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Abstract. We present observations from two subsolar Clus-extends across the dayside magnetopause. Observations have
ter magnetopause crossings under southward interplanetagonfirmed that such a long reconnection line exists at times
magnetic field and strong mirror mode fluctuations in the (e.g.Phan et al.2006, and it is also reproduced by global
magnetosheath. In both events the reconnection outflodMHD simulations (e.gLaitinen et al, 2006 2007). Lately

jets show strong variations on the timescale of one minutemuch attention has been given to determining the location of
We show that at least some of the recorded variations ar¢he reconnection line under different IMF orientations (e.g.
truly temporal, not spatial. On the same timescale, mirrorLockwood et al. 2003 Trattner et al.2007. The two com-
mode fluctuations appear as strong magnetic fluctuations ipeting hypotheses, component reconnection and antiparallel
the magnetosheath next to the magnetopause. This suggeseconnection, both view reconnection as occurring continu-
that mirror modes can cause the variations either througlously in time and at one smooth large-scale reconnection line
modulation of continuous reconnection or through trigger- (component hypothesis predicts the x-line to be continuous
ing of bursty reconnection. Using a theoretical scaling lawin space, while antiparallel hypothesis predicts one disconti-
for asymmetric reconnection we show that modulation of re-nuity at the subsolar region).

connection at a single x-line can explain the observations of
the first event. The second event cannot be explained by ®
single modulated x-line: there the evidence points to patchytr
and bursty reconnection.

On the other hand, we also know that bursty and spatially
calised reconnection can occur at the magnetopause. Flux
ansfer events (FTE) are its common observational signa-
ture Russell and Elphic1979. They are observed during
Keywords. Magnetospheric physics (Magnetopause, cuspall kinds of solar wind and IMF conditions, with certain sta-
and boundary layers) — Space plasma physics (Magnetic retistical trends, and at temporal separations ranging from less
connection) than a minute upwards\Nang et al. 200§. The exact na-
ture of FTE-producing reconnection events is uncertgin.

and SibecK1998 concluded from their 2-dimensional MHD
simulations that bursty merging along a single extended x-
line does not explain the symmetric bipolar signature of a

. . _ ical FTE. As alternativ h rsty mergin
The location and dynamics of reconnection on the mag-typ ca s alternatives, they suggest bursty merging at

. . .2 a point or along at least two parallel x-lines. Bursty recon-
netopause is one of the most important factors governin b 9 b v

tospheric d ics. The traditional vi h hection ata point — or on a short piece of x-line —is supported
magnetospheric dynamics. 1he traditiona’ view on the pro—by the longitudinally limited spatial size of the FTE structure,
cess derives from thBungey(1961) convection cycle: dur-

ing southward interplanetary magnetic field (IMF), magne- inferred bykawano and Russe(2009 from observed FTE

: . . p'wotions.
topause reconnection occurs on a global separator line whic

1 Introduction

What determines when magnetopause reconnection is
steady and when it is bursty, patchy or otherwise non-steady?

Correspondence tdl. V. Laitinen Is it ever really steady, if examined at good enough reso-
BY (tiera.laitinen@fmi.fi) lution, or is steady reconnection only the big-scale average
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Cluster 3 observations
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Fig. 1. Mirror modes in Cluster 3 observations, slightly after event 2. The first panel shows magnetic field components in GSM coordinates
and the total magnetic field (light blue). In second panel, ion density. Third panel: plasma thermal pressure, magnetic pressure and their sum
The sum stays approximately constant, a typical property of mirror modes. Fourth panel shows the reconnection outflow velocity calculated
by Eq. @), using observed magnetosheath values from the first two panels and a constant Balse28nT for the magnetosphere magnetic

field.

effect of non-steady small-scale processes? Having analysetktosheath. One type of possibly significant fluctuations are
in detail one FTE and concluded that it was generated byvariations of plasma beta, which can be caused by e.g. mirror
component mergingsonnerup et al2004 pose the follow-  modes.

ing questions: “Does component merging by necessity oc-

cur in a bursty fashion, leading to the generation of FTEs, ) ,
terrestrial magnetosheath (eTgurutani et al.1982 Lucek

or is the bursty behavior controlled by factors other than, or | Thtrall 4 "
in addition to, the presence of a guide field, i.e. a magneticeta » 2001 Tatrallyay and Erds 2002 Soucek et a) 2008,

field component in the expected direction of the x-line? Doesand also in the solar wind and in magnetosheaths and mag-
netospheres of other planets (elgeumann et al.2004

quasi-steady reconnection imply anti-parallel fields and/or 4 ’
vice versa?” Joy et al, 2006§. They are co-moving compressional non-

oscillatory magnetic variations which exhibit local anticor-

When studying the properties of magnetopause reconneaelation of magnetic and thermal pressures, suggesting that
tion, the relevant boundary conditions are the magnetic fieldhey are in local pressure equlibrium, and do not involve sig-
orientation and the plasma properties in the magnetosheatmificant variations in magnetic field direction. Some mirror
The magnetic field direction is affected by draping of the modes in the magnetosheath, of the type that were prevalent
field lines: according t&€oleman(2009, the IMF clock an-  during the events that we discuss in this paper, are shown in
gle is conserved within 30in about 70% of cases, and in Fig. 1. In this case the mirror modes form a quasi-sinusoidal
about 90% of cases in the subsolar region. Compression gbattern, but they are also rather frequently observed as iso-
plasma at the bow shock is obvious, but less obvious is théated large magnetic peaks or holdsy et al, 2006 Soucek
effect of different oscillations and fluctuations in the mag- et al, 2008 Génot et al. 2009. Treumann et al(2004

Mirror mode fluctuations are commonly observed in the
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describe mirror modes as long magnetic field-depleted tubesNe see immediately from Eq2) that a reduction in outflow
The amplitude of the magnetic field variation often exceedsvelocity is to be expected whenever the magnetic flux den-
50% of the background field. In the transverse direction theirsity is reduced. The lowest panel in Figillustrates how the
typical size in the magnetosheath is several hundreds of kilomodulated outflow velocity could behave. It is a direct ap-
meters, corresponding to a few ion gyroradiu¢ek et al, plication of Eq. @) to the observational data. The expected
2001). Mirror modes are generated by the mirror instabil- outflow would consist of faster jets separated by intervals of
ity in anisotropic plasma where the mirror instability condi- slower exhaust. The timescale of these outflow speed varia-
tion is satisfiedg (T /T —1) < 1 (Hasegawal969. Once  tions is set by the timescale of the incoming magnetic vari-
generated they may survive even where the condition is noations. As mirror modes are co-moving, this timescale is
satisfied Soucek et a).2008 Génot et al, 2009. Therefore  simply their spatial scale size divided by the average inflow
the mirror instability condition is a necessary condition for speed to the reconnection region. In the case shown irlFig.
the triggering of mirror modes but not for their presence.  this timescale is of the order of one minute. On a global mag-
In this paper we present Cluster observations on twonetopause reconnection line this modulation would be local,
events of non-steady magnetopause reconnection. One coras the size of mirror modes is small compared to the size of
mon feature of our events is the presence of strong plasmthe magnetosphere.
beta fluctuations in the magnetosheath. While the origin of
such fluctuations is not important in the limited scope of this )
paper, we identify them as mirror mode fluctuations to make3 Observations
the treatment more concrete and to point out that the mir- . .
ror instability also plays a role in solar wind—magnetosphere'Vé €xamine data collected by several instruments onboard
coupling. the Cluster spacecrafEscoubet e'F al2002): .magnetlc fle!d
from FGM (Balogh et al. 200J), ion velocity and density
from CIS/HIA (Reme et al.2001), and density estimates de-
2 Plasma beta influence on reconnection: theoretical 'ved from the spacecraft potential measured by ER®/:
motivation ersen et a).20089. As CIS/HIA data is only available from
Cluster 1 and 3 during the times of interest, we use mostly
In mirror mode fluctuations the magnetic field streBthand ~ data from these two satellites. We selected events with the
the densityp, always change in antiphase. As mirror modes following criteria:
are larger than the ion gyroradius, it is not unrealistic to ap-
proximate them as spatially large compared to the size of
the reconnection diffusion region. Thus an incoming mirror
mode can be considered as a temporary change of the plasma
beta in the inflowing plasma on one side of the diffusion re-
gion. Consider a mirror mode with reduced magnetic field
and enhanced plasma density. When it drifts into the recon-

— Magnetopause crossing near the subsolar point (Cluster
orbital parameters thus limiting the search to 2007 and
2008 spring seasons)

— Stable enough magnetosheath conditions with approxi-
mately constanB direction

nection inflow region, the magnetic energy available for ac- — SouthwardB in the magnetosheath
celeration per unit mass of plasma is reduced. Reduction of
outflow velocity can thus be expected. — Reconnection jet recorded at a magnetopause crossing

The outflow velocity is commonly expected to be of the
order of magnitude of the Algn speed in the inflow region.
This scaling law was generalised for asymmetric inflow re-
gions byCassak and Shaf2007: the outflow velocity is
expected to scale as

— Prolonged stay of at least several minutes at or near the
magnetopause, i.e. observation not limited to one quick
crossing.

Having evaluated the 2007 and 2008 spring season mag-
, BB, Bi+B: netopause crossings, we prgsept observations from the two
(1) events that best fulfil these criteria.

v ~ b
ot o p1Ba+p2B1
where subscripts 1 and 2 refer to the two inflow regions (note3-1  Event 1. 27 March 2007

that the expression is invariant under an interchange of 1 and
2), B is the magnetic flux density andis the plasma mass On 27 March 2007 the Cluster quartet crossed the mag-

density. If we let 1 denote the magnetosphere and 2 denotgetopause alX.¥,Z) = (9,0,3.5) Re in GSE coordinates,

the magnetosheath at the subsolar magnetopause, we hak‘lg' S“%httrl]y north of trf1te subsholar ppw:__t. 'I_'rhe relzlmve t?\OSI_
p1B2 < p2B1, and we may simplify the expression as lons of the spacecraft are shown in ig 0 analyse the
event, we use boundary normal coordinaeésM, N} de-

2 By fined as follows. L is the direction of magnetic field in the
Vout ™ "o p2(31+32)' (2) magnetosphere (averaged over an interval of about 10 min
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Msphere on left, msheath on right Mpause plane seen from Sun for most of the fluctuations. The expected anticorrelation of
E000E o] SRRSO AR magnetic field magnitude and plasma density is not always
* . 4 : : .. . . . .
- ; : . distinguishable due to the time resolution of the ion data, but
' 3 ' it can be seen for the most representative mirror modes. Best
examples are C1 at 05:12—-05:13:30 and C3 at 05:09-05:10.
: _ : The plasma temperature anisotropy (not shown) also satisfies
v v ; the mirror instability conditionlasegawal969.
e IR RSN ¥ IR 1 SRS S One way to predict the tilted x-line location is to integrate
5000 0 5000 £000 0 =0 the line starting from the subsolar point so that the tangen-
e M el tial direction of the line at each point is given by the condi-
tion that the antiparallel components of the merging magnetic
fields are maximizedT{rattner et al.2007). Taking the mag-
Fig. 2. Relative positions of the Cluster satellites during event 1, on netospheric magnetic field direction from the Tsyganenko 96
27 March 2007 at 05:10 UT. The figure is drawn in boundary normalmodel and the magnetosheath field direction from a drap-
coordinates (see text for definition), whetes close to GSEZ and  ing model, they predicted the x-line to be located aboRt 3
N close to GSEX. The origin of the plotis a9,0,3.5) Re inGSE.  south of the C1 location for this event (K. Trattner, private
Clis black square, C2 red diamond, C3 green circle and C4 blugommunication). The observed ambient flow speed in the
triangle. magnetosheath is 100-150 ks The ambient flow and
the jets are both directed northward (positive as expected
since the satellites are located north of the subsolar point
before crossing)/N is the direction closest to the magne- and of the predicted x-line location. The jet velocities also
topause normal in the Tsyganenko 95 modadyganenko  roughly agree with what Eq. (1) predicts. Thus reconnec-
1999 and perpendicular té., andM = N x L. This leads  tjon at the subsolar x-line is a likely source for the observed
to L =(-0.29,0.39,0.87), M =(-0.13-0.92037), and  plasma jets.
N =(0.95,—0.007,0.32) in GSE. The actual orientation of We also performed a Wai test (se&hrabrov and Son-
the magnetopause current sheet during different crossings iﬁerup 1999 for the outbound magnetopause crossing after
not relevant to this study, and therefore we do not use min{pe fast jetin Fig4, 05:07:40-05:13:05 UT. The deHoffman-
imum variance analysis to determine it. Rather, the Tsyga-Tg|ler (HT) frame was found to be moving at a speed of
nenko model gives a simple approximation of the average, - — 268 kms* with respect to the GSE frame. Figuse
orientation of the magnetopause. This is useful for adjustings the Waén scatter plot for the interval. It shows the cor-
the coordinate system to the large-scale reconnection geomeg|ation between the plasma flow speed in the HT frame
try and allows us to use the same coordinate system throughyng the local Alfén speed. The correlation coefficient is
out thg half an hour long interval with several magnetopausextremely good, 0.98, indicating that the HT frame deter-
crossings. mination is good and the test result relevant. The coeffi-
Figure 3 shows the magnetic field, ion velocity and ion cient of proportionality is 0.72. This is reasonably close to
density at Cluster satellites 1 and 3, henceforth referred to agnity, indicating that the magnetopause has the structure of
C1 and C3. C1 moves from the magnetosphere to the maga large-amplitude Alfén wave or rotational discontinuity, as
netosheath at about 05:07 UT. The angle between mean magxpected in the vicinity of a reconnection site. (In contrast, a
netic field direction inside and outside the magnetopause igoefficient of proportionality close to zero would point to the
about 160, so the fields are almost antiparallel. Northward magnetopause being a tangential discontinuity, which would
(positive L) oriented plasma jets are observed on both spaceprove against reconnection.) The insert in the figure shows
craft during the interval 05:04-05:17. Their speed exceedshe ion distribution function during the jet, with the veloc-
300kms* at several instances, the fastest jet reaching ality component parallel to the magnetic field on the vertical
most 500 kms?. This jet is shown at higher time resolution axis. The highest velocity space density, represented by red
in Fig. 4. colour, forms a D-shaped distribution charasteristic of recon-
The data in Fig.3 also show that the magnetosheath nection jets Cowley, 1982. The distribution has a cutoff at
is full of mirror modes. Mirror mode magnetic signa- the HT frame speed as expected. This evidence strongly sup-
tures can be seen whenever the spacecraft are in the magerts the interpretation of the observed fast plasma flows as
netosheath (which is recognised by negatRg values, reconnection jets.
while in the magnetosphet®;, ~ +70nT). They appear as At 05:05-05:08, C3 stays near the magnetopause for three
quasi-periodic magnetic depressions with a typical amplitudeminutes, as indicated by the rapid variation of the magnetic
AB/B ~50%, and for the strongest fluctuations the ampli- field L component between values typical of the magneto-
tude reaches 80%. The fluctuations are approximately linsphere and the magnetosheath. During this time, the satel-
early polarized, as is characteristic for mirror modes: the asiite sees an almost continuous fast flow, whose speed, how-
sociated change in magnetic field direction is less thén 50 ever, varies rapidly. Otherwise all jet occurrencies during the

L [krn]
L [kn]

L along B, N closestto normal, M=Nx L
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| | |
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Fig. 3. Magnetic field, ion velocity and ion density recorded by Cluster 1 and 3 during event 1, on 27 March 2007 at 05:04—05:25 UT at the
magnetopause approximately ¢ Rorth from the subsolar point. F& andV, light blue curve gives the absolute magnitude. Dark blue,
green and red are, M andN components, respectively, in boundary normal coordinates defined in the text.

interval last about half a minute. Half a minute is also the cf. Fig. 6.) Until this time the plasma flow speed is under
timescale of the mirror mode fluctuations as they advect pas200 kmst. Around 05:07:40, whileB; at the location of
the spacecraft. C1 is slowly increasing, the plasma flow speed increases to
Salmost 500 kms!. Then at 05:08:00 C1 enters the mag-
netosphere again and the measured flow velocity drops to
vgoo kms. This might be due to C1 moving deeper into
a{ﬂe magnetosphere, out of the jet at the magnetopause, but
only 10s later C1 crosses the magnetopause again, and sees
po accelerated plasma flow. We should see the jet at all three
8rossings, if the reconnection jet at the magnetopause were
ontinuous. Thus we conclude that the duration of this fast
ow was less than the interval between the first and third
rhagnetopause crossing in Fi..e. less than 60s.

The separation between the different Cluster satellites i
large, about RRg, and they are not aligned with the plasma
jets, so that in general we do not record the same jet at se
eral spacecraft. These are thus essentially single-spacecr
observations, and that makes it difficult to discriminate be-
tween temporal and spatial variations. In most instances, th
recorded changes in flow speed could be due to either tru
changes in the reconnection jet speed or movement of th
magnetopause and jet with respect to the satellite. Howeve
in one case we are able to identify the variation as temporal.

The jet where temporal changes can be established is The variability of the outflow speed is further illustrated in
the one recorded by C1 at 05:07:30-05:08 UT, shown inFig. 6, where the jet speed is plotted against the magnetic
Fig. 4. C1 crosses the magnetopause halfway at 05:07:1@ield L component. Data points from the magnetosphere
and, judging fromB;, is farthest away from the magneto- appear as a dense cluster in the lower right corner, while
sphere at 05:07:23. (We u#h, to indicate where the satel- data from the magnetosheath forms an elongated cluster at
lite is between the magnetosphere and the magnetosheattie lower left (elongation is due to the mirror modes). The

www.ann-geophys.net/28/1053/2010/ Ann. Geophys., 28, 1IER-2010
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Fig. 4. A detail from Fig.3: Cluster 1 observation at 05:07:40—05:09:00 BTandV are in same format as in Fi§. In the ion density

panel, the black curve is the CIS/HIA ion measurement (same as iB)Fgd the magenta curve is density estimate derived from the EFW
spacecraft potential measurement, added here because it has higher time resolution. The 4-s oscillation is due to spacecraft spin. Blue vertic:
bars mark the three partial magnetopause crossings during this interval. If reconnection at the magnetopause were continuous and steady;, tf

reconnection jet should be observed at all three crossings.

scattered points in between are measurements during trameconnection jet was observed most of the times when a
sitions through the magnetopause. The highest jet speedspacecraft approached the magnetopause, but the jet speed
corresponding to the jet in Figl, are recorded aB; = varied from 500 kms! down to the ambient magnetoheath
40— 60 nT, but also lower plasma flow speeds, down to theflow speed, and at least in one case the accelerated plasma
ambient magnetosheath flow speed, are recorded in the sanflew lasted less than 60s. The timescale of the variations is
By interval. In fact, the scatter plot shows instances of bothroughly half a minute, the same as the timescale of the mirror
accelerated and non-accelerated plasma flow everywhere imode fluctuations observed immediately outside the magne-
the layer between the magnetosphere and the magnetosheatbpause.

At 05:23 UT we also see a clear bipolar variation in the
normal component of the magnetic field at C1 (RY. in- 3.2 Event 2: 3 March 2008
dicating the passage of an FTE-like structure. Other similar
variations with the same polarity are recorded by C1, such agyyr second event occurred on 3 March 2008, 23:05—
those at 05:05 and 05:16. This is further evidence for non-3:20 UT. For this event we use the GSM coordinate sys-
steady reconnection. tem, as it happens to be virtually identical to the bound-
We conclude that in event 1 nearly antiparallel reconnec-ary normal system, GSNKX corresponding to the magne-
tion at the subsolar magnetopause was quasi-continuous. fopause normal and GSi to the magnetic field direction

Ann. Geophys., 28, 1053063 2010 www.ann-geophys.net/28/1053/2010/
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Fig. 5. Waléen test for the outbound magnetopause crossing immediately after the observation of the fast jet.iT Réginsert shows a
sample ion distribution function during the fast jet: The D-shaped jet population, advancing parallel to the magnetic field, has a lower cutoff
at the HT frame speed.
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. Fig. 7. Relative positions of the Cluster satellites during event 2, on
°r ] 3 March 2008 at 23:15 UT. The figure is drawn in GSM coordinates.
Clis black square, C2 red diamond, C3 green circle (under the C4
e T e . ™ - - = o0 symbol) and C4 blue triangle.

Fig. 6. Scatter plot ofV, versusB, in event 1, during 05:04— N the magnetosphere. The location of the crossing was

05:25 UT (same interval as plotted in FB). Black crosses are data (X, Y,Z) = (135,3.4,2.1) Re GSM, i.e. slightly duskward

points from C1 and green crosses from C3. Both low and high flowfrom the subsolar point. The satellite configuration is shown

speeds are recorded at &} values between the magnetosphere in Fig. 7 and the observations in Fi§.

and the magnetpsheath, indicating that no stable plasma jet exists C3 sees the magnetopause for the first time around

between the regions. 23:06 UT, C1 around 23:09, and after skimming the mag-
netopause a few times, both spacecratft finally pass from the
magnetosphere into the magnetosheath around 23:19. The

www.ann-geophys.net/28/1053/2010/ Ann. Geophys., 28, 1IER-2010
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A
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Fig. 8. Magnetic field, ion velocity and ion density during event 2, on 3 March 2008 at 23:05-23:26 UT at the magnetopause slightly
duskward and northward from the subsolar point. Data is shown in GSM coordinate® &ud V, light blue curve gives the absolute
magnitude. Dark blue, green and red &reY andZ components, respectively.

angle between the mean magnetic field direction inside andhave a duskward velocity component, which is natural, as the
outside the magnetopause at C3 is about’ 140 the fields satellites are duskward of the subsolar point and the ambient
have large antiparallel components but there is also a guidéow in the sheath is also in that direction.
field. The magnetosheath is again densely populated with The predicted location of the global scale magnetopause
mirror modes. They are identified by the same characteristgconnection line coincides with the C3 location (K. Trat-
tics as in event 1, the variation in magnetic field direction tner, private communication). As the jets in this event are
being slightly smaller 30°). One of them is visible in C1 gjstinguished from the ambient flow even by their direction
data at 23:24 and several others in C3 data at 23:20-23:26nq show a temporal variation similar to that in event 1, we
more mirror modes from this event are seen in Eig. judge it likely that they are reconnection outflows. This is
As in event 1, numerous plasma jets with duration on thesupported by the observation of density cavities in conjunc-
order of one minute are seen. The special feature of this everiton with some of the beginnings or endings of jets (not vis-
is that the spacecraft also record several flow reversals: C1 able in HIA data, but similar cavities in event 1 are seen at
23:10:40 and 23:16:30, C3 at roughly 23:08 and 23:17:30.05:07:04 and 05:08:00 in EFW density data in Fg. Such
The flow directions and velocities at C1 and C3, separatedtavities are part of the structure of reconnection separatrix
by about 8000 km, seem rather uncorrelated. The only comregions Retind et al, 2006. The slope in the Wéh test was
mon general feature is that the jets at both satellites tend talose to zero, which indicates that the magnetopause was a

Ann. Geophys., 28, 1053063 2010 www.ann-geophys.net/28/1053/2010/



T. V. Laitinen et al.: Influence of beta fluctuations on magnetopause reconnection 1061

tangential discontinuity rather than a rotational one. Thisreconnection jet speed of 345 kmis which is in excellent
testifies against continuous large-scale reconnection, but iagreement with observations: it is just the value at which
compatible with sporadic and localised reconnection, with-most fast jets in Fig3 peak. The jet recorded by C1 just
out large-scale x-line, and not very close to the observingbefore 05:08 stands out as an exception, showing a higher
spacecraft. Next we argue for this interpretation. speed. Representative numbers for the bottoms of the mirror
Different outflow directions at different locations are seen mode magnetic dips arB, = 25 nT, p, = 35 cnT 3. These
in Fig. 8 e.g. at 23:10 and 23:16. This suggests that thenumbers in Eq.2) lead tovoyt= 184 kms™. A jet of this
flows are generated by patchy reconnection on a scale largepeed would in practice be indistinguishable from the ambi-
than the inter-spacecraft separation. Flow reversals (C1 agnt sheath flow. Thus continuous, inherently steady recon-
23:10:40 and 23:16:20. C3 at 23:08 and 23:17:30) at onenection modulated by the changing properties of the mag-
spacecraft might also be a signature of an x-line moving pastietosheath side inflow would produce apparently bursty out-
the satellite, but the different flow directions at different loca- flow. This pseudo-bursty reconnection could explain the ob-
tions simultaneously make different short-lived reconnectionservations of event 1.
sites a more likely explanation. For event 2, the result of EqR)is shown in the last panel
An exception to the lack of correlation between the jets atof Fig. 1. It ranges from 200 kms for slow outflow peri-
C1 and C3 is the jet that is seen at 23:12—23:13 by C3 andds to 400 kms? for top jet speeds. The observed speeds
at 23:13-23:14 by C1. The ion flow in this jet is aligned are lower, most jets peaking at about 200 krh&nd the
with the vector from C3 to C1, and closer analysis of cur- fastest one at 290 knT$. One possible reason to this is that
rent sheet orientations, wave activity etc. (not shown) sup-Eq. ) was derived for antiparallel reconnection. In event
ports the interpretation that it is the same structure that is ob2 the angle between the reconnecting fields was abouft, 140
served consecutively by C3 and C1. The structure seems tehich already implies a notable guide field. The effects of
expand somewhat on its way from C3 to C1, which explainsa guide field are not accounted for in Eg).(However, the
the longer duration of the observation at C1. This supportgderivation of Eq. 2) by Cassak and Sha2007) was based
the view that the flow velocity variations recorded during the on energy conservation principles, and the relative changes
event represent true temporal variations, not spatial ones. between the amount of available magnetic energy and en-
Our conclusion on event 2 is that we observe large sheafrgy required to accelerate the inflowing plasma remain even
angle reconnection which is patchy and non-continuous. Orin the non-antiparallel case. Thus EQ) (s applicable as
larger scales, however, observed from farther away, this rean order-of-magnitude scaling law, but it should not be in-
connection might appear continuous or quasi-continuous, aterpreted as an accurate prediction. The observed jet speeds
we do not see any long quiet intervals during the crossing_exhibit variation similar to that given by the scaling law. But
The timescale of the temporal variations is approximatelywhen we remember also the flow reversals of event 2, it is
a minute, consistent with the timescale of the mirror modeclear that modulated continuous reconnection at one stable x-
fluctuations immediately outside the magnetopause. line, which was sufficient to explain event 1, cannot explain
event 2. Reconnection most likely occurs in true bursts at
several locations on an x-line. The process is thus inherently
4 Discussion unstable, and the magnetic humps and dips of mirror modes
may serve to trigger the onset and cessation of reconnection
In both events the timescale of the plasma jet variations abursts. We do not rule out spatially patchy reconnection even
the magnetopause matches the timescale of the mirror modier event 1, but only for event 2 do we have evidence for it.
fluctuations that convect toward the magnetopause. This is Reconnection can be unstable even under steady boundary
very suggestive and good circumstancial evidence in favouronditions. For exampleling et al.(1992 performed par-
of causal connection, but not sufficient to prove it. Ideally ticle simulations where periods of quasi-steady single X-line
one would want to be able to observe simultaneously both theeconnection and intermittent multiple X-line reconnection
inflow and outflow regions of an x-line and then to associateoccurred even in the same run. More recently, using a kinetic
certain variations in jet speed one-to-one with correspondsimulation,Karimabadi et al(2007) found that unstable ex-
ing fluctuations in inflowing plasma. However, this would pansion of the electron diffusion region can lead to variable
require a very fortuitous spacecraft configuration, which wereconnection rate at a single X-line. On the other hand, the
did not find. It is also questionable whether the modulationparticle-in-cell simulations of asymmetric current sheets by
would be so straightforward that one could even in principle Pritchett (2009 exhibited stable reconnection rate. When
recognise the effects of individual fluctuations. upstream boundary conditions are unsteady due to mirror
Having presented our observations, we turn back to themodes or other fluctuations, the effect on reconnection rate
theoretical estimate (EQ) from Sect. 2 and put in real num- and outflow velocity may not be as simple as the scaling laws
bers. For event 1, the magnetosphereBgs 75nT and the  derived byCassak and Shg2007) suggest. An intricate in-
magnetosheath plasma between the mirror mode magnetierplay between external fluctuations and the intrinsic insta-
dips hasB> =50 nT, p» =25 cnt3. This gives predicted bility of the reconnection process can be expected, as may
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happen in our event 2. To determine exactly what role the Ann. Geophys., 27, 601-615, doi:10.5194/angeo-27-601-2009,

fluctuations in inflow play in the observed variations would ~ 2009.

require simultaneous multi-scale observations of the inflowHasegawa, A: Drift mirror instability in the magnetosphere, Phys.

and the diffusion region. Fluids, 12, 2642—-2650, 1969.

Joy, S. P., Kivelson, M. G., Walker, R. J., Khurana, K. K., Rus-
sell, C. T., and Paterson, W. R.: Mirror mode structures in
the Jovian magnetosheath, J. Geophys. Res., 111, A12212,
doi:10.1029/2006JA011985, 2006.

We have presented observations of two events of non-steadKarimabadi’ H., Daughton, W., and Scudder, J.: Multi-scale struc-
P y ture of the electron diffusion region, Geophys. Res. Lett., 34,

reconnection on the subsolar magngtqpause. In. both cases 113104, doi:10.1029/2007GL030306, 2007.
the reconnection process shows variations on a timescale awano, H. and Russell, C. T.. Dual-satellite observations
the order of one minute. Mirror mode fluctuations appear of the motions of flux transfer events: Statistical analysis
as strong magnetic fluctuations on the same timescale as the with ISEE 1 and ISEE 2, J. Geophys. Res., 110, A07217,
magnetosheath plasma flows toward the magnetopause. We doi:10.1029/2004JA010821, 2005.
showed that modulation of reconnection outflow velocity by Khrabrov, A. V. and Sonnerup, B. \O.: DeHoffman-Teller anal-
mirror modes is a theoretically sufficient explanation and, Ysis, in: Analysis methods for multi-spacecraft data, edited by:
given the coincidence of timescales, also a likely explana- Paschmann, G. and Daly, P. W., ISSI scientific report SR-001,
tion for the non-steadiness of reconnection in the first of our 19:8'(: d Sibeck. D. G.: Flux transk X duced b
two events. In the second event reconnection is patchy and: - - and SIbeck, b. &.. Flux franster events produced by
. . bursty merging at a single X line, J. Geophys. Res., 103, 14965
thus inherently unstable, and mirror modes may play a role

5 Conclusions

S . - 14978, 1998.
in triggering the variations. Laitinen, T. V., Janhunen, P., Pulkkinen, T. ., Palmroth, M., and
Koskinen, H. E. J.: On the characterization of magnetic recon-
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