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A statistical study of the magnetic signatures of FTEs

near the dayside magnetopause

J. Sanny and C. Beck

Physics Department, Loyola Marymount University, Los Angeles, California

D. G. Sibeck

Applied Physics Laboratory, The Johns Hopkins University, Laurel, Maryland

Abstract. During magnetopause crossings, the AMPTE CCE satellite frequently observed flux
transfer events (FTEs) characterized by fluctuations in the magnetic field strength (B) and
bipolar signatures in the field component (By) normal to the nominal magnetopause. In this
study, we survey 110 events observed from October to December 1984 and during January
1986. Nearly all events exhibited increases in B, and although the majority of events exhibited a
symmetric bipolar signature in By, a significant number (31 of 110) had asymmetric bipolar
signatures in which the trailing pulse was dominant. Most of the asymmetric events were
observed near the magnetic equator. This is consistent with an explanation in which FTEs form
via merging along a single subsolar X line with strongly asymmetric signatures but that these
signatures evolve into the familiar symmetric bipolar form with distance from the merging line.

1. Introduction

Transient (~1-min) variations in magnetic field, plasma, and
energetic particle parameters are common in the vicinity of the
dayside magnetopause. The magnetic field frequently exhibits a
bipolar fluctuation in its component normal to the nominal mag-
netopause accompanied by an increase in the total magnetic field
strength. Russell and Elphic [1978)] named such transients flux
transfer events, or FTEs. They interpreted the events as evidence
for patchy (localized), sporadic merging between magnetosheath
and magnetosphere resulting in the formation of spatially limited
flux tubes (or ropes) of reconnected magnetic field lines. The
passage of such flux tubes must disturb the surrounding media and
produce observable magnetic and plasma perturbations. Using HEOS
2 plasma and magnetic field data, Haerendel et al. [1978] indepen-
dently recognized this phenomenon and deduced its origin as sporadic
merging.

By contrast, Sibeck et al. [1989] reported that events marked
by bipolar magnetic field signatures normal to the nominal mag-
netopause and magnetic field strength increases can be associated
with large-amplitude pressure pulses generated within the foreshock,
a result obviating the need to invoke magnetic merging at the
magnetopause. Recent simulations by Lin et al. [1996a, b] confirm
the possibility that even rotational discontinuities can launch pres-
sure/flow variations that disturb the magnetopause, but the origin
of transient events observed in the vicinity of the magnetopause
continues to be hotly debated [e.g., Song et al., 1994, 1996; Sibeck
and Newell, 1995, 1996].

Occurrence patterns versus interplanetary magnetic field (IMF)
orientation may be helpful in distinguishing between the two pro-
posed causes. If the events are produced by magnetic merging, they
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should be more common on the equatorial magnetopause during
periods of southward IMF orientation, when magnetopause current
strengths and instability growth rates increase. By contrast, pres-
sure pulses and the magnetospheric events which they produce
should be equally common during intervals of northward and
southward IMF orientation. Several statistical surveys support the
notion that the majority of events observed in the immediate vi-
cinity of the dayside magnetopause are produced by bursty merging
[Rijnbeek et al., 1984; Berchem and Russell, 1984; Southwood et
al., 1986; Kuo et al., 1995] but indicate that most events observed
deeper within the magnetosphere are produced by pressure pulses
[Kawano et al., 1992; Borodkova et al., 1995; Sanny et al., 1996].

Numerical simulations describing in detail the signatures ex-
pected for FTEs produced by patchy merging have not yet been
published. Consequently, this mechanism cannot be tested through
detailed comparison with observations. On the other hand, numer-
ous researchers have presented the results of numerical simulations
for FTEs produced by bursty merging along extended single and
multiple X lines [Lee and Fu, 1985; Ding et al., 1986; Scholer,
1988; Shi et al., 1988; Southwood et al., 1988; Ku and Sibeck,
1997]. Their efforts are justified by observations which indicate a
great spatial extent for FTEs [e.g., Lockwood et al., 1990] and the
fact that FTEs on the magnetopause can often be described rather
well in terms of two-dimensional models [Farrugia et al., 1987,
Walthour et al., 1993, 1994]. Since simulations for magnetic merging
along extended single and multiple X lines predict strikingly dif-
ferent signatures (e.g., Ding et al. [1991]), it should be possible to
determine which of these two models is more consistent with the
observations and therefore more appropriate to conditions at the
dayside magnetopause. Note that there is a transition from multiple
to single X line reconnection as system lengths, reconnection rates,
or resistivity decrease; all three parameters are difficult to specify
[Lee and Fu, 1986].

We begin with a review of two-dimensional magnetohydro-
dynamic (MHD) models and simulations of FTEs. To ensure that
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our database is dominated by FTEs and not pressure-pulse—driven
events, we identify FTEs in Charge Composition Explorer (CCE)
observations made in the immediate vicinity of the magnetopause,
i.e., in the magnetosheath or in the magnetosphere within 30 min
of a magnetopause crossing. For comparison with model predic-
tions, we survey the observations as a function of latitude and
longitude across the face of the dayside magnetopause.

2. Magnetic Signatures of FTEs Determined
From Two-Dimensional MHD Simulations

Various two-dimensional MHD models and simulations have
been presented to explain the features of FTEs using the assumption
that they are produced by magnetic merging. Some of these simu-
lations are based on the premise that merging takes place along a
single X line (e.g., Scholer [1988]; Southwood et al. [1988]; Ku and
Sibeck, [1997]), whereas others invoke multiple X line merging
(e.g., Lee and Fu [1985]; Ding et al. [1986]; Shi et al. {1988]). Ding
et al. [1991] compare these two types of simulations.

2.1. Magnetic Merging at a Single X Line

Two-dimensional MHD simulations invoking the onset of
merging at a single X line produce monopolar magnetic field sig-
natures (By) normal to the nominal magnetopause in the vicinity
of the X line and strongly asymmetric bipolar signatures away from
the X line [Ding et al., 1991; Ku and Sibeck, 1997]. Spacecraft
entering the events observe magnetic field strength decreases,
whereas those that remain outside observe increases. The top panel
in Figure 1 presents the magnetic field pattern surrounding an event
produced by merging along a single subsolar X line [Ku and Sibeck,
1997]. The computational domain is a rectangular box with a
dimensionless width of 48 in the x direction, which is normal to
the nominal magnetopause and directed into the magnetosheath,
and a width of 175 in the z direction, or northward parallel to the
magnetopause. A spacecraft at the leading edge of the event (around
z = 60) observes a small outward B,. However, when the spacecraft
is at the trailing edge (z = 30-40), it observes a large inward B,.
This combination results in an asymmetric bipolar signature in the
magnetic field component normal to the magnetopause. Rather
similar signatures are predicted along the axis of symmetry for
truncated (i.e., noninfinite) merging line segments according to the
work of Ma et al. [1994].

100
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Figure 1. (top) Two-dimensional magnetohydrodynamic (MHD)
simulation of the magnetic field pattern surrounding an FTE produced
by merging at a single X line. (bottom) Two-dimensional MHD
simulation of the magnetic field pattern surrounding an FTE produced
by merging at multiple X lines.
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The amplitude of the FTE signature depends on the ratio of the
magnetospheric (B,,) to magnetosheath (B;) magnetic field strengths.
The greater magnetic field strengths within the magnetosphere
imply correspondingly greater magnetic curvature forces there. As
aresult, the transient event lies primarily outside the magnetopause
and does not distort magnetospheric magnetic field lines as signifi-
cantly as such an event in the magnetosheath. As B,,/B; increases,
the amplitude of the variation in By decreases for both magnetosheath
and magnetospheric FTEs [Ding et al., 1991). Furthermore, if
B,,/B; exceeds a certain value (1.5 according to Scholer [1988]; 1.7
according to Ding et al. [1991]), then the magnetic signatures of
magnetospheric FTEs fail to exceed detectability thresholds. In
particular, the models predict nearly insignificant magnetospheric
By signatures for typical ratios of the magnetospheric to
magnetosheath magnetic field strengths.

Ku and Sibeck [1997] compare the magnetic perturbations asso-
ciated with an FTE and the ratios of the leading to the trailing pulse
amplitudes in By at two different latitudes. At the higher latitude (i.e.,
at a greater distance from the X line), they find that the perturbation
amplitudes as well as the pulse ratio increase. The increase in this
ratio indicates that the bipolar By signatures of FTEs become more
symmetric with distance away from the reconnection line.

2.2. Magnetic Merging at Multiple X Lines

Ding et al. [1991] discuss the FTE signatures that are generated
by merging at multiple X lines in terms of magnetic islands. The
bottom panel of Figure 1 presents the magnetic field pattern pro-
duced by bursty merging at a pair of X lines [Lee and Fu, 1986].
As in the single X line models, the ratio B,/B; plays a critical role
in whether a magnetic signature exceeds detectability criteria.
However, the conditions for observing FTE signatures are more
favorable than in the case of merging at a single X line. It is
predicted that signatures can be detected in both the magnetosheath
and the magnetosphere provided B,,/B; < 2.6 (as compared to 1.5
or 1.7 for the single X line models). Another significant difference
is that MHD simulations based on multiple X line merging with
equal merging rates at each line produce magnetic field contours
that are symmetric at the leading and trailing edges of a transient
event (for example, see Ding et al. [1991, Figure 2]). Thus an event
produced by multiple X line merging can exhibit a symmetric
bipolar signature in By, whereas events produced at a single X line
never exhibit perfectly symmetric By signatures. This is a strong
feature in favor of the multiple X line model since past surveys of
FTEs near the magnetopause [Berchem and Russell, 1984; Rijnbeek
et al., 1984] have found their bipolar By signatures to be predomi-
nantly symmetric. Hence there are clear differences between a
model based on merging at a single X line and one based on
merging at multiple lines. These models can be easily distinguished
by observations near the formation region and with distance away
from that region. In a later section, we will report our observations
and discuss their consistency with the predictions of the two models.

3. Data Sets

FTEs in the vicinity of the dayside magnetopause were iden-
tified by using high time resolution magnetic field data from the
AMPTE CCE satellite. The satellite was launched in August 1984
into a near-equatorial orbit with an apogee of 8.8 Rg and an orbital
period of 15.7 hours. To determine when the CCE spacecraft made
crossings into the magnetosheath, we used data from its charge-
energy-mass spectrometer [Gloeckler et al., 1985]. This spectrom-
eter measured the masses and charge-state compositions as well as
the energy spectra and pitch-angle distributions of all major ions
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from H through Fe with energies from 0.3 to 300 keV/charge at
a time resolution of less than 1 min. We used orbital plots of the
particle flux of 2-keV H* ions with a 6-min time resolution, ac-
cessible through the World Wide Web at http://hurlbut.jhuapl:80/
AMPTE/summary_images. Periods when the spacecraft crossed
into the lower-latitude boundary layer and/or magnetosheath can
easily be identified by sharp increases in the particle flux at this
energy. We then examined hour-long plots of CCE magnetometer
measurements [Potemra et al., 1985] in GSE coordinates at 6.2-
s resolution for FTE signatures. When candidate events were found,
we performed a minimum variance routine on the magnetopause
crossings [Sonnerup and Cabhill, 1967] and then plotted the obser-
vations in boundary normal coordinates.

As stated earlier, we required our events to be observed in the
vicinity of the magnetopause to ensure that they were the result of
magnetic merging. This requirement was implemented by consid-
ering all magnetosheath events but only those magnetospheric events
that were within 30 min of a magnetopause crossing. Event sig-
natures ranged from symmetric bipolar to highly asymmetric in the
field component normal to the nominal magnetopause, generally
accompanied by fluctuations in the other two orthogonal compo-
nents and centered on fluctuations in the magnetic field strength.
Finally, we considered only events whose duration exceeded 1 min
and whose peak-to-peak amplitude in By was greater than or equal
to 5 nT. This is half the cutoff value of 10 nT used by Rijnbeek
et al. [1984]. All of our smaller-amplitude events were observed
in the magnetosphere. On the basis of the signal-to-noise ratio in
the data obtained in that region, we felt that the magnetic fluc-
tuations of these smaller-amplitude events were clear FTE signa-
tures that could be retained as part of our data set. The smallest
event amplitude in the magnetosheath, with its higher noise level,
was 16 nT, which is above Rijnbeek’s cutoff value.

4. Statistical Survey

Our data set consists of 110 events observed on 8 separate days,
as listed in Table 1. These events were observed from October to
December 1984 and during January 1986. Of the events, 84 oc-
curred in the magnetosphere and 26 in the magnetosheath (denoted
as regions “M” and “S,” respectively, in Table 1). Clearly, this does
not imply that FTEs are more commonplace in the magnetosphere
than in the magnetosheath. The dominance of magnetospheric events
in our data set results from two factors: (1) the relatively low apogee
of the CCE and (2) the fact that magnetosheath noise levels gen-
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erally exceed those in the magnetosphere. Many smaller-amplitude
events in the magnetosheath may have been masked by this noise,
whereas similar events in the magnetosphere were not.

It is interesting to compare the events of this study with those used
in the statistical survey made by Sanny et al. [1996]. Both data sets
are based on CCE magnetometer readings. However, the events in
this work are observed in the immediate vicinity of the magnetopause
and are assumed to be FTEs produced by sporadic merging. Those
in the work of Sanny et al. [1996] are detected in the outer dayside
magnetosphere away from the magnetopause and are explained as
ripples on the magnetopause surface. The selection criteria for
amplitude (4 nT) and duration (1-8 min) in the Sanny et al. [1996]
work are similar to this study; however, Sanny et al. [1996] consider
only events with a symmetric By fluctuation, while asymmetric sig-
natures are an important part of our survey. There are several fun-
damental differences between the two data sets. First, the 59 events
of Sanny et al. [1996] were observed on 25 separate days, indicating
that although event recurrence did take place, there were also many
isolated events, indicative of the decay of event amplitude with
distance from the magnetopause and consequent filtering out of the
smaller-amplitude events. In this study, 110 events were detected on
8 separate days, indicating a far greater rate of recurrence, as expected
from sporadic merging. For example, the seven events observed
between 0100 and 0200 UT, day 280, had an average recurrence time
of 7.5 min. Later that day, five events observed between 2300 and
2400 UT were found to have the same recurrence time. Only one of
the eight days used in our study appears in the data set of Sanny et
al. [1996]. This is day 281, in which we observed four events, the
last of which is at 1349 UT. A single event at 1439 UT of that day
is presented in that paper. Finally, IMF orientation has little or no
influence on the events of Sanny et al. [1996], whereas nearly all of
our events occur for southward IMF.

4.1. Location

Figure 2 shows a plot of event position in the GSM y-z plane.
All events surveyed occurred north of the magnetic equator. For
this location we expect to observe outward/inward (+/-) By pertur-
bations (denoted as the “standard” type event by Rijnbeek et al.
[1984]). This was indeed found to be the case for 103 out of the
110 events in our data set. In Figure 2, events are denoted by either
an asterisk or circle, depending on whether their fluctuations in By
are asymmetric or symmetric (this will be further discussed in
section 4.4),
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Figure 2. Positions of studied events in the GSM y~z plane.
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Table 1. List of events

Event Crossing Event Position Crossing Position
Time, Time, in Rg in Rg A, 7, Polarity 0,
Day uT uT (GSM) (GSM) Region nT min of By ao/B B,/B, deg
1984
280 0102 0131 6.62,-2.19,0.268 7.16,-1.81,0.625 M 13 7 +- 1 64 120
0117 0131 6.90,-2.05,0.311 7.16,-1.81,0.625 M 21 9 +H- 1 64 120
0124 0131 7.07,-1.94,0.343 7.16,-1.81,0.625 M 10 4 +H- 1 64 120
0127 0131 7.07,~1.94,0.346 7.16,-1.81,0.625 M 14 4 +- 1 64 120
0134 0131 7.24,-1.84,0.368 7.16,-1.81,0.625 M 8 3 +- 1 64 120
0136 0131 7.24,-1.84,0374 7.16,-1.81,0.625 M 6 3 +- 1 64 120
0147 0149 7.39,~1.72,0.400 7.46,-1.78,-0.022 M 2 +- 1 48 110
0332 0347 8.63,-0.457,0.576 8.58,-0.046,0.448 M 11 4 I+ 1 2.1 65
1819 1805 8.08,-1.14,0.553 7.92,-1.33,0.458 N 156 2 +- 1 1.6 140
1821 1805 8.08,-1.14,0.551 7.92,-1.33,0.458 S 31 2 +- 1 1.6 140
2300 2322 8.03,2.06,0.848 7.81,2.29,0.803 S 24 5 +H- 1 1.§ 175
2310 2322 7.30,2.18,0.808 7.81,2.29,0.803 M 25 5 +H- 15 1.9 175
2317 2322 7.87,2.23,0.806 7.81,2.29,0.803 M 14 1 I+ 1 1.9 175
2321 2322 7.81,2.29,0.804 7.81,2.29,0.803 M 14 1 +- 1 1.9 175
2330 2322 7.69,2.39,0.799 7.81,2.29,0.803 S 80 1 +H- 12 19 175
281 1116 1138 8.63,~0.116,0.685 8.63,-0.119,0.684 M 11 4 +- 1 1.5 175
1141 1138 8.72,0.175,0.612 8.63,-0.119,0.684 M 13 3 +- 14 15 175
1322 1327 8.63,1.32,0.353 8.61,1.37,0.346 M 44 3 +#- 2/5 39 120
1349 1327 8.46,1.64,0.302 8.61,1.37,0.346 M 8 8 +- /4 39 120
292 1657 1647 8.15,1.07,1.00 8.24,0.962,1.01 M 23 5 +- 1 3.7 170
1721 1715 7.89,1.34,0.989 7.95, l .29,0.991 M 39 4 +- 1 14 110
1724 1715 7.85,1.40,0.982 7.95,1.29,0.991 M 9 2 H- 12 14 110
1727 1715 7.85,1.40,0.986 7.95,1.29,0.991 M 11 3 +- 1 14 110
1731 1715 7.77,1.44,0.984 7.95,1.29,0.991 M 15 1 +H—- 1 1.4 110
1733 1715 7.71,1.50,0.977 7.95,1.29,0.991 M 12 2 +- 13 14 110
1740 1715 7.65,1.56,0.967 7.95,1.29,0.991 M 31 4 +- 23 14 110
293 0431 0454 8.19,-1.86,1.23 8.38,~1.55,1.26 M 13 4 +H- 12 48 115
0435 0454 8.24,-1.80,1.23 8.38,-1.55,1.26 M 9 3 +- 1 48 115
0437 0454 8.19,-1.85,1.24 8.38,-1.55,1.26 M 20 4 +/- 1 48 115
0442 0454 8.28,-1.74,1.25 8.38,-1.55,1.26 M 36 8 +- 1 48 115
0521 0539 8.53-1.25,1.29 8.58,-1.11,1.30 M 45 2 +H~- 13 22 130
0534 0539 8.60,-1.05,1.28 8.58,-1.11,1.30 S 65 1 +- 1 22 130
0548 0555 8.65,-0.857,1.28 8.66,-0.796,1.28 M 15 1 +- 23 14 145
0553 0555 8.66,-0.798,1.28 8.66,-0.796,1.28 M 15 2 H- 25 1.5 145
0601 0555 8.68,-0.727,1.27 8.66,-0.796,1.28 S 4 2 +- 1 15 145
0603 0555 8.68,~1.03,1.44 8.66,-0.796,1.28 S 18 2 +- 1 1.5 145
0606 0555 8.68,-1.03,1.45 8.66,-0.796,1.28 S 19 2 +- 1 1.5 145
0616 0628 8.70,-0.535,1.26 8.70,-0.496,1.24 S 65 2 A+ 1.6 70
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Table 1. (continued)

Event  Crossing Event Position Crossing Position
Time, Time, in Rg in Rg A, 7, Polarity 6,
Day uT uT (GSM) (GSM) Region nT min of By a/B B,/B; deg
1984
0622 0628 8.70,-0.471,1.25 8.70,-0.496,1.24 S 30 5 +- 1 1.6 70
0624 0628 8.71-0.410,1.24 8.70,-0.496,1.24 S 19 2 -+ 1 1.6 70
0703 0717 8.67,0.104,1.15 8.67,0.228,1.12 S 70 2 +- 12 1.8 145
0713 0717 8.64,0.225,1.12 8.67,0.228,1.12 M 31 2 +/- 1 1.8 145
0715 0717 8.64,0.227,1.12 8.67,0.228,1.12 M 13 2 +- 1/3 1.8 145
0728 0717 8.58,0.415,1.08 8.67,0.228,1.12 S 49 1 —+ 1 1.8 145
0747 0800 8.51,0.588,1.02 8.42,0.784,0.966 S 86 3 —/+ 1 1.6 85
0826 0800 8.23,1.08,0.856 8.42,0.784,0.966 S 50 3 +H- 12 14 85
1920 1921 7.65,-2.57,0.886 7.65.-2.57,0.882 M 53 2 +/- 1 27 65
1946 1921 7.94,-2.34,0.907 7.65,-2.57,0.882 M 16 5 +/- 1 27 65
1949 2013 8.22,-2.03,0.962 8.18,-2.29,-0.008 M 13 4 +/- 1 3.6 160
1952 2013 8.22,-2.03,0.958 8.18,-2.29,-0.008 M 6 3 +/- 1 3.6 160
2005 2013 8.22,-2.04,0.943 8.18,-2.29,-0.008 M 21 3 +- 12 36 160
2036 2013 8.37,-1.83,0.963 8.18,-2.29,-0.008 M 31 2 +- 1 36 160
2116 2146 8.59,-1.40,1.01 8.68,-1.17,0.873 M 66 8 +- 213 29 115
2155 2146 8.69,-0.936,1.07 8.68,-1.17,0.873 M 26 5 +- 114 29 115
2209 2146 8.70,-0.764,1.10 8.68,-1.17,0.873 M 17 3 +H- 12 29 115
2214 2146 8.70,-0.701,1.10 8.68,-1.17,0.873 M 14 3 +H- 213 29 115
2236 2248 8.68,-0.460,1.13 8.68,-0.294,0.948 M 24 4 +H- 23 34 125
295 1903 1925 8.09,-2.30,1.06 8.26,-2.10,1.06 M 5 3 +- 13 24 120
1905 1925 8.09,-2.30,1.06 8.26,-2.10,1.06 M 7 2 +/—- 1 24 120
1907 1925 8.09,-2.30,1.05 8.26,-2.10,1.06 M 10 4 +- 1 24 120
1909 1925 8.14.-2.25,1.06 8.26,-2.10,1.06 M 5 4 +- 1 22 120
1917 1925 8.18,-2.20,1.06 8.26,-2.10,1.06 M 25 2 +- 1 24 120
1919 1925 8.22,-2.15,1.06 8.26,-2.10,1.06 M 15 3 +- 18 24 120
1922 1925 8.22,-2.15,1.06 8.26,-2.10,1.06 M 25 3 +- V7T 24 120
1924 1925 8.26,-2.10,1.07 8.26,-2.10,1.06 M 5 1 +- 1 24 120
1931 1925 8.30,-2.05,1.07 8.26,-2.10,1.06 M 5 2 +- 1 24 120
1935 1925 8.33,-2.00,1.07 8.26,-2.10,1.06 M 5 4 +H- 12 24 120
1939 1925 8.37,-1.95,1.08 8.26,-2.10,1.06 M 10 2 +- 1 24 120
1941 1925 8.37,-1.95,1.07 8.26,-2.10,1.06 M 7 3 +- 1 24 120
1945 1925 8.40,-1.90,1.08 8.26,-2.10,1.06 M 5 3 +- 1 24 120
1948 1925 8.42,-2.03,0.660 8.26,-2.10,1.06 M 10 3 +- 1 24 120
1952 1925 8.42,-1.84,1.08 8.26,-2.10,1.06 M 7 3 -+ 122 24 120
2256 2248 8.30,0.313,1.26 7.77,0.980,1.26 M 9 2 +— 1 28 175
2300 2248 8.26,0.376,1.26 7.77,0.980,1.26 M 21 3 +- 1 28 175
2303 2248 8.22,0.437,1.26 7.77.0.980,1.26 M 8 2 +- 1 28 175
2314 2248 8.14,0.560,1.26 7.77,0.980,1.26 M 14 2 +- 13 24 175
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Table 1. (continued)

Event  Crossing Event Position Crossing Position
Time, Time, in Rg in Rg A, 1, Polarity 0,

Day uT uT (GSM) (GSM) Region nT min of By o/B B,/B; deg

1984

306 0433 0503 6.84,-3.72,1.55 7.31,-3.44,1.75 M 31 3 +H- 1 22 110
0436 0503 6.91,-3.72,1.60 7.31,-3.44,1.75 M 15 5 +- 1 22 110
0441 0503 6.91,-3.71,1.61 7.51,—3.44,1.75 M 21 2 +- 1 22 110
0443 0503 6.91,-3.71,1.62 7.31,-3.44,1.75 M 9 2 +- 1 22 110
0456 0503 7.19,~3.54,1.70 7.31,-3.44,1.75 M 9 3 +- 1 22 110

321 0626 0423 7.21,-4.78,0.847 5.70,-5.18,1.64 S 30 4 +H- 1/8 14 155
0943 1003 7.74,-1.59,2.45 7.67,-1.38,2.37 M 16 3 +- 1 26 180
0956 1003 7.69,-1.45,2.40 7.67.-1.38,2.37 M 26 3 +- 1 26 180
1004 1003 7.64,-132,2.35 7.67,-1.38,2.37 M 29 4 +H- 1 26 180
1008 1003 7.61,-1.24,2.32 7.67,-1.38,2.37 M 13 2 +- 1 26 180
1014 1003 7.58,-1.16,2.30 7.67,-1.38,2.37 M 9 2 +- 1 26 180
1016 1003 7.58,-1.16,2.30 7.67,-1.38,2.37 M 9 2 +- 1 3.1 180
1023 1003 7.51,-1.02,2.24 7.67-1.38,2.37 M 29 5 +/- 1 3.1 180
1033 1003 7.43,-0.882,2.19 7.67,-1.38,2.37 M 18 4 +- 12 33 180

1986

025 0552 0618 6.87,-3.11,2.60 7.24,-2.74,2.84 M 6 2 +- 1 1.9 100
0556 0618 6.94,-3.05,2.64 7.24,-2.74,2.84 M 7 4 +/- 1 1.9 100
0600 0618 7.00,-3.01,2.67 7.24,-2.74,2.84 M 6 3 +- 1 1.9 100
0603 0618 7.00,-2.96,2.71 7.24,-2.74,2.84 M 8 2 +- 1 1.9 100
0604 0618 7.06,-2.92,2.74 7.24,-2.74,2.84 M 7 2 +- 1 1.9 100
0606 0618 7.06,-2.91,2.75 7.24,-2.74,2.84 M 17 2 +- 1 1.9 100
0622 0618 7.24,-2.72,2.86 7.24,-2.74,2.84 S 30 3 +- 1 1.9 100
0637 0628 7.45,-2.50,2.96 7.35,-2.62,2.90 M 27 4 +- 1 1.5 65
0644 0628 7.50,-2.44,2.99 7.35-2.62,2.90 M 16 7 +- 13 1.5 65
0843 0844 8.16,-0.859,3.25 8.16,-0.858,3.25 S 29 2 +- 1 1.4 65
0845 0844 8.16,-0.856,3.25 8.16,-0.858,3.25 M 16 2 +- 1 1.4 65
0847 0844 8.16,-0.637,3.30 8.16,-0.858,3.25 M 10 1 +- 1 1.4 65
0859 0844 8.18,-0.660,3.24 8.16,-0.858,3.25 N 29 4 +- 1 12 65
0903 0844 8.18,-0.580,3.22 8.16,-0.858,3.25 N 18 3 +/- 1 1.2 65
0906 0844 8.18,-0.591,3.22 8.16,-0.858,3.25 S 16 1 +- 1 1.2 65
0936 0923 8.16,-0.204,3.16 8.17,-0.334,3.19 S 74 5 +-~ 1 19 125
0938 0923 8.15,-0.143,3.16 8.17,-0.334,3.19 S 49 1 +- 1 1.9 125
0944 0923 8.14,-0.078,3.14 8.17,-0.334,3.19 S 56 2 +- 1 19 125
0946 0923 8.14,-0.076,3.14 8.17,-0.334,3.19 S 56 2 +- 1 19 125
0949 0923 8.12,-0.277,3.12 8.17,-0.334,3.19 S 42 1 +/— 1 1.9 125
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Figure 3. A histogram of event duration.

4.2. Duration and Amplitude

We consider the duration 7 of an event to be the period during
which there is a fluctuation in the magnetic field strength B from
its ambient value. In nearly all cases, this fluctuation was an
increase in the ambient field. In our data set, 7 ranged from about
1 min to 9 min, with most events having short durations. The
longest-duration events may have been the result of several shorter
events that were merged. Figure 3 shows the distribution of event
durations. The average duration of the events is about 3 min. As
reviewed by Sanny et al. [1996), most researchers (including Kawano
and Russell [1996]) have imposed a minimum duration of 30 s to
1 min when identifying events. By comparison, Elphic [1990]
reported that FTEs typically exhibit durations much less than 1 min.

The amplitude A of an event is taken to the peak-to-peak value
in the By signature. The distribution of amplitudes (see Figure 4)
ranged from 5 nT to just above 150 nT, with an average of 47 nT
for magnetosheath events and an average of 17 nT for magneto-
spheric events.

4.3. Magnetosheath Magnetic Field Orientation

Our events were observed near magnetopause crossings. Hence
we were able to reliably obtain the relative orientation of the
magnetic field vectors in the magnetosheath (which reflects that of
the IMF) and the magnetosphere by comparing the field compo-
nents on either side of each magnetopause crossing. As expected
for FTEs, our events generally occurred for southward IMF. Figure
5 summarizes our results. It shows the distribution of the events
as a function of the angle between the magnetosheath and magneto-
spheric field components in the GSM y—z plane. Of the 110 events,
94 occurred when this angle was greater than 90°; i.e., for a south-
ward magnetosheath field. The remaining 16 events were observed
for angles in the range between 60° and 90°, so the magnetosheath
field had a weak northward component. There were no events

NUMBER OF EVENTS
o

5 .

11-15 1620 21-256 26-30 3135 3640 41-45 4850 Si+

5 610

AMPLITUDE A (nT)
Figure 4. A histogram of event amplitude.
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Figure 5. Distribution of events as a function of the angle between
the magnetosheath and magnetospheric field components in the
GSM y-z plane.

observed for angles less than 60° or a strongly northward magneto-
sheath field. Examples of magnetopause crossings when the
magnetosheath field was strongly northward can be found from
1700 to 1800 UT, day 305, 1984. We estimate that the angle
between the magnetosheath and the magnetospheric field compo-
nents in the GSM y-z plane was less than 10° at the time of these
crossings. We were unable to discern any clear FTE signatures
during that time interval.

4.4. Magnetic Field Signature

The “classic” magnetic signature of an FTE is generally con-
sidered to be an increase in B, a symmetric bipolar fluctuation in
By, and monopolar fluctuations in the other two components. We
quantify the symmetry of the bipolar fluctuation using the ratio
o/B, where « and B are the amplitudes of the leading and trailing
pulses, respectively. The majority of our events (79 out of 110)
exhibited symmetric or nearly symmetric signatures. As a general
rule, we consider a signature to be symmetric or nearly symmetric
if & > 0.758. The other 30 events were characterized by asymmetric
By signatures in which the trailing pulse dominated; i.e.,a/8 < 0.75.
Figure 6 presents the variety in the magnetic signatures observed.
The top three panels indicate the field components B;, B;, and B
along the directions of minimum, intermediate, and maximum
variance, respectively, of the field. The bottom panel shows the
total field B. The minimum-variance component B) is equivalent
to By, the field component normal to the nominal magnetopause,
and will be referred to as such. Figure 6a shows a prominent FTE
in the magnetosheath centered on 1819 UT. This event is charac-
terized by a symmetric bipolar fluctuation in By and an increase
in B. Figure 6b also shows an FTE in the magnetosheath, centered
on 0626 UT. This event has a highly asymmetric signature in By
with a dominant trailing pulse. The asymmetric signature is accom-
panied by an increase in B. In Figure 6c we see a magnetospheric
FTE centered on 1033 UT with an asymmetric By signature accom-
panied by a decrease in B, indicating that the spacecraft may have
entered the event. Sometimes the orientation of the magnetopause
may change noticeably between the time of a magnetopause cross-
ing and when an event is observed. For example, Figure 6¢ presents
an event in which the component of the magnetic field in the
direction normal to the boundary is nonzero. The reason is that the
magnetopause crossing used to determine the boundary normal
occurred 30 min earlier (the limiting time criterion for this study).
During that interval, the magnetopause orientation had changed.
However, this does not preclude our ability to identify and use that
event in our study. In a coordinate system that is rotated from the
boundary normal system by an angle 6, the ratio o/f3, our measure
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Figure 6. Various magnetic signatures observed in this study.

of symmetry in the bipolar signature, remains the same since both
o and B are reduced by the factor cos 6.

Of the 26 events observed in the magnetosheath, 5 (or about
19%) were asymmetric and 21 were symmetric. Asymmetric events
were observed more frequently in the magnetosphere, where of the
84 events in our data set, 26 (or about 31%) were asymmetric and
58 were symmetric. We found little difference between the average
duration of the symmetric events and that of the asymmetric events.
The average amplitudes of our symmetric and asymmetric events
are also about the same at 24 and 25 nT, respectively.

Nearly all the asymmetric events occurred at low latitudes, as
indicated in Figure 2. Most of these events seemed to occur in a
band near zggm = 1 Rg. Only 2 of the 30 asymmetric events were
found poleward of zgsm = 1.5 Rg.
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Figure7. A histogram showing therelative degree of asymmetryin
the asymmetric events of this study.

Figure 7 presents a histogram of asymmetry within our events.
The majority of the events exhibit a low degree of asymmetry. For
example, 23/31 or 74% of the events exhibit (z:z/ﬁ)‘1 < 3. The
highest degree of asymmetry observed occurred in two cases when
the trailing pulse of the By signature had an amplitude 7 to 8 times
greater than that of the leading pulse.

4.5 Occurrence Versus B_ /B,

As discussed earlier, the ratio of the field strengths in the mag-
netosphere and the magnetosheath B, /B, is an important factor
determining the amplitudes of FTEs in two-dimensional MHD simu-
lations. Generally, these simulations predict that both magnetosheath
and magnetospheric FTEs can be observed if B,,/B; is below a certain
cutoff value, of the order of 1.5 to 2 for single X line models and
2.5 to 3 for multiple X line models. Above these respective cutoff
values, magnetospheric FTEs are undetectable. We now consider the
occurrence of our events as a function of B,/B;.

The 26 magnetosheath FTEs were all observed for low values of
B,/B;. Of the 26 events, 23 (or nearly 90%) occurred for B,/B; < 2,
while the other 3 occurred for 2 < B, /B, < 3, as shown in Figure 8
(top panel). For these three events, B,/B; was only slightly above
2, at about 2.1 to 2.2.

FTEs were also observed with greater frequency in the mag-
netosphere for low values of B,/B;. However, in contrast to the
magnetosheath events, only 26% (22 out of 84) were found to occur
when B,,/B; < 2 (see Figure 8, inverted panel). The highest number
of events (40) was detected in the range 2 < B, /B, < 3, with a sharp
decrease in the occurrence rate above B,/B,=3. These results
appear to support the higher cutoff B,,/B; =~ 2.5-3 for the multiple
X line models as opposed to B,/B; =~ 1.5-2 for the single X line
models. However, the detectability criterion used in obtaining these
cutoff values is a peak-to-peak amplitude in By greater than or
equal to 10 nT [Ding et al., 1991]. We have used a detectability
criterion of 5 nT for our magnetospheric FTEs. For this case, the
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Figure 8. Occurrence of events in the magnetosheath and in the
magnetosphere as a function of the ratio B,,/B;.

cutoff in B,/B; is increased to about 2.5 to 3 for the single X line
models and about 3.5 to 4 for the multiple X line models (for
example, see Ding et al. [1991, Figure 5]). Hence we do not feel
that the results shown in Figure 8 favor one model over the other.

Figure 9 is a plot of the average amplitude A of our magneto-
spheric FTEs as a function of B,/B;. There does not appear to be
any strong dependence of A on B,/B,. However, as noted in the
figure caption, there were far fewer events at higher values of B,/
B, so the statistical value of A is questionable above B,/B,=4.
Finally, symmetric events occurred more frequently within all the
ranges of B,/B; shown.

5. Discussion

In our survey we found that FTEs with symmetric bipolar fluc-
tuations in the magnetic field component normal to the nominal
magnetopause had an occurrence rate between 2 and 3 times higher
than that of FTEs with asymmetric fluctuations. Of the 110 events
in our data set, 79 (or 72%) were symmetric and 31 (28%) were
asymmetric. Although it is difficult to make a direct comparison
with previous statistical studies, we believe that the relative occur-
rence of asymmetric events seen here is higher than in those studies.
For example, without giving any quantitative comparison, Rijnbeek
et al. [1984] state that “the vast number of FTEs observed are of
the standard type, while only a relatively small number of irregular
FTEs are observed.” Perhaps the reason we observe a higher per-
centage of asymmetric events is that our data come from the CCE
spacecraft rather than from the ISEE, which has hitherto been the
principal source of information concerning magnetopause FTEs.
The CCE has a nearly equatorial orbit with an apogee of 8.8 Rg.
As a result, our data set consists of FTEs that (1) are generally at
low latitudes and (2) occur when the magnetosphere has been
severely compressed by the solar wind.

Although it seems much more likely that the onset of merging
should occur along a single X line rather than simultaneously along
multiple X lines, single X line simulations produce asymmetric
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FTEs (rarely observed), whereas multiple X line simulations pro-
duce symmetric FTEs (commonly observed). It is interesting to
note from Figure 2 that most of the asymmetric events in our data
set occur in the region near the magnetic equator. Only 2 of the
31 asymmetric events occur above zggm = 1.5 Rg. This is consistent
with simulation results which indicate that the signatures of FTEs
produced by merging at a single X line evolve from an initial
asymmetric form [Ku and Sibeck, 1997] into the familiar symmetric
bipolar fluctuation commonly observed. Since the ISEE spacecraft
detects a greater percentage of events at higher latitudes than the
CCE, any statistical study based on ISEE data would be dominated
by events with symmetric bipolar signatures.

Our premise of the evolution of the FTE bipolar signature may
also explain the lower occurrence rate for asymmetric events in the
magnetosheath (5 out of 26) than in the magnetosphere (26 out of
84). As noted earlier, the noise levels are greater in the magnetosheath
than in the magnetosphere. Many smaller-amplitude events in the
magnetosheath may have been masked by the noise, whereas simi-
lar events in the magnetosphere were not. A magnetosheath event
recently formed, with an asymmetric By fluctuation, may have an
amplitude that is below detectability thresholds. As a magnetosheath
event moves away from the X line, its amplitude may increase
sufficiently so that it becomes observable. However, at this point,
its magnetic signature may have evolved into its symmetric form.
As a result, our collection of magnetosheath FTEs is dominated by
symmetric events.

Neither the single nor the multiple X line theories account for
the occurrence of magnetospheric events for values of B,/B; at 4
and higher (see Figure 8). Perhaps this is an effect of the special
condition that the magnetosphere was under severe compression by
the solar wind pressure when the FTEs in our data set were observed.

6. Conclusion

MHD models based on merging at a single X line predict asym-
metric bipolar FTE magnetic signatures in the direction normal to
the nominal magnetopause. Models based on merging with similar
rates at multiple X lines predict that this signature is symmetrically
bipolar. Previous surveys of FTEs have not compared the relative
occurrence rates of symmetric and asymmetric events, only noting
that the symmetric events are the “vast majority.” In this paper, we
made this comparison by considering the magnetic signatures of
110 FTEs observed near the dayside magnetopause. These events
were obtained from CCE data when the spacecraft was within 30
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Figure9. AverageFTE amplitudeinthe magnetosphere as a function
of B,/B,. The number of events observed for each interval is 22 for
1<B,/B; <2,40 for2< B,/B, <3, 11 for 3 < B,/B; < 4, 5 for
4<B,/B.<5,and6for6<B,/B;<7.
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min of a magnetopause crossing. We found that a significant frac-
tion of the events (31 out of 110) had By signatures that were not
symmetrically bipolar. Most of the asymmetric events were ob-
served in the magnetosphere. Furthermore, they appeared to occur
generally near the magnetic equator.

Our results suggest that merging along a single X line may be
an important source of FTEs. We suggested that the relatively high
occurrence rate of asymmetric events near the magnetic equator is
consistent with expectations for magnetic merging in this region,
but that the asymmetric signature of an FTE evolves into the
familiar symmetrically bipolar form as events travel to higher
latitudes. Past statistical studies based on ISEE data would observe
mostly symmetric events since the ISEE spacecraft detects a greater
percentage of events at higher latitudes than the CCE.
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