =
arctan(By/Bz)), (g) TH-A GSM magnetic field, and (h) TH-A
ion energy-time spectrogram with color showing the energy
flux (Eflux) in eV/cm2 s sr eV. The data are shown for the
0330–1330 UT period on 8 June 2007. The ACE (Wind) data
were shifted by 66.50 (87.35) min to match the TH-A q angle
as recorded in the solar wind (SW) and magnetosheath (MS).
Vertical dotted line marks the 0645 UT transition into a
magnetopause boundary layer region.
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netosheath fields after 0650 UT. An alternative explanation is
that TH-A entered a low-bi and sub-Alfvénic (see Figure 3)
magnetosheath plasma depletion layer (PDL) adjacent to the
magnetopause [e.g., Zwan and Wolf, 1976; Sibeck et al.,
1990; Wang et al., 2003; and references therein] which is
expected to occur for strong northward IMF conditions such
that the magnetosheath magnetic field is draped and com-
pressed over the magnetopause.

[14] The PDL is expected to develop as the subsolar
magnetopause reconnection rate decreases [Anderson et
al., 1997], resulting in a layer of compressed magnetic flux
adjacent to the magnetopause. Plasma is removed from the
PDL as a consequence of the enhanced magnetic pressure,
and faster downtail magnetosheath speeds result from the
release of magnetic field tension away from the subsolar
stagnation region [e.g., Sibeck et al., 1990; Chen et al.,
1993]. A high-latitude reconnection mechanism tailward of
both cusps for northward IMF [Dungey, 1963; Song and
Russell, 1992] may also remove some PDL plasma directly
across the magnetopause by capturing it onto newly closed
dayside flux.

[15] A PDL is consistent with the buildup of magnetic
flux against the magnetopause for the prevailing northward
IMF and the radial B profile that the THEMIS probes

recorded in the 0615–0645 UT period (see Figure 4g) with
an increasing magnetosheath B magnitude being observed
with decreasing radial distance from TH-A (outermost
probe) to TH-B (innermost probe). A PDL also explains
the sub-Alfvénic flow regime as well as the suppression of
magnetic field power in the 192 Hz frequency band after
0650 UT (see Figure 3). The lower bi of the PDL likely

Figure 3. TH-A observations during the 0300–1000 UT
period. (a) Ion energy-time spectrogram (energy flux in eV/
cm2 s sr eV), (b) magnetic field magnitude, (c) magnetic
field fluctuations in the 192 Hz frequency passband (80–
227 Hz range), (d) ion plasma beta (bi), and (e) Alfvén
Mach number. Vertical dotted lines are shown at 0645 and
0850 UT.

Figure 4. THEMIS observations from all five spacecraft
are shown for the 0615–0945 UT period. (a–e) Ion energy-
time spectrograms for TH-B, TH-D, TH-C, TH-E, and TH-A
(energy flux shown in eV/cm2 s sr eV); (f) ion plasma density
assuming protons; (g) magnetic field magnitude; (h) plasma
speed; and (i) total plasma pressure, Ptot = PB + PPi + PPe.
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quenched the mirror mode turbulence of the upstream
magnetosheath [Anderson and Fuselier, 1993] and the
associated whistler mode emissions in the 192 Hz band
[Tsurutani et al., 1982]. On the other hand, it is unclear how
the observed solar wind changes alone would result in bi <
0.2, sub-Alfvénic flow and the suppression of 192 Hz lion
roars and mirror mode fluctuations.

[16] Figure 5 provides a shorter (40-min) interval of the
THEMIS data shown in Figure 4 near the 0650 UT
magnetopause transition with the exception of the speed
and total pressure data, which have been replaced by the
average ion temperature (Ti) and the electron temperature
anisotropy ratio (Tek/Te?) at TH-B and TH-A. Figure 5
highlights the presence of surface waves in the ion energy-
time spectrograms at the magnetopause boundary and also
at the inner boundary of the LLBL. It is clear that only TH-A
observed magnetopause waves during the 0653–0658 UT
period (interval I), while at the same time TH-E observed
transitions between the LLBL and the plasma sheet. An
approximate LLBL thickness can therefore be estimated for
interval I as the separation between TH-A and TH-E along
the magnetopause normal direction.

[17] During 0703–0708 UT (interval II), TH-A was
farther away from the magnetopause and immersed deeper
into the PDL and only observed one LLBL encounter.
Meanwhile, the intermediate TH-E and TH-C probes ob-
served frequent magnetopause surface wave activity. TH-D
did not encounter the magnetopause and rather transitioned
between the LLBL and the plasma sheet. Interval II may
therefore be used to estimate the amplitude of the magne-
topause surface waves.

[18] Probe separations along the normal direction relative
to TH-A (first period) and TH-E (second period) are listed
in Table 1. Interval I indicates a normal LLBL thickness of
about 0.52 RE or 3308 km from the separation between TH-A
and TH-E. Although the respective outer and inner LLBL
transitions at TH-A and TH-E occurred almost simulta-
neously, it is emphasized that the two probes were also
separated by 0.46 RE (2900 km) along the magnetopause.
The waves at the outer and inner edge of the LLBL were
thus out of phase in a spatial sense. Interval II suggests that
the amplitude of the magnetopause surface waves (DMP)
was in the range 0.18 < DMP < 0.91 RE or 1157 < DMP <
5776 km, since TH-E and TH-C observed the waves, but
neither TH-A (in the magnetosheath), nor TH-D (in the
LLBL) did so.

[19] The Ti and Tek/Te? profiles measured by TH-B and
TH-A in the magnetosheath before 0650 UT are nearly
identical. TH-A was located farther out in a relatively
warmer magnetosheath proper than TH-B at this time, where
Ti = 120 eV (upper horizontal dotted line in Figure 5h) and
Tek < Te?, which is often observed in the magnetosheath
[Phan et al., 1996]. The observed time delay between the
two magnetosheath profiles (TH-B leading TH-A) for both
Ti and Tek/Te? is consistent with their relative distances
from the magnetopause and the fact that TH-B reached the
magnetopause region before TH-A because of the outward
boundary propagation.

[20] A cold Ti = 40 eV (lower dotted line in Figure 5h)
ion population was measured in the adjacent magnetosheath
just before TH-B crossed the magnetopause into the hot Ti >
3000 eV plasma sheet. TH-A clearly did not reach that far
into the magnetosphere following the magnetopause expan-
sion and rather spent a considerable amount of time in the
same cold Ti 40 eV magnetosheath-like region that TH-B
encountered where the electrons were characteristically
more isotropic (Tek Te?) than in the outer magnetosheath.
Cold ions are consistent with a PDL due to the gradual
evacuation of the magnetosheath plasma. It is the cold Ti of

Figure 5. THEMIS observations from all five spacecraft
are shown for the 0640–0720 UT period. (a–e) Ion energy-
time spectrograms for TH-B, TH-D, TH-C, TH-E, and TH-A
(energy flux in eV/cm2 s sr eV); (f) ion plasma density
assuming protons; (g) magnetic field magnitude; (h) average
ion temperature where horizontal dotted lines mark Ti = 40
and 120 eV; and (i) electron temperature anisotropy ratio.
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the PDL that balances the locally higher magnetic field
pressure there, consistent with the local field magnitude
enhancements that all probes observed just outside the
magnetopause. It is likely that the PDL region is responsible
also for the isotropization of the magnetosheath electrons
which in turn quench the free energy source of the whistler
mode wave growth that require Tek < Te?.

[21] Each LLBL interval encountered by TH-A is related
to warmer Ti > 200 eV ions and Tek > Te? electrons which
are often observed in the LLBL [e.g., Paschmann et al.,
1993]. Tek > Te? indicates that these flux tubes may have
been connected to a high-latitude reconnection region for
northward IMF that heats the cold incoming magnetosheath
electrons in the field-aligned direction [e.g., Lavraud et al.,
2005; McFadden et al., 2008b].

[22] The four leading THEMIS probes encountered a
temporary field enhancement in close proximity to each
individual magnetopause transition while TH-A lingered in
this high-B region. We interpret the regions of enhanced B
as PDL field compressions ahead of the radially expanding
magnetopause surface rather than an increased IMF magni-
tude (see Figure 2). We use the observed timing of these B
peak encounters to estimate an average magnetopause speed
along the magnetopause normal direction relative to TH-B.
The times of peak B observations, corresponding probe
locations, time differences and probe separations relative to
TH-B are shown in Table 2 together with the derived

average normal speed of the assumed magnetopause. The
normal speeds ranged from 45.6 to 67.9 km/s. The maxi-
mum speed was that between TH-B and its closest neighbor
(TH-D) while the lowest speed was found between TH-B
and TH-A. This indicates that the magnetopause speed was
slowing down as it expanded outward from TH-B toward
TH-A.

3. THEMIS-A Observations

[23] Clear evidence of magnetopause surface waves is
provided by the TH-A observations during the 0640–
0800 UT period shown in Figure 6. This was indicated by
the numerous TH-A crossings between the PDL (high B,
low Ti) immediately outside the magnetopause and the LLBL
(low B, high Ti). At least 28 short-duration LLBL events
occurred during the 67-min-long 0653–0800 UT period in
Figure 6. This corresponds to 56 magnetopause transitions
or on average 1.2 minutes between transitions. The subse-
quent 0800–0850 UT period was characterized by 62
LLBL-PDL transitions (not shown) in 50 min or 48 s on
average between magnetopause encounters.

[24] The measured magnetic field and velocity in GSM
coordinates between 0640 and 0800 UT were transformed
into a local boundary normal LMN coordinate system
[Russell and Elphic, 1978] based on a Fairfield [1971]
model magnetopause normal relative to the TH-A GSM
position. The local N̂GSM points outward from the magne-
topause and M̂GSM points sunward along the magnetopause
in the ZGSM = 0 plane and perpendicular to N̂GSM. L̂GSM

completes a right-handed system and points in a generally
northward direction along ZGSM. The local LMN system
directions naturally change somewhat with the TH-A posi-
tion.

[25] The normal velocity VN displayed in Figure 6g
clearly indicates a measured outward plasma motion during
the 0648–0650 UT period with an average VN = 52.9 km/s
(maximum VN = 61.0 km/s and minimum VN = 42.8 km/s).
The average 52.9 km/s normal speed is consistent with the
estimated outward 45.6–67.9 km/s normal magnetopause
speed from the compressed PDL field magnitude encoun-
tered by THEMIS (see Figure 5) at this same time. Each
individual magnetopause transition shown in Figure 6
typically confirms the presence of surface waves on the
basis of VN. The PDL-to-LLBL transitions generally coin-
cide with an increasing or positive VN while a decreasing or
negative VN typically occurred for the opposite LLBL-to-
PDL transitions.

[26] A key TH-A observation was the relatively common
and narrow bipolar signatures in the normal magnetic field
component (BN, positive toward the magnetosheath) as TH-

Table 1. Relative Average Probe Separations Along Average

Boundary Normal Directions for Two Magnetopause Surface Wave

Intervals on 8 June 2007a

THEMIS
DRN

b

(RE)
DRN

(km)
DRM

(RE)
DRM

(km)
DRL

(RE)
DRL

(km)

Interval I 0653–0658 UT Using TH-A LMN Directionsc

TH-B 1.365 8704 0.865 5516 0.003 20
TH-D 0.883 5632 0.596 3800 0.007 44
TH-C 0.696 4437 0.520 3319 0.025 160
TH-E 0.519 3308 0.455 2901 0.039 247

Interval II 0703–0708 UT Using TH-E LMN Directionsd

TH-B 0.866 5525 0.415 2645 0.038 243
TH-D 0.374 2383 0.144 920 0.033 210
TH-C 0.181 1157 0.067 429 0.014 90
TH-A 0.532 3393 0.454 2898 0.037 239
aDistances are positive toward TH-A (interval I) and TH-E (interval II)

along their respective TH-A and TH-E LMN directions.
bOne Earth radius is defined as RE = 6378.16 km.
cTH-A: N̂GSM

A = (0.7307, 0.6471, 0.2177), M̂GSM
A = (0.6630,

0.7486, 0.0000), and L̂GSM
A = (0.1630, 0.1443, 0.9760).

dTH-E: N̂GSM
E = (0.7240, 0.6540, 0.2193), M̂GSM

E = (0.6704,

0.7420, 0.0000), and L̂GSM
E = (0.1627, 0.1470, 0.9757).

Table 2. Velocity of Peak B Signals Along the TH-B Normal Direction on 8 June 2007a

THEMIS Time (UT) GSM Positionb (RE) DT (s) DR (RE) VN
MP (km/s)

TH-B 0647:41 (6.65, 10.26, 3.19) – c – c – c

TH-D 0648:25 (7.18, 10.36, 3.30) 44.0 0.5444 67.9
TH-C 0648:55 (7.36, 10.42, 3.36) 74.0 0.7414 56.0
TH-E 0649:15 (7.53, 10.49, 3.41) 94.0 0.9260 55.8
TH-A 0650:46 (8.21, 10.47, 3.48) 185.0 1.5933 45.6
aTH-B unit normal vector N̂GSM

B = (0.7241, 0.6586, 0.2049).
bOne Earth radius is defined as RE = 6378.16 km.
cDT, DR, and VN

MP are all relative to TH-B.
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A moved from the LLBL into the PDL. We have indicated
the center of three such events in Figure 6 (dotted vertical
lines at 0653:40, 0718:44 and 0744:44 UT). They were
not related to any major plasma acceleration on either side
of the local magnetopause and the Walén relation [e.g.,
Sonnerup et al., 1987] was not satisfied for any of them.

[27] The bipolar BN feature appeared to be less common
at the other transitions from the PDL into the LLBL, where
on the other hand TH-A was more likely to observe
enhanced downtail plasma speeds (VM < 0). This plasma
acceleration may not necessarily be related to reconnection
as suggested by the failure to find any event that satisfied
the Walén relation. The acceleration could be a consequence
of the introduction of KH waves into the subsonic magneto-

sheath flow such that the flow is forced around this obstacle.
The flow should get decelerated and compressed at the
trailing (sunward) edge of the wave, while it gets acceler-
ated and decompressed at the leading (antisunward) side of
the KH wave. This anticorrelation between VM and NP was
not generally observed at the boundaries. Other mechanisms
have been proposed for plasma acceleration along the
magnetopause related to magnetic tension effects or mag-
netic pressure gradients during northward IMF [e.g., Chen
et al., 1993; Lavraud et al., 2007] which could explain the
tailward acceleration at these PDL-to-LLBL boundaries.

[28] The center of each small-scale bipolar BN event was
generally related to a local increase of the total plasma
pressure Ptotal as illustrated in Figure 6i. We therefore suggest

Figure 6. TH-A ESA and FGM instrument observations during the 0640–0800 UT period on 8 June
2007. (a) Ion energy-time spectrogram (energy flux in eV/cm2 s sr eV), (b) electron temperature
anisotropy ratio, (c) total magnetic field strength (black) and two components of the magnetic field in
boundary normal coordinates BL (red, positive along ZGSM) and BM (blue, positive sunward along the
magnetopause), (d) ion density, (e) average ion temperature, (f) ion flow speed, (g) ion velocity along the
nominal outward magnetopause normal (VN, black) and along the sunward pointing VM direction (blue),
(h) normal BN magnetic field component, and (i) plasma and magnetic field pressures as indicated (Ptotal =
PB + PPi + PPe).
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that the BN features observed at the trailing (sunward) edges
of these surface waves are small FTEs. They were in fact
smaller than the 0640–0800 UT average 0.56 RE normal
distance between TH-A and TH-E, since no individual FTE
could be clearly identified at TH-E within Dt 30 s of each
TH-A event. Here, Dt = DRM/VM, DRM = 0.44 RE is the
average distance along the magnetopause from TH-A to
TH-E and VM 100 km/s is the minimum plasma speed at
the time of the FTEs (see Figure 6).

[29] Time-dependent reconnection is often proposed for
FTE generation [e.g., Scholer, 1988]. However, an antipar-
allel field component is required across the current sheet for
this process to proceed. The locally obtained magnetic field
shear angles at TH-A for the three FTEs indicated in Figure 6
were 7.0 , 9.8 and 8.6 across the respective magnetopause
boundaries with ByGSM providing the antiparallel compo-
nent (see Table 3). The low shear angles compare well with
the mean 8.3 ± 5.2 shear angle distribution for 19
magnetopause crossings in the 0650–0735 UT time period.

4. THEMIS-A Reconstruction Analysis

[30] The structure of the magnetopause boundary layer
surrounding the bipolar BN signature observed by TH-A at
0653:40 UT is studied using two methods for a reconstruc-
tion of two-dimensional (2-D) maps of the magnetic and
velocity fields from single-spacecraft measurements. The
first technique recovers streamlines using a Grad-Shafra-
nov-like (GS-like) equation for the compressible stream
function as developed by Sonnerup et al. [2006] and first
applied by Hasegawa et al. [2007a]. The second technique
permits a reconstruction of both streamlines and magnetic
field lines directly from the ideal 2-D MHD equations
[Sonnerup and Teh, 2008]. It is referred to here as MHD
reconstruction. Both techniques generate maps of stream-
lines (for MHD reconstruction, also magnetic field lines)

and other plasma parameters in a rectangular domain
surrounding the spacecraft x axis trajectory by using mea-
sured data as spatial initial values. The basic assumptions
for both methods are that the structures encountered are 2-D
and that they are time-independent when analyzed in their
proper moving frame of reference. These assumptions are
never precisely satisfied in any real applications, but experi-
ments using synthetic data from time-dependent 2-D or 3-D
numerical simulations indicate that the reconstructions nev-
ertheless can produce qualitatively correct streamline and
field line patterns [Hasegawa et al., 2007a, 2007b].

[31] Figure 7 shows the GS-like map of streamlines in the
reconstruction xy plane derived from data that TH-A
obtained during the 93-s-long interval between 0653:16
and 0654:49 UT. The white arrows along the x axis
correspond to the measured TH-A velocity transformed into
the comoving frame of reference. The invariant (z) axis
orientation and the velocity of the comoving frame (in
which the reconstruction is performed) were determined
using a method developed by Sonnerup and Hasegawa
[2005]. The resulting frame velocity is V0 = ( 55.1, 90.6,
14.8) km/s (GSE) which is roughly antiparallel (167 ) to the
average M̂GSM = (0.663, 0.749, 0.000) direction of the
LMN boundary normal coordinate system at TH-A during
this 93-s-long period. This indicates that the reconstructed
features in Figure 7 were propagating tailward along the
postnoon magnetopause. The x axis of the map is approx-
imately antiparallel to V0 but it was rotated about the z axis
by 3.2 relative to V0 to yield a well-organized map. The
frame speed along the x axis is 107.1 km/s.

[32] The GS-like streamline map fully reveals a large
plasma flow vortex (length 1 RE and width 2000 km)
along the x axis and centered at x 7500 km. It is inferred
from the frequent boundary traversals (see Figure 6) that a
second large vortex was present (centered at some negative
x value), but only partially visible on this map. An elon-

Table 3. Average LLBL and PDL Magnetic Field for Three FTE Events

Event
Center Time

(UT)
LLBL Timea

(UT)
PDL Timea

(UT)
BGSM
LLBL

(nT)
BGSM
PDL

(nT)
Shear Angle

(deg)

FTE1 0653:40 0653:23 0653:56 (8.6, 1.0, 31.7) (11.1, 3.6, 37.7) 7.0
FTE2 0718:44 0718:21 0719:03 (9.3, 0.6, 30.8) (10.5, 6.0, 38.6) 9.8
FTE3 0744:44 0744:19 0745:01 (10.9, 1.6, 32.0) (12.4, 4.2, 40.0) 8.6

aTimes in LLBL and PDL are midpoints of 6-s average periods.

Figure 7. Map of streamlines (black lines) recovered from TH-A observations during a 93-s-long
(0653:16–0654:49 UT) interval on 8 June 2007 with reconstructed density in color. White arrows show
measured velocity vectors, transformed into the comoving frame (see text for details). The subsolar
region is to the right, and the magnetosheath region is on top. GSE components of the reconstruction
coordinates are x = (0.46842, 0.87478, 0.12387), y = (0.83442, 0.48411, 0.26342), and z =
(0.29040, 0.02003, 0.95670).
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gated and smaller vortex was centered at x 2700 km
between these two large vortices. It is embedded within
the boundary layer and tilted relative to it. The bipolar
magnetic perturbation observed by TH-A at 0653:40 UT
was seen during the passage of this small vortex as
discussed below. GS-like reconstructions of TH-A data for
later intervals also demonstrate the presence of vortices with
a similar size and aspect ratio ( 1 RE by 2000 km),
suggesting that KH waves were propagating along the
postnoon magnetopause throughout the 0650–0900 UT
period. The encountered KH waves do not appear rolled
up yet since the amplitude of the reconstructed waves
(transverse y width of the vortices) is still rather small
( 2000 km) as compared to the 1 RE wavelength.

[33] Periodic magnetopause transitions between the
LLBL and the PDL were seen mainly at the outermost
TH-A probe during the 0650–0900 UT period and occa-
sionally also at the inner TH-C, D and E probes. The probe
separations during the second 5-min interval analyzed in
Table 1 suggest a KH wave amplitude in the range 0.18 <
DMP < 0.91 RE or 1157 < DMP < 5776 km along the local
magnetopause direction, since neither TH-A nor TH-D
observed a continuous magnetopause wave activity. A wave
amplitude in this range is consistent with the reconstructed

2000 km transverse width and strongly suggests that the
KH waves were still in an early growth phase in agreement
with statistical results showing that rolled up vortices are
seen predominantly behind the dawn-dusk terminator
[Hasegawa et al., 2006a]. The magnetosheath ion popula-
tion, when observed in the LLBL during this event, is
therefore unlikely to be a result of local plasma entry
produced by the nonlinear KHI [Hasegawa et al., 2004].
Direct penetration of the dayside magnetosheath plasma due
to high-latitude reconnection tailward of both cusps [e.g.,
Song and Russell, 1992; Øieroset et al., 2008; McFadden et
al., 2008b] is a more likely explanation, given the prevailing
northward IMF conditions.

[34] Figure 8 shows maps of streamlines (first and second
panels) and magnetic field lines (third panel) recovered
from an MHD reconstruction of the shorter 0653:16–
0654:04 UT time interval during which the 0653:40 UT
bipolar BN feature occurred. White arrows along y = 0 are
the observed TH-A velocity vectors (first and second
panels) and the magnetic field vectors (third panel) pro-
jected onto the reconstruction plane. The reconstruction
axes and the comoving V0 frame velocity are the same as
those used for the GS-like reconstruction. The MHD recon-
struction results indicate that the recovered streamline map
is qualitatively similar to the x = 0–5000 km range of the
GS-like reconstruction results in Figure 7. However, the
small vortex centered at x = 2700 km is less elongated than
its counterpart in Figure 7. The fact that the small vortex
occurs in both reconstructions, despite the very different
techniques, indicates that it is a robust feature.

[35] Unlike the GS-like approach, xy plane magnetic field
components are self-consistently calculated in the MHD
reconstruction. The third panel of Figure 8 displays the
recovered magnetic field map (axial Bz magnetic field in
color), which shows a coherent magnetic island structure
embedded within the LLBL just inside the magnetopause
boundary. High Bz values indicate the adjacent PDL region
in agreement with observations (see Figure 6). The island is

consistent with the bipolar BN signature (white arrows) that
TH-A observed. A magnetic island was also recovered (not
shown) for the same interval by use of the magnetohydro-
static GS reconstruction technique [Hau and Sonnerup,
1999]. The island thus appears to be a robust feature of
the reconstruction.

[36] The fourth panel in Figure 8 shows a combined map
of streamlines and field lines. It indicates that although the
two sets are qualitatively similar, there is a relative dis-
placement between the magnetic island and the small
plasma vortex. The magnetic island appears near a topo-
logical X point in the transverse magnetic field (located at
x 1200 km) and a nearly coincident hyperbolic X point
of the streamline pattern. However, the flow behavior near
the magnetic X point does not contain the bidirectional
jetting, nor the general flow pattern, expected at an active
reconnection site. Since streamlines and field lines would
coincide in a steady state 2-D configuration in the absence
of reconnection, these facts indicate that there is some
modest temporal evolution of the field structure. The
magnetic field lines are stretched and moved around by
the plasma flow. The flow, in turn, is also modified by the
stresses associated with the in-plane magnetic field. The
reconstruction maps should therefore be thought of as
time-aliased for this event. However, we believe that
they are qualitatively correct snapshots of the field and
flow configuration. As a result of the stretching by the
vortex flow, the magnetic island is elongated at an angle to
the x axis.

[37] Although the maps of density, temperature, and axial
magnetic field (the first, second, and third panels in Figure 8)
are somewhat corrupted by the absence of a static equilib-
rium, they nevertheless show qualitative behavior that is
realistic. In the middle of the map, there is a transition from a
region of low density, high temperature and low axial field
(LLBL) to a region of high density, low temperature and
high axial field (PDL) consistent with TH-A observations
(see Figure 6). Throughout most of the map, the axial field is
approximately conserved along field lines as expected in the
magnetohydrostatic limit when the dynamic effects of the
flow are small.

[38] To further check the validity of the MHD reconstruc-
tion results, it is useful to examine the behavior of the
measured convection electric field, after it has been trans-
formed to the moving reconstruction frame. Figure 9 shows
the components of this field along its maximum, interme-
diate, and minimum variance directions. The last of these
directions is along the chosen invariant z axis while the
other two lie in the reconstruction (xy) plane. In a steady 2-
D field configuration, Faraday’s law requires the axial
electric field to be strictly constant. Figure 9 shows that
this is nearly the case so that the base assumptions of the
reconstruction results are well satisfied and the proper frame
axis orientation and motion has been found. The axial
electric field component is very small ( 0.012 mV/m on
average) but contains small fluctuations with a standard
deviation of 0.023 mV/m. These fluctuations are associated
with the temporal evolution discussed above. The average
axial electric field component could in principle be caused
by reconnection at the magnetic X point. It has the expected
negative sign, but its magnitude is too small to be consid-
ered significant. Although it is reasonable to assume that the
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magnetic island was created by a burst of reconnection at
this X point, the reconnection activity must have occurred at
an earlier time, i.e., at some upstream location on the
magnetopause. At the time the X point and the island
reached TH-A, the reconnection activity had essentially
ceased. This type of situation also arises for standard FTE
flux ropes, observed at high latitudes, well away from the
time and place where they were created [Hasegawa et al.,
2006b].

[39] One question that arises concerning the growth of the
KH waves is whether the spatial growth rate, which cannot
be captured in reconstructions based on data from a single
spacecraft, could be large enough to seriously compromise
the various features we have discussed in the reconstruction
maps. Although we cannot completely exclude this possi-
bility, we note that the reconstruction by Hasegawa et al.
[2007a] of a numerically simulated 2-D KH vortex indicates
that meaningful streamlines can be recovered even in the

Figure 8. Maps of streamlines (black, first and second panels) and field lines (black, third panel) from
the MHD reconstruction using a shorter (0653:16–0654:04 UT) interval of TH-A data. The fourth panel
shows an overlay of streamlines (red) and field lines (black). In the first and second panels, the ion
density and temperature are shown in color, and white arrows are measured velocity vectors, transformed
into the comoving frame and projected onto the reconstruction xy plane. In the third panel, the axial field
(Bz) is in color, and white arrows are measured field vectors, projected onto the xy plane. The
magnetosheath PDL is toward the top, and the magnetosphere is toward the bottom of the reconstruction
domain. The subsolar region is toward the bottom right.
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presence of substantial time evolution. Linear growth times
for the KHI, predicted from 2-D theory or simulations in the
absence of a PDL, are comparable to, or shorter than, the
time intervals used in the reconstructions we have pre-
sented. However, it is unclear how applicable such predic-
tions are to a real magnetopause region with an adjacent
PDL, where 3-D effects such as field line bending and
stretching caused by flow shear across, and acceleration
along, the magnetopause may act to stabilize the KH
growth.

5. Summary and Conclusions

[40] THEMIS observations at the postnoon magnetopause
show for the first time that small-scale < 0.56 RE FTEs were
common at the trailing (sunward) edges of KH waves in
their growth phase during a 2-h-long period of TH-A
observations between 0650 and 0910 UT on 8 June 2007
when the IMF was predominantly northward. In situ FTE
evidence consists of enhanced total plasma pressure at the
center of the bipolar BN features as TH-A moved from
the LLBL into a local magnetosheath PDL adjacent to the
magnetopause. Bipolar BN features were only occasionally
observed at the opposite (leading edge of the surface waves)
magnetopause transition from the PDL into the LLBL.

[41] MHD as well as Grad-Shafranov based reconstruc-
tions confirmed the presence of a magnetic island which
was associated with a small plasma flow vortex within the
LLBL just inside the local magnetopause for two FTE
events observed by TH-A at 0653:40 and 0718:44 UT
(not shown). The Grad-Shafranov-like streamline recon-

struction map provides a large-scale context for the MHD
reconstruction maps of density, temperature, axial magnetic
field and in-plane magnetic field contours that confirm the
appearance of a magnetic island between two larger-scale
KH vortices. These vortices were not yet rolled up on the
basis of these THEMIS observations.

[42] Because of the large kinetic energy of the magneto-
sheath flow along the magnetospheric flanks, it is clear that
the KHI can develop even in the presence of the small
magnetic field components present in the reconstruction
plane. The resulting vortices deform this field so as to create
local regions in which there are spatially rapid reversals of
the in-plane field. At such sites reconnection of the in-plane
field can then take place, leading to the formation of
magnetic islands, or more precisely, magnetic flux ropes.
The guide field (the z component) in these ropes is much
stronger than the circumferential field, but there is no reason
to assume that the guide field would prevent reconnection
from occurring. Low-shear reconnection is indeed frequently
observed in interplanetary space [Gosling et al., 2007] and
also occurs in tokamak devices.

[43] More specifically, with support from the TH-A MHD
reconstruction results in Figure 8 and the low bi < 0.2
observed within the PDL (see Figure 3), we propose that the
small-scale FTEs may have been generated in the early
growth phase of the KHI in the vicinity of the postnoon
TH-A location due to pulse-like low-shear reconnection
[Paschmann et al., 1986] between magnetosheath (PDL)
and magnetospheric fields at the trailing (sunward) edges
of the growing KH surface waves. This is a topologically
different merging scenario than that proposed, e.g., by
Nykyri and Otto [2004], in which reconnection occurs
between fields of magnetosheath (or magnetospheric) origin
during the nonlinear phase of rolled up KH vortices,
typically behind the terminator. The observed sunward edge
preference of the small FTEs is consistent with a localized
compression of the magnetopause current sheet due to
converging vortex flow at the hyperbolic point between
neighboring larger-scale KH vortices (see Figures 7 and 8)
as a triggering mechanism for the proposed reconnection
process. A similar scenario was proposed by Nakamura et
al. [2006, 2008] on the basis of numerical simulations,
although at a later stage of the KHI. The small plasma
vortex that we found to be associated with the reconstructed
FTE most likely developed as a byproduct of the reconnec-
tion process and of the stresses associated with the in-plane
magnetic field of the deforming magnetic island.
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(1993), Structure of the dayside magnetopause for low magnetic shear,
J. Geophys. Res., 98, 13,409.

Phan, T. D., et al. (1996), The subsolar magnetosheath and magnetopause
for high solar wind ram pressure: Wind observations, Geophys. Res. Lett.,
23, 1279.

Phan, T. D., C. P. Escoubet, L. Rezeau, R. A. Treumann, A. Vaivads,
G. Paschmann, S. A. Fuselier, D. Attié, B. Rogers, and B. U. Ö.
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T. G. Forbes, E. W. Hones Jr., and C. T. Russell (1981), Structure of the
low-latitude boundary layer, J. Geophys. Res., 86, 2099.

Sibeck, D. G., R. P. Lepping, and A. J. Lazarus (1990), Magnetic field line
draping in the plasma depletion layer, J. Geophys. Res., 95, 2433.

Song, P., and C. T. Russell (1992), Model of the formation of the low-
latitude boundary layer for strongly northward interplanetary magnetic
field, J. Geophys. Res., 97(A2), 1411.
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