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Abstract. Magnetic merging on the dayside magnetopausel Introduction

often occurs at high latitudes. Polar measured fluxes of ac-

celerated ions and wave Poynting vectors while skimminglt is generally accepted that merging between the interplan-
the subsolar magnetopause. The measurements indicate thetary magnetic field (IMF) and the Earth’s magnetic field
their source was located to the north of the spacecraft, wel(Dungey, 1961) is the principal coupling mechanism for solar
removed from expected component merging sites. This repwind plasma entry to the magnetosphere. The nature, loca-
resents the first use of wave Poynting flux as a merging distion, and temporal dependence of merging remain open ques-
criminator at the magnetopause. We argue that wave Poyntions. The purpose of this paper is to provide evidence that
ing vectors, like accelerated particle fluxes and the@W¥al merging often proceeds away from the equator.

tests, are necessary, but not sufficient, conditions for iden- Accelerated flows of magnetosheath plasma observed near
tifying merging events. The Polar data are complementedhe subsolar magnetopause (near the Earth-Sun line) provide
with nearly simultaneous measurements from Cluster in then situ evidence of the merging process (Paschmann et al.,
northern cusp, with correlated observations from the Super41979; Sonnerup et al., 1981). Minimum variance analyses
DARN radar, to show that the locations and rates of mergingof magnetic field measurements were employed to show that
vary. Magnetohydrodynamic (MHD) simulations are used the magnetopause acted as a rotational discontinuity with a
to place the measurements into a global context. The MHDfinite B,,,..;, proportional to the merging rate. However,
simulations confirm the existence of a high-latitude mergingestablishing an unambiguous finig,,..; can be difficult.

site and suggest that Polar and SuperDARN observed effectsump conditions across the discontinuity satisfy theé&nal
are attributable to both exhaust regions of a temporally varyrelationship, indicating that the change in the ion velocity
ing X-line. A survey of 13 merging events places the locationis proportional to the change in the magnetic field. Obser-
at high latitudes whenever the interplanetary magnetic fieldvations of accelerated flows, often identified by “D-shaped”
(IMF) clock angle is less tharv150°. While inferred high-  distributions in velocity space (Cowley, 1982), have been re-
latitude merging sites favor the antiparallel merging hypoth-garded as standard signatures of merging (e.g. Gosling et al.
esis, our data alone cannot exclude the possible existence @082; Paschmann et al., 1986; Sonnerup et al., 1990).

a guide field. Merging can even move away from equatorial  x-type merging configurations with oppositely directed
latitudes when the IMF has a strong southward componentie|d lines (Levy et al., 1964) were generalized by Sonnerup
MHD simulations suggest that this happens when the dipolq1974) to include merging between the antiparallel compo-
tilt angle increases or when IMBy increases the effective nents ofB, along a line that hinges about the subsolar point
dipole tilt. (Gonzales and Mozer, 1974). Crooker (1979) offered an al-

Key words. Magnetospheric physics (magnetopause, cusgérnate hypothesis inwhich merging occurs whgrever magne-
and boundary layers: magnetospheric configuration and dyloSpheric and magnetosheath field lines are aligned antipar-

namics; solar wind-magnetosphere interactions) allel to each other. For most IMF orientations the antiparallel
location is at high latitudes on the magnetopause. By high
Correspondence td\. C. Maynard (low) latitudes, we mean in the general vicinity of the cusp

(nmaynard@mrcnh.com) (equator). Both hypotheses locate merging at the poleward
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boundary of the dayside cusp during periods of purely north-placed the location of merging at high latitudes in the South-
ward IMF. Merging has been definitively identified there by ern Hemisphere. Whether merging followed the antiparallel
Scudder et al. (2002a). hypothesis of Crooker (1979) or whether a small guide field
One difficulty in locating the merging line relates to a was present could not be ascertained with the available data.
lack of accelerated particles observed during magnetopausgither way, a portion of the cusp in the Northern Hemisphere
crossings. In fact, decelerated flows are encountered in thevas responding to a merging source in the Southern Hemi-
boundary layer (Eastman et al., 1976). Aggson et al. (1983fphere. Within the same all-sky picture of the dayside cusp
transformed electric fields measured by ISEE-1 at the magnetaken at NyAlesund, responses to high-latitude merging in
topause into a de Hoffman-Teller (H-T) reference frame (dethe Northern Hemisphere were also identified. Because of
Hoffman and Teller, 1950). Data measured by Polar werelMF By, the cusp was bifurcated into source regions origi-
subjected to a Galilean transformation to a reference frameating from high-latitude merging in the Northern and South-
moving with a velocityVgr. In this reference frame the ern Hemispheres, while IMBx controlled the timing of the
electric field component perpendicular to the magnetic fieldinteractions in each hemisphere. Merging rates responded
transforms to zero. H-T reference frames exist for rotationalto small-scale variations of the IEF, as evidenced by elec-
but not for most tangential discontinuities. The transforma-tric fields observed at the rocket and by 557.7 nm emissions
tion will not remove the electric field internal in the layer in captured in the all-sky images. Because of the strBrg
a tangential discontinuity (e.g. Lee and Kan, 1979). Thus,the lag time was 14 min longer for the Northern Hemisphere
the identification of a H-T frame for ordering satellite mea- merging site compared to the Southern Hemisphere site. The
surements that holds internally in the current layer impliesbifurcation of the cusp wittBy and the need for antiparal-
the traversal of a rotational discontinuity. In the H-T frame lel reconnection under those conditions was also deduced by
the plasma velocity is directed along the magnetic field andColeman et al. (2001).
is equal to the local Alfén speed. Weimer et al. (2002) utilized data from four satellites in
While increased velocities were observed during somethe solar wind to show that lag times varied continuously
ISEE-1 magnetopause crossings, Aggson et al. (1984) alsand to construct the phase plane in an over-determined way.
reported decelerated flows. Moreover, they emanated from &hey demonstrated that the orientations of IEF phase planes
merging site poleward of the satellite. Scudder (1984) calcuchange significantly on time scales of tens of minutes, and
lated that, as the merging site moved off the equator, the exthat the small-scale variations often remained coherent while
haust velocity from thel-line should equal the sum from the propagating over 208 in the solar wind. Both factors were
merging acceleration and the local magnetosheath velocity atsed by Maynard et al. (2001b) to reach the interpretation
the merging site. Hence, the outflow velocity in inertial spacedescribed above. Variable lag times from the shifting ori-
may be significantly less than the Affa speed. In a recent entation of the phase plane of the IEF must be considered
analysis of 69 magnetopause crossings, Phan et al. (1996) any assessment of IMF influences on merging processes.
found that, of the 42 that “satisfied” the \éal test, 21 had Lag times do not, in general, remain constant.
velocity changes that produced normalized slopes on the av- Projections of the dayside cusp onto the ionosphere may
erage of 0.6, which is less than unity predicted from a singlebe quite wide (Maynard et al., 1997). Plate 1 of Maynard
component mergin -line. They concluded that (1) merg- et al. (2001b) indicates that signatures of high-latitude merg-
ing sometimes occurs at latitudes higher than the satellite anthg in the local hemisphere may be significantly displaced
(2) earlier studies that restricted merging sites to only equafrom noon when IMFBy is large. Azimuthal plasma ve-
torial latitudes were biased to include only those events withlocity enhancements may be expected from the merging and
significant acceleration (e.g. Scurry et al., 1994). Scudder esubsequent x B acceleration.
al. (1999) showed that the Wl test was better performed  Cowley (1982) documented the ion signatures expected in
with electrons whenever currents were present. Under thesthe vicinity of rotational discontinuities that atteritype
conditions, the normalized slopes for the ion @atest de- merging lines. Near the outer separatrix, transmitted or ac-
tected during the same crossings were often significantly lesselerated magnetospheric ions may be found, along with ac-
than 1, which does not match expectations. They showed thatelerated and incident magnetosheath ions. Near the inner
during many of these non-conforming crossings, the normal-separatrix, the incident or cold distribution is of magneto-
ized slopes of the electrons were consistently rear 1, as  spheric origin, while accelerated distributions from magne-
needed for a conclusive rotational discontinuity test. tosheath sources may also be observed. Distribution-function
In a recent study Maynard et al. (2001b) correlatedisocontours irv;—v phase space exhibit “D” shapes when
rocket measurements of electric fields near the Northernacceleration has occurred. Finding a “D” shaped isocon-
Hemisphere cusp with geoeffective interplanetary electrictour displaced from the origin has been cited by Fuselier
fields (IEF) measured upstream in the solar wind by the Windet al. (1991) as “strong evidence” that reconnection has oc-
satellite. They found that observed lag times were signifi-curred. Bauer et al. (2001) reported many magnetopause
cantly less than those predicted for simple advection. Thecrossings that “satisfied” Wath tests using ion velocities but
IMF was dominated byx and the clock angle in the — Z lacked clear “D”-shaped distributions. They attributed the
plane was near 90 The short lag time and the dominaby missing “D” to pattern blurring by mirroring particles. By
forced consideration of tilted phase planes of the IEF andtself, a “D” shaped distribution is a necessary but not a
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sufficient signature of merging, since ambipolar parallel elec-mon than generally thought when the clock angle is less than
tric fields associated with electron pressure gradients can act50° and may occur at even greater clock angles.
celerate ions without merging (Scudder et al., 2002b).

A second signature of merging may be identified from
wave Poynting fluxe6AE x AB) /o, whereAE andAB are

the fluctuations as described below. When merging occurs _ . .
Alfvén waves are launched to communicate information toSeveral Polar instruments contribute to this study. The Hydra
magnetically connected regions (Atkinson, 1992). The as-Duo Deca lon .Electro!ﬂ Spgctrometer (DD.IES) (Scudder et
sociated wave Poynting vector is directed away from thefr’ll" .1995) COﬂSISt.S of.5|x pairs of e_Iectrpstanc anallyzers look-

g in different directions to acquire high-resolution energy

source since it represents escaping electromagnetic energy. ) . . . :

This electromagnetic energy flux should be strongest alon peqtra _and pitch-angle information. Full three-d|men5|o_nal

the separatrices. Again, this is a necessary but not sufficie |str|but|(_)ns of electrons between 1eV _and 10keV and ion
uxes with an energy per charge ratio of 10eVqto

condition for identifying merging events, since other mecha- P
- - 10keV g ! were sampled every 13.8s. The electric field in-
nisms can generate Alén waves that carry parallel Poyntin ;
g P ynting strument (EFI) (Harvey et al., 1995) uses a biased double

flux. . L
probe technique to measure vector electric fields from po-

Geotail was the first satellite to skim along the magne-ieniia| differences between 3 orthogonal pairs of spherical
topause, while moving parallel to the equatorial plane. Dur-gansors. In this paper we present measurements from the

ing multiple crossings, Nakamura et al. (1998) observedyng \ire antennas in the satellite’s spin plane. The Mag-
increased speeds accompanied by ion heating and inferregytic Field Experiment (MFE) (Russell et al., 1995) consists
them to have come from distant merging sites. More recentlyt g orthogonal tri-axial fluxgate magnetometers mounted
Kim et al. (2002) observed accelerated flows at the magneg, nonconducting booms. Electric and magnetic fields were
topause near the subsolar equator. They interpreted changggmmed at a rate of 6'1. Most of the presented data were
in direction as evidence for component merging, with thespin averaged using least-squares fitting to sine waves.
separator moving north and south relative to the spacecratft. The Advanced Composition Explorer (ACE) spacecraft is
Phan et al. (2000) used Geotail and Equator S measuremen|Seataq in a halo orbit arounds in front of the Earth to

on the dawn flank of the magnetopause to provide nearly S'onitor interplanetary conditions. The solar wind velocity

multaneous observations of bi-directional flows fromXn was measured by the Solar Wind Electron, Proton, and Al-
line between the spacecraft in the equatorial region. This WaSha Monitor (SWEPAM) (McComas et al., 1998). A tri-axial
for a nearly pureBz south condition. fluxgate magnetometer measured the vector interplanetary
In the 20002002 period, theR8: apogee for the Polar magnetic field (Smith et al., 1998). We also use data from
satellite orbit has been close to the equator. On many days the Magnetic Field Investigation (Lepping et al., 1995) and
spent long periods skimming along the magnetopause fronthe Solar Wind Experiment (Ogilvie et al., 1995) on Wind for
south to north, roughly at quadrature to the Geotail orbitalcross-checks. Wind was executing a distant prograde orbit;
plane. Often the satellite either traversed the magnetopausgence, it generally had largeécoordinates in this interval.
very slowly, or failed to cross it completely. Thus, temporal  On one of the studied days the 4 Cluster spacecraft passed
variations may be clearly identified, but spatial scales are nothrough the cusp while Polar was skimming the magne-
as easily determined. If current layers are crossed slowly angopause. Magnetic field measurements were made on each
merging occurs at high latitudes, one should not assume thajf the Cluster spacecraft by tri-axial fluxgate magnetometers
observations of an inner separatrix near the equatorial planggalogh et al., 2001).
will be followed by an observation of an outer Sepal’atl‘ix. In addition to the measurements of the vector magnetic
With the merging line located far from the spacecraft it is fie|d, the configuration of the 4 Cluster spacecraft allowed
probable that only one separatrix will be observed. Mergingestimates ofv x B to determine local current flows. The
may vary both temporally and spatially, occurring simulta- hominal separation distances between the s pacecraft at this
neously at multiple sites. High-latitude merging is expectedtime was~ 600km. The electric field and wave instru-
to be more temporally variable, since Anline will not be  ment (EFW) monitored both electric field components in the
intrinsica”y stable when the tangential magnetosheath ﬂOWeCIiptiC p|ane using biased double probes (Gustafsson et a|_,
is super-Alfienic (Cowley and Owen, 1989; Rodger et al., 1997). The Cluster lon Spectrometer (CIS) experiment pro-
2001). vided 3-D ion distributions with mass per unit charge com-
Evidence that merging proceeds away from the equatoposition using the Composition and Distribution Function
plane at high latitudes is seen in a number of the Polar skim{CODIF) analyzer (Rme et al., 1997). lon measurements
ming passes. In the following sections, we present time-are available only from spacecraft 1, 3, and 4.
varying observations from Polar, Cluster and SuperDARN In addition to the satellite measurements, the Super-
acquired on 12 March 2002, to establish the temporal andARN coherent backscatter radar network provided infor-
spatial variability of the merging process. Using other eventsmation about ion convection in the high-latitude ionosphere
and comparisons to simulation results, we extend these obever a wide range of local times (Greenwald et al., 1995).
servations to show that high-latitude merging is more com-Single-component drift measurements from each of the radar

Measurements
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Fig. 1. Plots of the Polar orbit in th& Z andY Z solar magnetospheric (SM)coordinate planes and of the Cluster orbit XiZhend XY

geocentric solar ecliptic (GSE) planes for the 12 March 2001 event. The regions of interest are highlighted by the red ovals. The black line
across the orbit track in each plot notes the start of the orbit trace. Nominal magnetopause and bow-shock configurations are indicted in
panels a, ¢ and d as appropriate. The circles at the origin represent the Earth. In panel ¢ the insert shows the configuration of the 4 Cluste
spacecraft, with Cluster 3 leading and Cluster 4 trailing. The tetrahedron configuration is maintained quite well during the interval of interest.
Spacecraft separation is of the order of 600 km.

sites were iterated with an empirical model to estimatecrossings often occur. Polar sometimes remains in the vicin-
2-dimensional vector drifts (Ruohoniemi and Baker, 1998). ity of the magnetopause for hours. While this reduces our
present knowledge about spatial structuring, it allows us to
follow temporal responses to changes in the IMF and solar
wind dynamic pressure, and thereby establish close correla-
. , tions with external drivers. We correlate observed behaviors
Our analysis concerns large-scale aspects of coupling be-": _ : . . .
) with temporal variations in other regions, such as in the iono-
tween the IMF and the magnetosphere-ionosphere system .
. Sphere as measured by SuperDARN, or in the outer cusp as
from global- to meso-scale perspectives, where electron gy-
. . measured by Cluster.
rotropy applies and merging actually occurs (Scudder et al.,
2002a). We do not consider the microphysics of the merg- Interpretations of satellite measurements were tested for
ing process. Addressing problems with simultaneous obserreasonableness through comparisons with predictions of sim-
vations from diverse locations properly constrains our inter-ulations using the Integrated Space Weather Model (ISM).
pretations. Analyzing Polar skimming passes presents challSM is a large-scale magneto-hydrodynamic (MHD) code
lenges and advantages. Since the magnetopause expandisveloped by Mission Research Corporation to simulate the

and contracts with changing solar wind conditions, multiple magnetosphere-ionosphere system from its front boundary

3 Analysis methods
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Fig. 2. Traced magnetic field lines from a MHD simulation using the Integrated Space Weather Model (ISM). Figure 2a shows a set of field
lines flowing away from a high-latitude merging site. Trace 0 is closed, and its origin in the Northern Hemisphere is shown in Fig. 2b to be
between 15 and 16 MLT and 71atitude. All others are open. Figures 2d—f show three views of these same field lines colored With the
component of the velocity. Figure 2c shows the complete set of first-open field lines traced from the ionosphere in each hemisphere and alsc
colored withVy (see text).

40 Rg upstream in the solar wind, to the base of the iono-completely. Hence, we use two markers to identify occur-
sphere near the Earth, and to deep in the magnetotail (Whiteences of merging. The first is to demonstrate the presence
et al.,, 2001). Lacking the microphysics and resolution of accelerated parallel ion fluxes. Guidance comes from
needed to accurately portray merging, ISM accomplisheghe interpretation of distribution functions given by Cowley
the process through dissipation, either explicitly introduced(1982). Our second marker is the presence of parallel Poynt-
by current dependent resistivity, or introduced by the codeing flux. Active merging must be communicated away from
through the partial donor method (PDM) of Hain (1987), the site to other regions along the magnetic field lines by
to maintain stability in the presence of steep gradients (se@\lfvén waves. Parallel Poynting flux, carried by waves prop-
White et al., 2001, for more details). Through simulations agating away from a source, can indicate where active merg-
of steady-state conditions or of responses to step-functioring is proceeding. Whereas the dc Poynting flux specifies
driver variations, cause and effect relationships are easily isothe transport of energy by convective flow, the wave Poynt-
lated. This approach was used successfully by Maynard eing flux, determined fromAE x AB, measures energy flow

al. (2001a; 2003a), to establish the sash (originally identi-carried by Alfven waves. To calculate the wave Poynting
fied in the simulations by White et al., 1998) as a reconnec{lux we subtract the average magnetic fieRpX and elec-

tion site, and to provide an explanation for short-lived, sun-tric field (Eg), determined using a sliding boxcar average of
aligned arcs emanating from the high-latitude open-closed min, from the measured field quantities. The above cross
boundary of the nightside auroral oval. Synergism betweerproduct is then taken. When the sharp changé&adccur as
data analysis and the simulations provides a powerful toothe magnetopause current layer is traversed, boxcar averages
for understanding the complex interactions of the solar windcan allow variations from large-scale changes to contaminate
with the magnetosphere-ionosphere system. the results. To avoid this problem we terminate the wave

Polar often fails to traverse the magnetopause current layelPoynting flux calculation at the edge of the current layer
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7 '18 : ‘ nigue described by Weimer et al. (2002) and to determine
e ‘ ' ‘ sy T how lag times change.
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2 5 W E verse sites, such as SuperDARN or DMSP satellites in the
é '18 ! ionosphere and/or Cluster in the cusp. An example in which

5F W o s data from all three sources can be utilized comes from the

& 0 Y 11:00 to 13:00 UT interval on 12 March 2001.
-5 fj E
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UT:  9:00 10:00 11:00 12:00 13:00 4 Observations from 12 March 2001
2001/0312

] ) ) 4.1 Overview
Fig. 3. Comparison of IMF data from ACE and Wind for 12 March

2001. (a)-(c) The comparison is made using the advection time On 12 March 2001, the Polar orbit skimmed the subsolar

(plotted in the green trace in par(el). (€)-(g)The comparisonis  janetopause while Cluster passed through the Northern
made using the variable lag time, calculated using the technique oﬂem's here cusp. Figures 1a and b show Xhe- Z and

Weimer et al. (2002) and shown by the red trace in panel (d). The ISP | usp. Iguh . - W fth |
region of particular interest is highlighted by the blue box. Note Y — Z solar magnetospheric (SM) projections of the Polar

that the lag time is increasing prior to 10:40 UT, then levels off, and Orbit. A.\rrows. indicate. th? d?rection of spacecraft motion.
later decreases as the directional discontinuity is approached nedrhe region of interest lies inside the red ovals. Polar crossed
11:00 UT. it between 11:00 and 13:00 UT. At 12:00 UT the dipole was

tilted tailward Q3°. Hence, the subsolar point is very close to
the X ) axis. Figures 1c and d present tkie- Z andX — Y
and resume the calculation when the major changg iras  projections of the Cluster orbits in GSE coordinates. Cluster
been completed. Calculations using spin-averaged data havgossed from the lobe to the magnetosheath above the cusp
a resolution of 6s on Polar and 4 s on Cluster. Since therdetween 12:00 and 12:30 UT. Red ovals mark the period of
are other ways to generate Al waves, we look for the interest. The insert in Fig. 1c depicts the tetrahedral config-
temporal concurrence of accelerated ions and parallel Poyntaration of the Cluster satellites at 12:00 UT. Cluster 3 is in
ing flux, coming from the same direction, as the signaturesfront, while Cluster 4 trails the other three. All spacecraft
of merging and indicators of its location with respect to the were located slightly post-noon. In addition, SuperDARN
spacecratft. radar provided estimates of the ionospheric convection pat-
To aid interpretation we establish the variable lag timesterns. Thus, we can trace ionospheric responses to activity in
for IMF features between ACE and Polar. The tilts of phasethe high-altitude cusp and on the dayside magnetopause, and
planes in the solar wind can change on short time scalefrom there to its sources in the solar wind.
(Maynard et al., 2001b; Weimer et al., 2002). The proper Figure 2 provides a conceptual context for measurements
lags from ACE to Polar are adjusted by requiring that theacquired in the various regions. Traced field lines come from
IMF clock angle in theY — Z plane be maintained across an ISM simulation using an IMF clock angle of I3Similar
the bow-shock (Song et al., 1992). Whenever Polar is in theo the angle of 140for the 12 March magnetopause cross-



N. C. Maynard et al.: High-latitude merging 2239

POLAR 03/12/2001

—100

GSM Coordinates
B

-100
100

At S N

M agnetopse cross ng

100

B TOTAL

e

| —
w o
o o

Clock Angle

1100 1130 1200 1230 1300
Ut

ACE data - Red: lag keyed to magnetopause; Blue: lag keyed to directional discontinuity

Fig. 5. Comparisons of the components, magnitude and clock angle of the magnetic fields measured at ACE (red and blue) and at Polar
(black). The lag time is set at 70.5 min for the red ACE traces, which is appropriate for the magnetopause crossing observed at 11:48 UT and
the next 15 min. A lag time of 63.5 min (blue ACE traces) was used to bring into alignment the region around the directional discontinuities.
The scale for ACE data is one-sixth of that marked.

ing. Last-closed field lines were found starting from the iono- where line 1 bends. Subsequent field lines show how they un-
sphere in each hemisphere. By moving poleward 10 km inbend and traverse back through the cusp, as they are dragged
the ionosphere from the trace point of each closed field line antisunward by the solar wind.
we define a set Of “first” Open f|e|d IineS. The |aSt-C|OSGd Figure 2c ShOWS the Comp|ete set of ﬁrst_open f|e|d |ines
and first-open field lines are labeled 0 and 1 in Fig. 2a. Theyraced from each hemisphere. The field lines are colored ac-
map from the black dot in the potential pattern in Fig. 2b, cording toVy. The Northern Hemisphere set of field lines
near 15 MLT and 71magnetic latitude, and pass through the i Fig. 2a are colored red in Fig. 2c to show their position
post-noon cusp. Field-line 0 also traverses the low-latitudere|ative to the first-open field lines. The arrow points to the
region of the post-noon magnetopause. The closed field lingpproximate locations of merging. Sharp bends in open field
maps to near the zero equipotential line between the two conines from the Northern Hemisphere indicate the general lo-
vection cells in the Southern Hemisphere. cations where merging is occurring. Most pre-noon (post-
To understand how the field lines change after merging,noon) field lines have a negative (positiié). Exceptions
we have traced a number of field lines from a series of pointgo this are in the cusp, whedex B forces from the currents
along the Northern Hemisphere equipotential that passeassociated with the curvature of newly-merged field lines to
through the origin of trace 0. The first 4 of these, labeleddrive the flow westward (eastward) in the Northern (South-
2-5in Fig. 2a, show how a field line evolves as it is draggedern) Hemisphere (Siscoe et al., 2000). Note that the velocity
back over the magnetopause. A similar set of field linesseparator is not the merging separator. The more vertical ve-
was mapped from the equipotential contour in the Southerrocity separator results when the mergihg B forces over-
Hemisphere at the end of trace 0 and is labeled 2'-5'. Line 2'come the normal hydrodynamic flow away from the nose. A
probably pairs best with 2, although there is no way to tracefaint line at about a 20tilt from the equator separates open
the evolution of exact pairs from a merging site. A high- field lines traced from the Northern Hemisphere from those
latitude merging site can be inferred to be located close tdraced from the Southern Hemisphere. The curvature of the
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Fig. 6. lon spectrograms and the magnetic field measured by Polar and plotted for the interval between 11:00 and 13:00 on 12 March 2001.
(a) Bz is shaded red (blue) for positive (negative) valugd—(e) Parallel, perpendicular, antiparallel and total ion energy spectra measured

by the Hydra instrument. The circles highlight parallel or antiparallel accelerated ion fluxes associated with a contact and a crossing of the
magnetopause.

field lines in the upper left indicate that most are pulling away model of the flow, which combines the effects of the hydro-
from high-latitude merging sites in the Southern Hemisphere dynamic diversion of flow from a stagnation point with the
The fact that the velocity separator is so much different frommagnetic tension effects from merging. Siscoe et al. (2002)
the separation of traced field lines is further evidence thatargue that the stagnation point should, in fact, be a stagna-
low-latitude component merging is not a dominant processtion line along the magnetic field line that passes through the
in the simulation. Figures 2d—f display the front, top, and nominal stagnation point at the nose.

side views of the Northern Hemisphere’s closed and open

field lines in Fig. 2a, colored witlvy. Plasma flow in the Thus, ISM suggests that with merging at high latitudes in

Ilztl)undagy layer OL‘ the closedl f'eli line (0) |dséowsrdddusk the Northern Hemisphere, Polar should observe flow away
ow above (in) the cusp on line 1 is toward dusk (dawn) from noon at its post-noon location. In the post-noon cusp,

Subsequently, the flow is toward dawn, both above and in th he open boundary layer can maintain movement toward
cusp, as the field line is dragged back through the mantle. dusk, corresponding to the flow in the magnetosheath. Due
The primary flow direction near the magnetopause and into merging, the outer separatrix should initially continue to
the outer portion of the boundary layer is determined by themove toward dusk (applicable to Cluster as it passes through
diversion of flow from pressure gradients away from the stag-the magnetopause above the cusp), while the inner separatrix

nation region. Cowley and Owen (1989) have provided a(as well as the foot of the field line) is pulled toward dawn.
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4.2 Interplanetary conditions POLAR /Hydra lons
03-12-2001 11:39:17.32—-11:39:29.82  gist ¢

I*ZD

=21

IMF measurements were made by the Wind and ACE space-
craft located near<37, —165 8) and (22738, 4) Rg, re- 5
spectively. Figures 3a—c show the three IMF components ob-
served at the locations of the two spacecraft. Data are refer-
enced to the UT of ACE measurements. Wind data (green)
were lagged according to advection times based on the solar
wind velocities measured at ACE (plotted as the green trace
in Fig. 3d). The agreement between the traces in Figs. 3a—cis
only moderate. This is especially evident beyond 10:00 UT.
However, Weimer et al. (2002) showed that agreement could a ccelerated L o0ty
be improved by allowing for the lag time to vary on a minute- etosheath ’ v Background
; . . -~ magn here
by-minute basis. Figures 3e—g show the same data (Wind POLAR/Hydra lons magnetosp
. . . . 03—-12—-X%001 11:42:02.92—11:42:15.42 st ¢

data is colored red) using the calculated variable lag, which ; ; B
is plotted as the red trace in Fig. 3d. The variable lag reflects b
constantly changing tilts of IEF phase planes. 2

Our analysis focuses on the interval 10:00-12:00 UT. This
interval is dominated by a large decrease in magnetic field
strength between 11:12 to 11:50 UT (magnetic hole), shown
in Fig. 4. A directional discontinuity occurs, probably ro-
tational, during which GSMBy goes from positive to neg- s
ative, and at 11:08 UTB; becomes less negative, preced-
ing the sharp drop iB and reversal ofB; by a few min-
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utes. The combined structure bears resemblance to a con- (100 ey

figuration observed in the interplanetary medium in front POLAR/Hydra lons

of a magnetic cloud on 24 December 1996, by Farrugia et 0512 2001 LI0SeR L0082
al. (2001). The magnetic field decrease was interpreted as C l

a slow shock, which, coupled with the preceding rotational
discontinuity, could be the signature of an upstream recon-
nection layer. The structure at ACE is approximately planar.
Minimum variance analysis of the 3-h interval found a well-
defined maximum variance plane with a normal component
of —1.644-0.66, consistent with the reconnection interpreta-
tion advanced by Farrugia et al. (2001) for the 24 December
1996 event. Figure 4 displays the three components and mag-
nitude in principal axis coordinates. Polar observations at the
magnetopause were acquired before and near the directional-

discontinuity passage. Fig. 7. lon distribution plots for the interval of first contact with the
magnetopause indicated by the first circle in Fig. 5.

=23

w, (100 km/sec)

5

0
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4.3 Polar observations

Polar encountered the magnetopause current layer several

times before crossing the magnetopause at 11:48 UT. VariThe lag time decreased as the directional discontinuity struc-
able lags help to establish the applicable solar wind conditures approached. The variable lag time shown in Fig. 3d
tions at that time. Figure 5 compares the three componentbetween ACE and Wind also was decreasing before the time
and magnitude dB, along with clock-angle measurements at of that structure, apparently due to the changigd In Fig. 5
ACE and Polar during the interval from 11:00 to 13:00 UT. the blue traces represent the ACE data with a 63.5-min de-
Plot scales were adjusted to reflect the factor of 6 increaséay, which is more appropriate for times at the arrival of the
after traversing the bow-shock. The ACE data were laggedlirectional discontinuities. The decreased lag significantly
by 70.5 min (red traces). The lag was determined by bestmproves the fit between 12:10 and 12:18 UT. The fit in the
matching the Polar and ACE clock angles between 11:5Ccenter of the magnetic hole has further variations in lag. The
and 12:05 UT. Note that it is different from the lag between directional discontinuities have similar normals to those de-
ACE and Wind, displayed in Fig. 3, because of the differ- termined at ACE and at Wind, showing that they have main-
ent locations. This lag is good through 12:08 UT, when thetained coherence while passing through the bow-shock. Far-
first of the two directional discontinuities seen in the ACE rugia et al. (1991) found that the planarity is maintained in
and Wind data were sampled by Polar in the magnetosheathhe magnetosheath but the orientation may change somewhat
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Fig. 8. lon distribution plots for the magnetopause crossing interval indicated by the second circle in Fig. 5.

on the passage through the bow-shock. Coherent passagtiparallel ions (Fig. 6d). These fluxes occur while re-
through the magnetosheath is important for establishing therersed to positive (Fig. 6a) arl; (as well as the magnitude
relative timing and interpretation of Cluster measurements.of B) dipped. This is a good example of a partial entry into
Note the presence of a magnetic hole centereel30UT,  the magnetopause layer. Note too that bursts of parallel and
when the magnitude d measured at Polar is less than the antiparallel ion fluxes were seen during the magnetopause
expected shocked and lagged magnitude from ACE. We noterossing at 11:48 UT. Both of these regions are highlighted
in Fig. 3 thatB was also smaller at Wind in the middle of by circles and are discussed in more detail below.

this structure, and suggest that ACE did not sample the mini-

mumB within the magnetic hole. The clock angle at the time ~ Two additional unique features of the spectrograms should
of the magnetopause crossing was approximately,1sith- be noted. First, there is a lack of plasma in the magne-

ilar to that of the ISM simulation discussed above relative totosheath just outside the magnetopause. In a separate pa-
Fig. 2. per, Maynard et al. (2003b) establish that this is a depletion

layer. It is one of two types for southward IMF predicted by
Figures 6b—e depict the energy spectra for the parallel, pertSM simulations. Second, magnetosheath particles, includ-
pendicular, antiparallel and total ion energy flux. To placeing parallel and antiparallel fluxes, are also seen during the
these particle measurements in context, Fig. 6a shows P@assage of the directional discontinuities. These fluxes are
lar measurements @, (red for positive and blue for neg- intense and have higher energies in the parallel components.
ative) andBy (green trace). The first contact with the mag- Magnetosheath ions are often more biased toward perpen-
netopause occurred at 11:39 UT, as indicated by a burst oflicular “pancake” distributions as the magnetopause is ap-
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Fig. 9. Wave Poynting flux calculated from E x A B and overlaid on the magnetometer traces (red), to provide context, for the 12 March
2001 interval.

proached. The dominance of the perpendicular fluxes is seen Figure 8 displays 4 ion-distribution plots at the time of
in low fluxes of the depletion layer region between 11:50 andthe 11:48 UT magnetopause crossing. Figures 8a and b were
12:00 UT. The various regions are noted at the top of the plottaken at locations on the inside of the current layer, while
Figure 7 shows 3 ion-distribution plots accumulated be-Figs. 8c and d are from locations on the outside of the cur-
tween 11:39 and 11:44 UT, within the first circle of Fig. 6d. rent layer. Figures 8c and d indicate pancake-like magne-
The ion fluxes were shifted in velocity space by the perpen-tosheath distributions, centered about the origin. An acceler-
dicular electron velocity, as the best proxy for the magneticated, cold magnetospheric population is seen a®ngom-
field line velocity. To create the distributions, symmetry was ing from poleward of the spacecraft. Observed perpendic-
assumed around the parallel axis. Points of actual measuredar energies are comparable to the unaccelerated magneto-
ment are indicated by black dots (above parallel axis). Nosphere distributions seen in Fig. 7. Figure 8a depicts an ac-
measurements exist between the white lines and the parall@lelerated magnetosheath distribution with the cold magneto-
axis, as this marks the closest approach of the particle detespheric background. Again, the acceleration is from north of
tors to the magnetic field direction in the analysis interval. the spacecraft, which was locatectafl6® magnetic latitude
For this time when Polar was on the magnetosphere side ofnd 13:10 MLT. In Fig. 8b the distinctions are blurred; how-
the current layer, Fig. 7a shows a cold central core and arever, we suggest that the ion acceleration was weaker and
accelerated population, well displaced from zero, moving inparallel to the magnetic field, or comes from a location equa-
the negativeB direction, or coming from north of the space- torward of the spacecraft. How far from the spacecraft is not
craft. From expectations for locations on the inner separadiscernable.
trix (Cowley, 1982), we interpret the accelerated population To strengthen our interpretation that these two magne-
as being primarily of magnetosheath origin, but with a cen-topause encounters reflect merging events located poleward
tral core of reflected, accelerated, magnetosphere ions. Figpef the spacecraft, the three components of the wave Poynting
ures 7b and c also show similar distributions but with smallervector ) are plotted in Fig. 9. The background magnetic-
displacements. These distributions indicate a merging-lindield components are provided as red lines for reference.
source to the north of Polar’s location. Plots in Figs. 9a—d show the three GSM components and the
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Fig. 10. Cluster magnetic field measurements showing the components and magnitude during the passage of the satellites above the cusy
Color codes for the traces are given at the top. Particular features discussed in the text are highlighted.

magnitude of the wave Poynting flux. Figure 9e shows the4.4 Cluster observations
component o parallel toBg. Between 11:39 and 11:44UT

Sz was negative (as wa$), in agreement with the direc- . . .
. - ; Nearer to perigee, Cluster crossed spatial regions more
tion of the ion acceleration. In the traversal of the magne-

X : . quickly than Polar. Figure 10 presents the three GSM compo-
topause current layer the calculation was interrupted to avoi : L
S : : . nents, and the magnitude of the magnetic field measured by
contamination. The negativ&; on the outside of the layer is

S . o i . the 4 Cluster spacecraft between 12:00 and 12:30 UT. Cluster
again in agreement with the direction of particle acceleratlon.exited the mantle into the high-altitude cusp near 12:05 UT

Thus, these two encounters pass our empirical tests for mer%
. . nd crossed the magnetopause current layer out of the cusp
ing events at locations poleward of the spacecraft. In fact, we

see enhancements $at 11:39, 11:43, and 11:48 UT, sug- into the mallgnetoshe.ath between 12:13:50 gnd 12:_15:00 UT.
gesting intensification in the merging rate at those times. T_he ma_lgnltude oB mcregsed as the satel!ltes ?Xlted the
high-altitude cusp. The biggest change during this crossing
event was in th&’ component. Each of the spacecraft saw
The normal direction for the full magnetopause crossingthe change at slightly different times, with Cluster 3 (Cluster
was found using the minimum variance technique of Son-4) observing the change first (last), indicating that the change
nerup and Ledley (1974). The normal component was smallis primarily of a spatial nature. The order of crossing (3, 1,
but directed outward from the magnetopause, consistent witl2, 4) is consistent with the spacecraft configuration shown in
the merging occurring to the north of the spacecraft. As aFig. 1c, showing Cluster 3 (4) leading (trailing). The subse-
further check on the rotational nature of this crossing, a sucquentBy reversal between 12:16 and 12:17 UT did not result
cessful Wakn test across the full current layer using electronsfrom Cluster crossing back into the cusp. Rather, it reflects
(Scudder et al., 1999) resulted in a slope of nearly indi- the encounters with the first of two IMF directional disconti-
cating that the source of the rotation is above the spacecraftnuities observed earlier by Polar. Note that all four spacecraft
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Fig. 11. Overlay of the Polar and Cluster 3 magnetometer data. The Cluster data is delay@d. Note that once Cluster has exited the
current layer at the boundary the measured magnetic fields in the magnetosheath match in magnitude, direction and clock angle.

detected the negative shift By at nearly the same time, in- crossing and the directional discontinuities provided normals
dicating that this change is temporal. For a magnetosheatthat were stable between the spacecraft. They were also sta-
velocity of 100 km/s it would take 6 s for a feature to cross ble between the magnetopause crossing an@theeversal,

the satellite configuration. In fact, with a 4-min lag Clus- indicating that the discontinuity was draped along the mag-
ter and Polar data are in excellent agreement after 12:15 UTnetopause orientation. All of the structure detected between
Figure 11 compares Cluster 3 and Polar magnetic field datd2:13 and 12:17 UT was planar on the scale of the spacecraft
with this lag applied to the Cluster measuremer8g. sub-  separation and aligned parallel to the magnetopause bound-
sequently also reversed polarity as it did at the location ofary. The normal to th&; reversal near 12:20 UT was simi-
Polar. At that time the magnitude & also decreased. Be- lar, but slightly tilted.

cause Polar saw the same directional and magnitude changesFigure 12 presents spectrograms of ion energy fluxes
in the magnetosheath, we can safely conclude that these eneasured in the antiparallel (14€.80) and perpendicular
hibit magnetosheath features rather than a reentry into thggoe—1°) direction by CIS on Cluster 3, Cluster 1 and Clus-
cusp. Key features of the combined data set are marked byer 4. In all cases the parallel flux (not shown) was much
arrows. As the constellation penetrated further into the magweaker. Three distinct features, which occur at staggered
netosheath, the lag between Polar and Cluster observationgines, are highlighted by dashed lines. The firstis an increase
decreased slightly. This fits expectations, since the obsefnn energy seen at 12:06 UT by Cluster 3, 12:06:10 by Clus-
vations are made before the structure fully draped over theer 1 and 12:06:50 UT by Cluster 4. The increase is more
magnetopause. Minimum variance analysis of the magnetigronounced in the antiparallel fluxes. The second feature
field from each of the Cluster spacecraft at the magnetopausig similar, occurring between 12:10:50 and 12:11:30. The
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Fig. 12. lon energy spectrograms measured by the CIS instruments on Clusters 1,3 and 4. Antiparallel and perpendicular fluxes are shown
for each spacecraft. Cluster 3 is shown first as it is the lead spacecraft (see Fig. 1c).

third feature was seen in the perpendicular fluxes starting aand higher in energy at Cluster 4, as expected from an active
12:14 UT at Cluster 3. In this case the intensification starts amerging site located equatorward of the Cluster spacecraft.
low-energies, then spreads to higher energies. From Fig. 10, Figures 13b—d show from Cluster 4 perpendicular -

we see that this increase started as each spacecraft exited theities (V4 in blue) overlaid ontaE x B velocities (/¢ in
current layer. After this time ion fluxes are more typical of magenta) in GSM coordinates for the interval between 12:00
magnetosheath flowing away from the subsolar stagnation reand 12:20 UT from Cluster 4. The velocities compare very
gion. Subsequently, measured energies were generally lowetlosely. A 1.5mV/m sunward electric field offset has been
and the spectral width broader. Based on ion spectral charagubtracted from the GSE-axis EFW electric field data to
teristics, and the clear correlations of the magnetometer meanake this comparison. The magnitude of the offset was se-
surements with those from Polar, the features subsequent tected to maximize the correlation. Sunward directed er-
12:16 UT are of magnetosheath and solar wind origin. Be-ror fields are related to asymetries in the spacecraft sheath
tween 12:14 and 12:15 UT the antiparallel fluxes are intensecaused by photoemission (Cauffman and Maynard, 1974).
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s o — ] Poynting flux in the same interval from the four Cluster
1200 1210 1220 spacecraft, calculated using the same method as with the Po-
Time (UT) lar data. Figure 14d shows the parallel components. The

wave Poynting flux is in the antiparallel direction, with peaks
Fig. 13. Velocity comparisons from Cluster(a) The ¥ and Z in the interval between 12:11 and 12:11:40, indicating that
components of the magnetic field are shown for contgk)—(d) the satellite was above the source. Note the variability be-
The three perpendicular components of the ion velocity (blue) fromtween the 4 spacecraft, which indicates that the structure had

Cluster 4 are compared with the velocity determinedby B. (€)-  dimensions of the order of the spacecraft separation. En-
(9) E x B velocities from all 4 spacecraft are overlaid (1 - black; 2 hancements are also seen after 12:13:50 UT, but the proxim-
—red; 3 —green; 4 —magenta). ity to the major current layer prevented the determination of

the flux through the third region of velocity enhancement in

Fig. 13. Small variations were also seen in the first inter-
Figure 13a displays th& (red) andY (blue) magnetic field val of velocity enhancement. All three intervals have been
components for context. From Fig. 2 we expect that the ve-highlighted by the black bar for comparison to Fig. 13. The
locity in the boundary layer was northward and toward dusk,variability in both time and space suggests that the merging
except where active merging is occurring. Newly-mergedprocess is non-steady. Considering both the accelerated ions
field lines are pulled toward dawn soon after the mergingand the Poynting flux, we infer that Cluster is near the outer
takes place. Plasma velocities in the mantle have an antiseparatrix of an active merging site equatorward of the space-
sunward component. Three regions of negative excursionsraft.
in Vygy and Vgy are seen and are marked by black under- The Cluster configuration was favorable for determining
scores. Spacecraft 4 was the last of the Cluster spacecraft thhe currents from curB (Dunlop et al., 2002). Figure 15
traverse the boundaryr from all four spacecraft are shown displays local currents derived using a GSM coordinate sys-
in Figs. 13e—g. Similar offset corrections have been made otem centered on Cluster 2. Also plotted are the divergence
each of the other spacecraft. On Cluster 3 a negative exculf B as a percentage of cu and the magnitude dB at
sion in Vgy (green) was briefly seen just before 12:14 UT, the locations of the four spacecraft. If the calculations were
indicating that this apparent temporal enhancement in mergperformed without error, Maxwell’s equations demand that
ing lasted for over 1 min and had spatial scales on the orv .-B = 0. Currents determined where the divergence-to-curl
der of the satellite separation. Other negative excursions imatio exceeds 50% should be treated with caution. In general,
Vyy occurred near 12:06 and 12:11 UT, in addition to the for this configuration, the expected errordris at minimum
larger one between 12:14 and 12:15 UT. Note also the signif20%. Most of the large values of the divergence occur when
icant positiveV;, along with the enhanceddy that occurs as the currents are small, highlighting their uncertainty. How-
the spacecraft exit the current layer into the magnetosheattever, when the currents are large, the divergence ratio is, in
These velocities are consistent with the pictures in Fig. 2. general, small, indicating where the calculated currents are
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Fig. 15. (a)—(c)Currents in GSM coordinates determined by the @ucklculation. The calculation is centered on Clustefd).The ratio
of the divergence oB to the curl ofB expressed in per cent. The ratio provides an indication of where the calculation is reliable (see text).
The magnitude oB is given in the bottom panel for context.

reasonably valid. The cuB calculation integrates the cur- Some of the variability could occur if the current scale size
rents over the scale size of the tetrahedrer6Q0 km). The  was less than that of the Cluster configuration. Currents from
largest current was detected between 12:14 and 12:15 UT anstructures of scale size less than 600 km may suffer from this
is primarily in the4+-Z and—X directions, noted by the green error. Attention is directed to negativg excursions ob-
bars. It takes the four spacecraft over a minute to cross theerved between 12:06 and 12:07, 12:11 and 12:11:40, and
main current layer, indicating its temporal stability. Thus, 12:14:30 and 12:15UT, marked by red bars. There is also
the center of this current should be well resolved. Coun-an associated smallerJy excursion. These correspond to
terclockwise Chapman-Ferraro currents on the dusk edge dimes when negativ€yy andVgy excursions were observed
the cusp have the anticipated direction. Note that betweeiy the Cluster spacecraft (black bars in Fig. 13). This sug-
12:16 and 12:17 UT, when the directional discontinuity wasgests that these currents are related to temporally varying
crossed, the current determination was less accurate; hownerging. Close to these times enhanced parallel ion and
ever, the direction was Z, opposite to the Chapman-Ferraro Poynting fluxes, our indicators of merging, were detected.
currents, confirming our interpretation that Cluster did not The merging site must be south of the spacecraft, and the
pass back through the boundary current layer. merging rate must be varying on minute scales to produce
Jy is the most variable component showing both polari- the observed three pulses. When we consider that Polar was

ties, although the strongest are currents in-tfiedirection. ~ showing temporally varying merging at high latitudes 20 min
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previous, the implications are that this also involves time-rent enhancements at Cluster, depicted in velocities in Fig. 13
varying high-latitude merging. The next section relates theseand currents in Fig. 15. Returning to Fig. 17, the velocity and
enhancements to intensification of ionospheric plasma veloceurrent enhancements observed by Cluster and noted by the

ities measured by SuperDARN radars. blue dots correspond to three velocity enhancements seen at
SuperDARN. Those periods are noted by the blue ovals in
4.5 SuperDARN measurements Fig. 15. Since Cluster observations come from above the

cusp on the outer separatrix, while SuperDARN is looking at
Each SuperDARN radar measures the velocity componenthe response at the foot of the field line, we suggest that the
toward and away from the transmitter. To infer the large- difference in times from Alfén wave propagation may be
scale flow pattern, the Ruohoniemi and Baker (1998) “mapless than those observed by Polar. Note that no peaks above
potential” technique was employed. Line-of-sight (I-0-s) ve- 800 m s occur after 12:15 UT. The velocity enhancements
locity measurements from multiple radars are fitted to an ex-are in the region predicted by the simulation as being tied
pansion of the electrostatic potential in spherical harmonicsto high-latitude merging. The correspondence with the Po-
to yield large-scale global convection maps. First, the I-o-slar magnetopause merging encounters suggests that Super-
data are filtered and mapped to a polar grid. These “grid-DARN and Polar are observing the opposite exhaust regions
ded” measurements are then used to determine a solutioof a time-varying active high-latitude merging line. Continu-
for the electrostatic potential distribution that is most consis-ing the correlation with Cluster, we are able to relate 3 more
tent with the available measurements. Velocities should fallpeaks in the SuperDARN velocities to time varying merging.
along plasma streamlines in the modeled pattern. BackscatFhe implications from considering the 2-h period of Super-
ter targets within the radar field-of-view are not always avail- DARN velocities is that the rate of merging varies often and
able, and significant areas exist outside the reach of the radajonsiderably. The location may be just as variable.
system. The statistical model of Ruohoniemi and Green-
wald (1996), parameterized by IMF conditions, is used to4.6 Summary of the 12 March observations
stabilize the solution in regions where no measurements are _
made. Figure 16 presents dayside Northern Hemisphergrlom the observations presented above we may conclude for
ionospheric convection patterns, each averaged over the ifis day when the IMF clock angle was about 14(at:

terval given at the top. Dotted concentric semicircles indicate 1. Polar, while skimming the nose of the magnetosphere,

lines of constant magnetic latitude if Bicrements. Noon is observed the effects of merging at high latitudes. Ac-
located at the top of each pattern. During the period from  celerated ions and wave Poynting flux were used as dis-
11:00 to 12:15 UT, SuperDARN was observing velocity en-  criminators for the existence of merging. While the ex-
hancements in the 14 to 15MLT region between 70 to. 75 act location of merging is not discernable from the data,

Figures 16a and b show these enhancements by comparing it was above the spacecraft, which, in turn, was well
two consecutive patterns near the 11:48UT Polar magne- above the component merging line location of Gonza-
topause crossing. The orange circle highlights the region of  |ez and Mozer (1974).
velocity enhancement, indicated by increased numbers of red
drift vectors in the right pattern compared to the left. Note 2. The merging rate was temporally varying, as indicated
that the enhancement is localized, in the same region that Py both Polar and Cluster measurements.
the open-closed field line pair is mapped to in the simulation
depicted in Fig. 2b, and occurs 1-2 min after the enhanced
parallel fluxes were seen at Polar. We suggest that the delay
is related to differences in Aln travel times. The signature
in the ionosphere should lag that in the outer cusp by the or-
der of a minute, due to Al&n wave propagation time. The
SuperDARN patterns show numerous increases in velocity in
this general area over the hour-plus period.

To show the time variability, a search was made in the
SuperDARN data for the largest velocity in the region and 4. Cluster continued the correlation, placing the merging

3. SuperDARN observed enhancements in the flow in the
ionosphere associated with these time-dependent merg-
ing events observed at Polar. Polar, near the subso-
lar magnetopause and SuperDARN in the high-latitude
ionosphere, monitored both exhaust regions. From Su-
perDARN observations we may also infer that varia-
tions in the merging rate occurred continuously for more
than an hour.

its location. The magnitude, the components, and the loca-  location below the satellite, which was located above
tion are plotted in Fig. 17. The time of the three enhance-  the cusp. Both SuperDARN and Cluster observed ef-
ments in merging observed at Polar are noted by the verti-  fects of time-varying merging.

cal red lines. The corresponding velocity peaks at Super-
DARN are highlighted by the red dots. Within the interval
that Polar was probing the magnetopause, these are the only
peaks. Subsequent peaks starting at 12:06 UT correspond
to the interval where Cluster observed evidence of merging.
Figures 16¢ and d show SuperDARN potential patterns and 6. Two directional discontinuities and an associated mag-
vectors for intervals that contain the first 2 velocity and cur- netic hole were imposed on the magnetosphere system

5. Flow in the boundary layer and adjacent magnetosheath
was generally away from the sub-solar region unless
specifically diverted by merging. In a time dependent
process, boundary layer flows vary continuously.
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Fig. 16. Potential patterns and drift vectors determined from SuperDARN measurements for 4 intervals related to merging observations at

Polar and Cluster. The regions of interest are highlighted by the orange circles.

from the solar wind. The effects of these were observeding during each pass. If the ions and Poynting flux originated
by both Polar and Cluster. south of Polar, we were unable to discern from the mea-
surements alone, whether the merging line is near the equa-
7. Adjacent to the magnetopause, Polar observed a deplaer or at high southern latitudes. Question marks indicate
tion layer, implications of which are further discussed instances when assigned merging locations are ambiguous.
by Maynard et al. (2003b). The event of 05:48UT on 1 April 2001 is labeled “close”
because Mozer et al. (2002) interpreted signatures obtained
during this magnetopause crossing as indicating proximity to
5 Other events the separator. In some cases we relied on SuperDARN mea-
surements and ISM predictions to identify merging locations.
Table 1 summarizes all of the merging events investigatedrhese are noted in column 5. The event at 05:05UT on 16
to date, using wave Poynting flux and accelerated ions ag\pril 2000 included episodic encounters with fluxes from the
discriminators. The events are organized according to theyorth and south of the spacecraft. We address this further in
applicable IMF clock angle (third column). The fourth col- the discussion. During the two passes of 31 March 2001, Po-
umn lists our best estimates of the merging locations. Notdar did not enter the dayside magnetosphere because of the
that the measurements provide information about whethehigh activity and very compressed conditions. In each case
the site is to the north or south the spacecraft. For a numbepolar crossed from the mantle to the magnetosheath above
of events we calculated the difference between the spacecrafie cusp as noted in the comments.
location and the component merging line of Gonzalez and
Mozer (1974). The differences are listed in the last column. For applicable clock angles of 150r less in the events of
During periods when the ions and Poynting flux propagatedTable 1, merging generally occurred poleward of the space-
from north of Polar and the differences are significant, wecraft and was inferred to be at high latitudes. This conclusion
labeled the merging location as being at high latitudes. Theshould be substantiated in the analysis of more events; how-
last column also comments on special circumstances prevailkver, it is clear that one must consider high-latitude merg-
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ing as an option when interpreting events driven by a signif-that merging geometries have been encountered. However,
icant IMF By. Our measurements suggest that low-latitudethe magnetopause-sheath interface is generally thought to in-
or component merging is indicated only wh8g was the  clude such a structure to form a locally open boundary. In
dominant IMF component. this spirit a successful Wah test (with electrons) with slope
+1 is associated with a potential merging site, wh&skne
separator will, in general, be well removed from the space-
6 Discussion craft’s trajectory. Successful Wal tests to establish the ro-
tational discontinuities, in conjunction with observations of
We have used observations of accelerated particles and wavgcelerated particles, have been the primary empirical cri-
Poynting vectors as our primary indicators as to whetherteria for identifying merging events. Recently, Scudder et
merging has occurred and, if so, where. As demonstrategy. (2002a) reported small-scale breaking of both ion and
above, both flux types provide necessary, but not sufficientelectron gyrotropy, as well as parallel electric fields within
conditions for identifying merging events. Establishing that merging regions poleward of the cusp during an interval of
the boundary is a rotational discontinuity adds a third nec-northward IMF. In the events considered here, observations
essary indicator of merging. Since rotational diSCOﬂtinU-Were made away from the separator region_ Thus, we re|y
ities may be found in any magnetohydrodynamic flow, in- on signatures recognized as strong indicators, but not con-

cluding those that do not involve reconnection, a successclusive proof, that merging has occurred. With this caveat in
ful Walén test, by itself, is not a sufficient test to conclude
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Table 1. On the location of merging with varying clock angles

Date Time Clock angle  Merging Location Discriminators MLT MLAT  Height: Comments
04/16/00  07:03-07:10 ~90 SH (high-latitude) lons, SuperDARN, ISM 114 227 3¢
04/01/01  05:20-05:22 ~130 NH(high-latitude) lons 117 34 112
04/01/01  05:33-05:36 ~130 NH(high-latitude) lons, S? 117 46 123
04/01/01  05:57-06:00 ~135 NH(high-latitude) lons, S 118 68 138
03/12/01  11:39-11:44 ~140 NH (high-latitude) lons, S, SuperDARN 132 155 105
03/12/01 11:48:11:50 ~140 NH (high-latitude) lons, S, \Wah, SuperDARN  13.2  16%5  11.0°: Separator depletion
layer post-noon — By positive
03/12/01 12:06-12:15 ~150-160  NH (high-latitude) lons, S, SuperDARN Cluster. Depletion layer at
Polar indicates high-latitude
03/31/01 06:08-06:20 ~160 Above spacecraft lons, S, ISM 11.3-30. Polar crosses MP below SH
(above equator in NH?) cusp, sees outer separatrix,
Shoulder depletion layer
04/01/01  05:46-05:48 ~160 Above spacecraft (close?) lons 11.8 °%6.7 12.r
04/01/01 05:28-05:32 ~160 Below spacecraft (equator?)  lons, S 117 °42 107
04/16/00  04:50-04:55 ~180 Below spacecraft (equator?)  lons 111 °71 7
04/16/00  05:05-05:20 ~180 Below and above SC lons, ¥ x B 112 95 9°: Moves off equator from
(equator and higher latitude) dipole tilt and increas@jn
04/16/00 07:30-07:40 ~180 Below spacecraft (equator?)  lons, S, SuperDARN 11.5 ©26.024°: Separator depletion layer
pre-noon after 08:00 UT — By negative
03/31/01 16:00-16:20 Near 180 Below spacecraft lons, S, ISM 12.1 °48.1Polar crosses MP above NH
(below equator in SH?) cusp, sees outer separatrix,

Shoulder depletion layer

mind, we proceed by assuming that Polar detected signaturaseasurements, Maynard et al. (1996b) were able to achieve
of actual merging events. We first comment on the use ofhigher time resolution using despun data acquired during one
Poynting flux as a discriminator. We next comment on someCRRES pass. No significant power was found at frequencies

spatialtemporal implications of the observations. above the Pi-2 range, covered by spin-averaged electromag-
_ _ o netic fields. A similar test was performed here. The power
6.1 Wave Poynting flux as a merging discriminator levels in both the high resolutiofi and B were significantly

. . less at higher frequencies than at frequencies below the ion
When electron gyrotropy is broken and merging takes placegyrofrequency. A check of the angle betwe®mnd B in-

atanX-line (Scudder et al., 2002a), magnetic field energy is gicated thats was nearly field-aligned during the enhance-
converted into particle kinetic energy, and the magnetic field o nts at the magnetopause. Thus, the data are consistent

configuration in the “diffusion” region changes. This infor- i Al &n waves occurring at the magnetopause encounters
mation must be conveyed away from the separator along thgere merging is claimed. The magnitudes of wave Poynting
merged field lines. Atkinson (1992), following earlier cal- \octors generally peak below one-third to one-half of the to-
culations by Sonnerup and Wang (1987), showed tha®hifv | poynting flux values. The peaks occurred at places where
waves propagate away from the diffusion region, carrying thepg|ar encountered accelerated ions.
field-aligned currents (FAC) needed to discharge Hall elec-
tric fields that develop in the collisionless merging process. A further example of wave Poynting flux observations at a
These FACs are carried by electrons (since the ions cannanerging separatrix, from 31 March 2001, is given in Fig. 18.
respond in these thin layers) with relatively large drift speedsIn this pass Polar crossed from the Southern Hemisphere
parallel toB, having parallel electron Al&n Mach num-  mantle directly into the magnetosheath, without encounter-
bers as high as 4, as recently been reported by Scudder @tg the dayside magnetosphere. Figure 18a displays the par-
al. (2002a). These parallel currents can be seen to flow alongllel wave Poynting flux. The magnitude akicand Z com-
the separatrices in the Hall MHD simulations of Ma and ponents ofB are shown in Figs. 18b and c. Figures 18d—f
Bhattacharjee (2001). FACs are carried by obliquely prop-show the parallel, perpendicular and anti-parallel ions. Note
agating Alf\én waves (Siscoe, 1983). We expect to detectthat strong fluxes of accelerated parallel ions occurred in co-
Alfvén waves propagating away from active merging sitesincidence with the parallel wave Poynting flux. Three exam-
along the separatrices. ples of ion distribution plots are given in Figs. 18g—i. Strong
Wave Poynting vectors were calculated using CRRESacceleration appears in each spectrum. After encountering
electric and magnetic field data by Maynard et al. (1996a),these fluxes, Polar entered the magnetosheath, characterized
to determine locations of energy release at substorm onsehy weak, perpendicular fluxes, identified as a depletion layer
While most calculations were performed with spin-averaged(Maynard et al., 2003b). The accelerated particles are in-
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Fig. 18. Correlation of the wave Poynting flux measured by Polar above the cusp on 31 March 2001, with accelerated particles associated
with the outer separatrix separating open magnetic field lines from IMF magnetic field lines in the magnetosheath.

terpreted as moving along the outer separatrix from a low-6.2 Location
latitude merging site, that divides newly-opened field lines
being added to the mantle, from magnetosheath field lineghe 12 March data indicate that Polar detected signatures
tied to the IMF on both ends. of merging events, far removed from a near equatorial com-
ponent merging line (Gonzalez and Mozer, 1974). This is
true for many events listed in Table 1 with IMF clock an-
We conclude that the wave Poynting flux provides a goodgles < 15(¢°. The measurements indicate that merging oc-
discriminator to indicate when merging takes place and thecurs at high latitudes under a variety of conditions. In other
direction of the merging site with respect to the measuringevents the particle and Poynting fluxes were clearly propagat-
spacecraft. However, sources of Afv waves other than ing from south of the spacecraft. These signatures appear to
merging may be available. Thus, their presence must be clade consistent with either component merging near the equa-
sified as necessary but not sufficient as a condition to estaltor or antiparallel merging at high latitudes in the conjugate
lish that merging is occurring. hemisphere.
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Fig. 19. Traced magnetic field lines using MHD simulations with three different dipole tilt angles using ISM. Black field lines are closed.
Red field lines are open with one foot in the Northern Hemisphere. Green field lines have both feet in the solar wind. The results are presented
in both SM and GSM coordinates.

An intriguing event occurred on 16 April 2000, when the that ISM simulations incorporate current-dependent explicit
IMF clock angle was near 180but the inferred merging site  resistivity, which typically turns on near the equatorial mag-
was to the north of the Polar’s location. The measurementsietopause to force dissipation, to aid merging. The code can
were made at-05:20 UT, when Earth’s dipole axis tilted to- place dissipation wherever it chooses via PDM to keep gradi-
ward midnight. We have conducted a series of ISM simu-ents in check. Thus, ISM predictions of merging away from
lations with increasing dipole tilts to determine whether off- the equator indicate a clear preference of the code for high-
equatorial merging can occur with 186lock angles. Fig- latitude merging. Recall too tha&y serves to increase or
ure 19 displays traces of magnetic field lines that are closedlecrease the effective dipole tilt (e.g. Crooker, 1992). Thus,
(black), have one foot in the Northern Hemisphere (red) orover the course of the day at particular UTs merging may be
have both feet in the interplanetary medium (green), for 3preferred away from the equator, even with a nearly south-
different dipole tilt angles. Simulation results are presentedward IMF. Thus, one should not automatically assume that
in both SM and GSM coordinates. In both coordinate sys- merging must be confined to low latitudes. We have added
tems the red (open) field lines indicate that for dipole tilts question marks in Table 1 to events with particle and field
> 8°, merging moves away from the equator to higher lat- signatures indicating merging sites south of the spacecratft.
itudes. These are not extreme tilt angles. These conditionfn some cases, wheBy is significant, we suggest that merg-
are met every day as the dipole rotates with UT. We noteing locations may be southern high latitudes.
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Two events on 31 March 2001 are called “shoulder” events7 Summary and conclusions
in Table 1, one of which is discussed above relative to Fig. 18.
The observations were made near the outer separatrix, polé-he location and temporal dependencies of dayside merging
ward of the cusp. Shoulders occur under strongly driven conhave been investigated from a global perspective. Measure-
ditions, when the magnetic field poleward of the cusp is in-ments made in diverse regions of near-Earth space constrain
creased by currents flowing in the Region 1 solenoid. (Sisinterpretations through demands for consistency between ob-
coe et al., 2002). These currents close across the polar caerved phenomena. Data acquired on 12 March 2001 near the
and over the high-latitude magnetosphere. The fringing fieldsubsolar magnetopause, in the high-altitude cusp, and in the
of this solenoid depresses the magnetic field in the subsolonosphere, indicate that merging occurred at high latitudes
lar region, creating effective magnetic shoulders above thdn a time-varying manner. We have used simultaneous de-
cusp. Other implications of these shoulders are presented ifection of field-aligned wave Poynting flux and accelerated
Maynard et al. (2003b). Certain dipole tilt angles accentuatdons as the primary, remote discriminators of merging. For a
these shoulders and, based on the results displayed in Fig. 19€riod of time with the IMF clock angle at 140° merging
could move the merging site away from the equator. developed to the north of Polar, well removed from predicted

The ISM and observational results suggest that merging atocations of component-merging lines (Gonzalez and Mozer,

high latitudes is a common occurrence. Figure 2 illustratesl974).
high-latitude merging in simulations with a clock angle of ~For more than an hour SuperDARN observed enhance-

135. Component merging exists in that same simulationMents in ionospheric plasma flows near 14:00 MLT, asso-
near the equatorial magnetopause. It was aided by explicciated with the time-dependent merging observed by Po-
itly included equatorial resistivity in the simulation. Over the lar. A comparison of observations with MHD simulations
past two decades, component merging was assumed by mar%f ISM confirms the existence of a high-latitude merging site
to be the rule, rather than the exception. A recent study byand suggests that SuperDARN and Polar observed effects at-
Moore et al. (2002) concluded that merging rates should bdributable to both exhaust regions of a temporally varyihg
appreciable near the subsolar magnetopause for most imHne. This interpretation is further confirmed with enhance-
clock angles. To explain DMSP particle characteristics inMments observed by the Cluster satellites.

the cusp, Wing and Newell (2001) argued that both subsolar From these and other observed results during listed mag-
and high-latitude sources simultaneously coexist. Two high-"€topause encounters, we conclude that merging occurs pref-
latitude sources may also work. The results of Maynard eterentially at high latitudes, especially when the IMF clock
al. (2001b) require high-latitude sources in both hemisphereg@ngle is< 150°. While inferred high-latitude merging sites

to reconcile the timing differences. Further work is needed tofavor the antiparallel merging hypothesis, our data alone can-

establish how the location of merging varies with IMF input. Not exclude the possibility of a guide field. Merging can
move away the equator even when the IMF has a strong

6.3 Temporal characteristics southward component. ISM simulations suggest that this ef-
fect is due to tilting of the dipole axis away from the Sun.
To date, the 12 March event is unique in that measureWe also found that IMFBx affects merging rates by en-
ments from three separate locations were integrated to ad?ancing/diminishing the effective dipole tilt angle. Obser-
dress the temporal aspects of the merging event. Whenevafations show that high-latitude merging rates can vary tem-
the merging rate increases, we expect that the magnetopaug@rally with periods of 1-3 min. These variations appear to
erodes inward slightly. This apparently was true at 11:39be directly driven by variations in the interplanetary electric
and 11:48 UT, when Polar observed the effects of merging afield (Maynard et al., 2001b), or may arise from unstable pro-
northern high latitudes. The temporal nature of the proces§€esses within the magnetosheath/magnetosphere interface.
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