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Statistical survey on the magnetic structure in magnetotail
current sheets
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[1] On the basis of the multipoint magnetic observations of Cluster in the region 15-19 Rg
downtail, the magnetic field structure in magnetotail current sheet (CS) center is statistically
surveyed. It is found that the B, component (in GSM coordinates) is distributed mainly
within |B,| < 5nT, while the B. component is mostly positive and distributes mainly within
1~10 nT. The plane of the magnetic field lines (MFLs) is mostly vertical to the equatorial
plane, with the radius of curvature (Rc) of the MFLs being directed earthward and the
binormal (perpendicular to the curvature and magnetic field direction) being directed
azimuthally westward. The curvature radius of MFLs reaches a minimum, R i, at the CS
center and is larger than the corresponding local half thickness of the neutral sheet, 4.
Statistically, it is found that the overall surface of the CS, with the normal pointing
basically along the south-north direction, can be approximated to be a plane parallel to
equatorial plane, although the local CS may be flapping and is frequently tilted to the
equatorial plane. The tilted CS (normal inclined to the equatorial plane) is apt to be
observed near both flanks and is mainly associated with the slippage of magnetic flux
tubes. It is statistically verified that the minimum curvature radius, R, min, half thickness of
neutral sheet, 4, and the slipping angle of MFLs, 6, in the CS satisfies & = R jin c0sé. The
current density, with a mean strength of 4-8 nA/m?, basically flows azimuthally and
tangentially to the surface of the CS, from dawn side to the dusk side. There is an obvious
dawn-dusk asymmetry of CS, however. For magnetic local times (MLT) ~21:00—01:00,
the CS is relatively thinner; the minimum curvature radius of MFLS, R, in (0.6—1 Rf)
and the half-thickness of neutral sheet, / (0.2—0.4 R), are relatively smaller, and B, (3—5 nT)
and the minimum magnetic field, B,;, (5—7 nT), are weaker. It is also found that negative
B, has a hi%her probability of occurrence and the cross-tail current density jy is dominant
(24 nA/m”) in comparison to those values near both flanks. This implies that magnetic
activity, e.g., magnetic reconnection and current disruption, could be triggered more
frequently in CS with ~21:00—~01:00 MLT. Accordingly, if mapped to the region in the
auroral ionosphere, it is expected that substorm onset would be optically observed with
higher probability for ~21:00—~01:00 MLT, which is well in agreement with statistical
observations of auroral substorm onset.
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lines [e.g., Ness, 1965, 1969; Behannon, 1970; Speiser,
1973]. It is an extremely dynamic region in the magneto-
sphere, where magnetic reconnection and plasma instabil-
ities are likely to be triggered, so as to release the stored
energy, and which assumedly powers the geomagnetic storm/
substorms process [e.g., Baker et al., 1996; Baumjohann et al.,

1. Introduction

[2] The Earth’s magnetotail current sheet (CS) is part of a
transition layer which separates the antiparallel lobe field
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1999; Miura, 2001; Lui, 2003]. Therefore, the tail CS always
draws much attention in magnetospheric investigations.

[3] The magnetic field, B, and its related spatial gra-
dients, including magnetic field gradient VB, current den-
sity, via o'V x B, and curvature of the magnetic field lines
(MFLs) (B/B - V) x (B/B), are key physical parameters for
studying the dynamics of magnetospheric regions, espe-
cially those associated with the tail current sheets. Unam-
biguous knowledge of the form of the magnetic field and its
related parameters are crucial to study the 3-D geometric
structure of MFLs, the triggering of macroinstabilities or
microinstabilities and magnetic reconnection, the control
of the motion of charged particles, and the evolution and
dynamics of space plasmas. However, because of the inability
of single-satellite or double-satellite formations to separate
the spatial-temporal variation of magnetic field except in very
special circumstances, the magnetic spatial gradients have not
been directly obtained from the earlier observation, although
attempts have been made with two spacecraft simultaneous
measurements [e.g., McComas et al., 1986; Sergeev et al.,
1993], serendipitously.

[4] To explore the dynamics of magnetosphere more
deeply, the Cluster mission [Escoubet et al., 2001] was
launched in the summer of 2000 into a 4 x 19.6 Ry polar,
inertial orbit. One main goal of the elaborate four-satellite
mission is to investigate the dynamics of the near-Earth
magnetotail. During the end of June to early November
each year, the Cluster orbit traverses the tail CS between
15 and 19 Rg from the Northern Hemisphere to the
Southern Hemisphere, around its apogee, and from dawn to
dusk, so that the whole tail CS can be investigated fully.
The four-point observations of Cluster tetrahedron can, in
principle, access the 3-D spatial structure of the magnetic
field, given particular temporal behavior and sampling,
through the developed four-spacecraft data analysis methods
[Dunlop et al., 1988] such as the spatial gradient [Harvey,
1998; Chanteur, 1998] or current density [Dunlop et al.,
2002a], the motional properties of magnetic discontinuities
[e.g., Dunlop and Woodward, 1998; Schwartz, 1998; Dunlop
et al., 2002b; Shi et al., 2005, 2006], and the 3-D geometry
structure of MFLs [Shen et al., 2003, 2007, and references
therein].

[5] Recently, on the basis of the magnetic geometric
configurations revealed, the magnetotail CS can be divided
into three different types [Shen and Dunlop, 2008], i.e., the
normal CS [Shen et al., 2003, 2007], the flattened CS [Shen
et al., 2008a], and the tilted CS [e.g., Nakamura et al., 2006;
Petrukovich et al., 2006; Runov et al., 2005, 2006; Shen
et al., 2008b; Rong et al., 2010a]. For the normal CS, the
normal direction is generally along the magnetic south-north
direction, the B, component of magnetic field is much
smaller than the B, component, and the curvature at the CS
center is directed earthward. The flattened CS, containing a
strong B, component (as a guide field), has a magnetic spiral
structure, wherein the spiral structure is of the left-handed
type for B, > 0 and of the right-handed type for B,, < 0. For
the tilted CS, which is generally induced by the flapping
motion of the CS [e.g., Zhang et al., 2002, 2005; Sergeev
et al., 2003, 2004; Runov et al., 2005], the normal direction
obviously leans away from the vertical direction, but the
slippage of the planes of MFLs usually preserves the same
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magnetic geometry structure as that of the normal CS in the
plane of the MFLs.

[6] Using the magnetic field data [Balogh et al., 2001,
Gloag et al., 2010] from the single satellite Cluster-3
(Samba) during 2001-2005, we have recently carried out a
preliminary statistical survey on the magnetic field in the CS
center [Rong et al., 2010b]. However, besides the directly
measured magnetic field, there are more magnetic field-
related parameters such as curvature radius of MFLs, curva-
ture direction, current density, and the half thickness of
neutral sheet (NS), derived from Cluster’s multipoint obser-
vations, which could be involved in the statistical study. It is
also to be expected that the statistical study with more
parameters could yield and exhibit more detailed properties
for the dynamic CS.

[7] In order to continue previous studies [Shen et al., 2003,
2007, 2008a, 2008b; Rong et al., 2010a, 2010b], the present
study, with the advantage of Cluster’s multipoint observa-
tions, statistically surveys the distribution properties of
magnetic field-related parameters in the CS center, includ-
ing the magnetic vector, curvature of MFLs, current density,
and the normal of the CS. To simplify the study and the
external solar wind dynamic pressure, interplanetary mag-
netic field (IMF), as well as any substorm process (usually
indicated by AE index), have not been considered.

[8] Geocentric solar magnetospheric (GSM) coordinates
are assumed throughout the study. In addition, it is conve-
nient to use spherical coordinates for the vector direction
(6, @) in the frame of GSM. The coordinate 6 (0° < < 180°)
is the angle between the positive z axis and the vector
direction and is referred to as the polar angle; the coordinate
¢ (0° < @ <360°) is the angle between the positive x axis
and the line from the vector direction projected onto the XY
plane and is referred to as the azimuth angle. For example,
the dawn direction or —Y direction is (90°, 270°), while the
dusk direction or +Y direction is (90°, 90°).

2. Typical CS Crossing

[s] Before the start of this statistical study, it is necessary
to examine a typical CS crossing event with Cluster multi-
point observations in order to introduce the relevant parameters
that are involved in the statistical survey. In this section, with
newly developed multipoint data analysis approaches [Shen
et al., 2003, 2007; Shen and Dunlop, 2008], one current
sheet crossing event on 5 August 2001 that has been previ-
ously studied by Shen et al. [2008b] will be briefly reviewed.

[10] As shown in Figure 1, there is a crossing event of the
current sheet observed by Cluster on 5 August 2001 around
17:42—17:47 UT. During this period, Cluster locates at~19 Rg
far away from Earth center and traverses the CS from the
Northern Hemisphere to the Southern Hemisphere.

[11] Figure la shows the magnetic field and its three
components at the mesocenter of Cluster tetrahedron, i.e., B=

4
1> B, Figure 1b shows the variation of magnetic vector

dliréction (03, ), where the polar angle and azimuthal angles
of its position in GSM are (6, @) = (85°, 206°) as indicated
by the horizontal green line and violet line, respectively.
Figure 1c shows the curvature radius of MFLs, R... Figure 1d
shows the curvature direction (6., ¢.) of MFLs. Figure le
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shows the normal of the osculating plane, or the binormal
(On, @n) of MFLs. Note that, as illustrated in Figure 2, the
magnetic unit vector b(b - B/B), curvature p(p. = (b V)b)
and the binormal N(N = b x oo b x pcl) are orthogonal to
each other [Shen et al., 2003], constituting the local natural
coordinates of MFLs. Flgure 1f shows the spatial magnetic
rotation rate ,u}/ 2, ,ué/ 2, u3 of magnetic vector quantita-
tively, which are calculated by the magnetic rotation anal-
ysis (MRA) method [Shen et al., 2007; Shen and Dunlop,
2008]. The maximum rotation rate, £, the median rotation
rate, yp, and the minimum rotation rate, u3, are the eigen-
values of the magnetic rotation tensor S; = 0,0,0,b,(i,j,l =

1,2,3), and the half thickness of the one- dlmensmnal neutral
sheet (NS) can be estimated as & = ,u]max [Shen et al., 2007;
Rong et al., 2010a]. Accordingly, Figure 1g shows the
eigenvectors e1(0.1, @.1) of eigenvalue p,. Particularly, the
e can be seen as the normal of CS, along which the mag-
netic vector rotates most severely [Shen et al., 2007; Shen
and Dunlop, 2008; Shen et al., 2008a]. Figure 1h shows
the strength, j,, and three components (jy, j, j.) of the current
density at GSM coordinates; Figure 1i shows the field-

aligned angle, ~, which has been defined as v = cos ! f}f—; .

[12] Obviously, at the center of CS where B, component
reverses its sign, the strength of magnetic field reaches the
minimum (B, ~ 2.9 nT). The curvature radius of MFLs
reaches the minimum (R, ., ~ 0.28 Rg) at the CS center
with the curvature direction (89°, 18°) pointing earthward
and binormal (102°, 107°) pointing duskward, manifesting
the 3-D geometry structure of MFLs in this CS; the mag-
netic vector rotates most severely in the CS, and the rotation
rate reaches the maximum at CS center. Within this CS,
is much larger than pu, and p3, which implies that this CS is
approximately a 1-D sheet, and the half thickness of the
one-dimensional NS could be estimated as & = ulrl,{ﬁx =
(1.87/Rg)"" = 1130 km. The normal of CS as determined
by e; is (42°, 287°), which demonstrates that the CS is
tilted. The current density with average strength bemg () ~
2.8 nA/m> enhances in the CS, where Jy~2.1 nA/m?, j. ~
1.6 nA/m?. At the CS center, the field-aligned angle reaches
v ~ 44°, indicating that the current density is more field
aligned there relative to elsewhere.

3. Statistical Study

3.1.

[13] The previous application of multipoint analysis
methods [Shen et al., 2003, 2007, and references therein]
has demonstrated that the validities of these methods are
mainly dependent on the assumption of linear variation of
magnetic field within the Cluster tetrahedron, and the cal-
culation error can be estimated as the order of L/D (L is the
size of the Cluster tetrahedron, and D is the typical spatial
scale of the magnetic structures). Therefore, to try to reduce
the multipoint calculation errors originating from the linear
assumption [Chanteur, 1998], we have adopted the 4 s
magnetic field data [Balogh et al., 2001; Gloag et al., 2010]
of four Cluster spacecraft during the years 2001, 2003, and
2004, as the characteristic size of the Cluster tetrahedron
during magnetotail seasons in these years (less than 1600 km)
is comparable to or less than the nominal CS thickness. We
verify the validities in section 3.8.

Selection and Preparation of Data
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[14] We have applied the multipoint analysis methods
[Shen et al., 2003, 2007, and references therein] to the
magnetic field data of Cluster for the years 2001, 2003, and
2004 and have obtained the data set of magnetic-related
parameters such as magnetic field, magnetic curvature,
magnetic gradient, magnetic vector rotation rate, and current
density at the mesocenter of the Cluster tetrahedron.

[15] To determine the tail CS crossing unambiguously, the
criteria By(#;) * Bx(ti+1) < 0 (where, ¢, t;., are the two suc-
cessive measurements), combined with the lower strength of
the magnetic field (<100 nT) and the nightside location of
Cluster (90° < ¢ < 270°), have been used together in the first
instance. With this procedure, the regions where the By also
reverses around both polar cusps and the dayside CS can be
excluded because of the stronger magnetic strength
(hundreds of nT). Second, the visual inspection of the low
plasma temperature (<10 x 10° K), high density (>1 cm?),
and the tailward plasma velocity (¥, < —100 km/s) near the
flanks (June to earlier July and later October-November,
etc.) excludes the crossings of the magnetosheath [Lucek
et al., 2005] and low-latitude boundary layer [ Fujmoto et al.,
1998]. Then, applying the linear interpolation to the data set,
the interpolated parameters when By =0, i.e., CS center have
been grouped correspondingly as the basis data set for this
statistical study. According to these selecting criteria, in total
there are 5992 CS crossing events obtained. The criteria
obtain 1507 CS crossing events for 2001, 2785 events for
2003, and 1700 events for 2004. On the basis of the derived
data set, we can statistically study the detailed distribution
of magnetic structure at the CS center in detail.

[16] Figure 3 shows the projection of Cluster locations at
the moment of CS crossings onto the XY plane (Figure 3a)
and YZ plane (Figure 3b). It can be seen that the Y direction
scale of CS on the downstream 0 < |.X1 < 20 Ry is about
35 Rg (Figure 3a). The obtained CS configuration is wavy
(as in Figure 3b) and warps severely at both flanks; it warps
down toward the negative z axis (June-July) near the dawn
side and warps up toward the positive z axis (October-
November) near the dusk side. As to the configuration of
CS, controlling factors such as geodipole tilt angle and solar
wind conditions have been noticed, and some empirical
models have been formulated accordingly [e.g., Fairfield,
1980; Tsyganenko et al., 1998; Tsyganenko and Fairfield,
2004]. Therefore, it should be noted that our obtained CS
configuration is just a temporal superposition as the values of
controlling factors at the different crossing moment are dif-
ferent. As a comparison, a calculated CS configuration with
the same (x,y) coordinates of measurements has been shown
in Figure 3b as the red dots on the basis of Tsyganenko and
Fairfield’s [2004] model with geodipole tilt angle only
being considered. It is clear, under the modulation of geo-
dipole tilt angle, that the modeled CS basically reproduces
the similar wavy configuration as we observed, though the
modeled CS excurses upward a bit at the dawn side. On the
basis of Cluster measurements, Petrukovich et al. [2005]
gave a detailed analysis on CS configuration in compari-
son with models and argued that Tsyganenko and Fairfield’s
model is the better model to fit the actual observations.
To study the shape of tail CS is not the main goal of this
research, and we do not intend to discuss it any further
here.

30f 17



A09218

[sa] 10
B

ge oF
g -

RONG ET AL.: MAGNETIC STRUCTURE IN TAIL CURRENT SHEET

[l

-20

360

270 F
— 5
ST 180F E
™0 E E
N E E
90 T e e — E
() e oo ot e e e e e ot g P B R
C) 10 i .l T !l T T T T T T T T T T T T T T T T T T T .l. T T T T T T ]
4 a - s [ o o

L . E |
50 K .5.‘. o 2 B Ay '.“',“ o~ FoFy ot e
w3 r - - . e B N 1
30 5| o mo & ]
85~ | CAN ]
xO r \ & ]
L —~ # |
(o) I R . s ]
— T —t— 77—
d) 360E x5y s . E
o 270 :—"4 """"""""""""""""""""""""""""""""""""""""""""""""""" : e e ot i
5.9 E o 3
"~ E N o e E
2 gL 180 P el Gl _--«"'m'L*m "" e ]
|5‘,= : o e i -’ o 3

(_)D 90 ................................... e
= R ;
- - 99000000 -
o) S TR e et sk b et w5 A T
e) 360 . — : . — : =
_ 270:.5»,«%»-\»""»“""“"“”“’"“‘ ........ T I SRt sy B
5] F : E
€ E . E
ST 180F - AR MRS KRR A A E
£ E o @ . o 3
[+ QOETFHE . s et cugnS PSS SEI2 ST O NS s et SIS USSR QISR RN 180 IO ST v L e e - e e E
k= . e o et e ]
E e - 3
O A L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L N

s 1.5 6
S0 3
52 10F
S8e Tk
sef 5
0.5

9) g
270 ;_,'v:?'.' .......................
~e;.‘l;c 180F----- e .°'.'.% ........................................
So E s,
= 90 ;_ ................... e Mm.«*ﬂwﬁuw .
o) Sl e gt T et g e et e e L ]
o h)y 0004 e T
= 0.002 M#—’f\\;
g2 e—————< T =
OO E 0000 [ =
£cl . - 0 7
= -0.002 -
3 L 4
© -00040C . 0 ]
i) 8F ~ -~~~ 1~ 1 - - - 1T T - T T T T T T T T 1T T T T T 3
135 3
~Z 90 %MMW"“‘“”"“' R L L iiiniiied
F w”‘ﬂmw ey mwwmwmm E
45 ;— """"""""""""""""""""""""" %M;m:ww‘{ﬁ """""""""""""""""""""""""" —;
0 g L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 3

17:38:20 17:41:40 1

7:45:00 17:48:20 17:51:40

UT of the Day 20010805

Figure 1. (a-i) The geometric structure of the current sheet during one Cluster crossing event on
5 August 2001 (modified from Shen et al. [2008b]).
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Figure 2. Illustration of the 3-D magnetic geometric struc-
ture with the relationship between the unit magnetic vector
b, curvature vector p., and the binormal vector N of the
osculating plane of one magnetic field line in GSM coordi-
nates (adapted from Shen et al. [2003]).

3.2. Distribution of Magnetic Field

[17] Here we first statistically investigate the distribution
of magnetic field; part of the results are consistent with our
previous study [Rong et al., 2010b]. In Figure 4, the histo-
gram distribution of the B,, B., component and the minimum
B2 + B2) are shown in
Figures 4a, 4b, and 4c, respectively. The azimuthal distri-
bution of averaged B,, B., and B,,;, are shown in Figures 4d,
4e, and 4f, respectively.

[18] It is clear that the histogram distribution of the B,
component (Figure 4a) is basically symmetric about B,,= 0nT
and has higher probability to occur within IB,| < 5 nT,
which could be well approximated as the normal distribution
[Rong et al., 2010b], whereas the B, component (Figure 4b)
is mainly positive and distributes between 1~10 nT. Simi-
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larly, the minimum magnetic strength B,,, also mainly
distributes within 1~10 nT (Figure 4c). As to the azimuthal
distribution, on average, B, (Figure 4e) and B, (Figure 4f)
are stronger near both flanks (B, 7-15 nT; By, 9-15 nT)
but weaker (B, 3-—5 nT; B, 5—7 nT) within the azimuth
scope ~140°-200°, i.e., the magnetic local times (MLT)
~21:00—01:00, which suggests that the curvature radius of
MFLs is smaller and tail CS is relatively thinner there
[Biichner and Zelenyi,1989]. In contrast, on average, the B,
component is stronger and negative at both flank regions but
weaker and positive around the midnight region (Figure 4d).

[19] However, this azimuthal distribution of B, can be
attributed to the seasonal modulation of geodipole tilt angle
[Petrukovich, 2009]. On the basis of Geotail’s measure-
ments, Petrukovich [2009, p. 1343] statistically discovered
that the B, in CS is correlated with the geodipole tilt angle;
that is, ““...At midnight and pre-midnight local times B, is
positively correlated with tilt while dawn side plasma sheet
B, generally does not exhibit any tilt dependence, but within
15 Rp negative correlation with tilt was revealed....” As
shown in Figure 5a, the B, component in CS is consistently,
positively correlated with geodipole tilt angle (negative
sign) at the premidnight region (October-November) but is
negatively correlated with geodipole tilt angle (positive
sign) at the postmidnight region (July-June). Therefore,
as shown by Figure 5b, it suggests that the orientation of
magnetic vector in CS could be warped by the large-scale
shape of CS and modulated by the seasonal effect of geo-
dipole tilt angle [Tsyganenko and Fairfield, 2004].

3.3. Three-Dimensional Geometry Structure of MFLs

[20] With Cluster multipoint measurements, cases studies
of the geometric structure of MFLs in tail CS have been
carried out previously [e.g., Runov et al., 2003, 2005; Shen
et al., 2003, 2007, 2008a, 2008b]. However, to reveal the
global distribution characteristics of the MFLs’ structure, it
is necessary to survey the MFLs’ geometric structure at tail
CS center statistically.

20

10y

-10}

20 10 0 -10
Y(R,)

Figure 3. The observed locations of CS center projected onto (a) the XY plane and (b) the YZ plane as
the black dots. In contrast, the locations of the CS calculated from Tsyganenko and Fairfield’s [2004]
model are also shown as the red dots in Figure 3b (see text for details).
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Figure 4. Histogram of (a) B,, (b) B., and (c) By, in the CS center and the corresponding azimuth dis-

tribution of averaged (d) B,, (¢) B., and (f) Bpin.

[21] On the basis of the derived data set, Figure 6 shows
the angle histogram of the MFLs’ curvature direction in terms
of azimuth angle (Figure 6b) and polar angle (Figure 6d) and
that of MFLs’ binormal direction for the azimuth angle
(Figure 6¢) and polar angle (Figure 6e). It is clear from the
histogram of azimuth angle that, at the CS center, the cur-
vature of MFLs p. mostly directs earthward and the binor-
mal N directs duskward; meanwhile, both polar angles
mainly distribute around 90°. It implies that the magnetic
vector, b, i.e., B/B, at the CS center is mostly along the z axis
if noting the orthogonal relationship between b, p. and N,
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Azimuth angle (degree)
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ie, N =b x p/lb x p.l [Shen et al., 2003, 2007].
Actually, we can define the tilt angle of MFLs as a =
arccos (b - 2) to describe the deviation of magnetic vector b
from the z axis (unit vector 2(0,0,1)). Being consistent with
the angle histogram of curvature and the binormal, the his-
togram of MFLs’ tilt angle (Figure 6a) demonstrates that the
magnetic vector b is mostly along the z axis. These histo-
grams of Figure 6 clearly show that the osculating planes of
MFLs at tail CS center are mostly perpendicular to the
equatorial plane.

20 :
b CS center
—>magnetic direction
— cubic fitting
101 1
T
€ 0 ]
N
—10r ]
2 | |
20 10 -10 -20

0
Y(R)

Figure 5. (a) Average distribution of B, component (blue dots) and geodipole tilt angle (red line).
(b) Average magnetic field direction (blue arrows) in the CS center with polynomial cubic fitting (red

line) of CS configuration.
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Figure 6. (a) Histogram of the MFLs’ tilt angle. Angle histogram of the curvature direction and binor-
mal direction of MFLs in terms of (b, ¢) azimuth angle and (d, e) polar angle.

[22] Accordingly, Figure 7 shows the averaged spatial
orientation of curvature direction and the binormal that
projected onto the XY plane (Figure 7a) and YZ plane
(Figure 7b). It is obvious that, in the whole azimuth scale,
the curvatures of MFLs are on average directed earthward,
and the binormal are, on average, directed duskward. At
dawn side (Y < 0), the curvature direction has a duskward

20 .

a ——= Curvature
15t —Binormal ||
10r

component, while the binormal has a tailward component;
on the dusk side (Y > 0); the curvature direction has a
dawnward component, while the binormal has an earthward
component, which implies that the configuration of MFLs in
the magnetotail is flaring [e.g., Fairfield, 1979]. On average,
the directions of curvature and binormal are in the XY plane,
but near the dusk flank region (Y > 10 Ry) the curvature has

20

—= Curvature
—Binormal ||

151

0
Y(RD)

Figure 7. The spatial averaged curvature direction (red arrows) and binormal (blue arrows) of MFLs at
the CS center as projected onto (a) the XY plane and (b) the YZ plane.
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an obvious southward component. It may suggest that the
magnetic field configuration near the dusk flank is more
inclined to be twisted.

3.4. Negative B, Component

[23] The B, component at CS center is basically assumed
northward as the magnetic flux emanating from the south
polar region would traverse tail CS and converge into the
north polar region. However, because of the crossings of
magnetic reconnection [e.g., Dieroset et al., 2001; Runov
et al., 2003], plasmoid/flux rope [e.g., Hughes and Sibeck,
1987; Slavin et al., 1995], or magnetic turbulence induced
by current disruption [e.g., Lui, 1996], negative B, values
can also be observed in the CS. Therefore, to some extent,
regions of negative B, in tail CS can indicate the regions
where magnetic activities occur, and it is meaningful to
study the distribution of negative B, as well as its associated
magnetic structure.

[24] From the data set, we obtain 329 crossing cases with
negative B, component at CS center. To check the distri-
bution properties of the negative B, component, it is helpful
to define the local occurrence probability in one bin of
azimuth angle as the ratio of the CS crossing number with
negative B, to the total CS crossing number in that bin. The
conception of occurrence probability also can be applied
similarly to the other parameters in sections 3.6 and 3.8. As
shown in Figure 8a, the negative B, has higher occurrence
probability within the azimuth scope ~140°-200°, i.e., the
magnetic local times ~21:00—~01:00, which is consistent
with previous studies [Fairfield, 1986; Rong et al., 2010b].

[25] Meanwhile, it is worth checking the geometric struc-
ture of MFLs associated with those negative B,. In Figure 8b,
the histogram shows clearly that the azimuth angle of cur-
vature direction of MFLs associated with negative B, are
mostly distributed around 180°, so that the curvature is
mostly directed tailward. It exhibits the consistency with the
standard macroscopic picture of the X-type magnetic
reconnection where the curvature direction of MFLs asso-
ciated with negative B, are expected to direct tailward.
Therefore, our statistical results may suggest that the nega-

tive B, at CS center are mostly a result of the magnetic
reconnection process which can occur in the regions with
X > —20 Rg. If we interpret the negative B, as the sign of
magnetic reconnection, it also suggests that the magnetic
reconnection is more inclined to be triggered in the CS
regions with MLT being ~21:00-01:00.

3.5. Normal of Current Sheet

[26] The eigendirection of the maximum magnetic rotate
rate, e;, could be seen as the proxy of normal direction of
CS, i1 [Shen et al., 2007; Shen and Dunlop, 2008; Shen et al.,
2008a, 2008b]. Therefore, with the knowledge of é;, the
large-scale orientation of CS surface can be investigated.

[27] Figure 9 (top to bottom) shows the average azimuth
histogram for the normal’s three components in GSM, i.e.,
Ny, Ny, and n.. It shows that, on the whole, the positive 7,
dominates the CS normal, 7, is minor and negative always
azimuthally, and n, could be ignorable by comparison.
Hence, it demonstrates that the surface of CS could approx-
imately be a plane with the normal directing basically along
the z axis, and such type of plane exhibits a bit of deviation
from the X-Y plane as the normal tilting antisunward (indi-
cated by the negative n,). Near both flanks the CS is warped
severely as indicated by the relative minor 7, there.

[28] The negative n, that appeared on average throughout
the whole dawn-dusk scale is independent of the seasonal
variation of geodipole tilt angle (note that the tilt angle is
positive at the dawn side but negative at the dusk side; see
Figure 5a), which would yield an inconsistency with the
empirical CS models [e.g., Tsyganenko and Fairfield,
2004]. When the geodipole tilt angle is positive, the dis-
placement of CS to the equatorial plane in Tsyganenko and
Fairfield’s model is expected to increase up to a constant in
the far tail, which would yield a noticeably positive 7, in the
near-Earth tail, e.g., X = —10~-20 Rg. True reasons to
explain the tailward tilting of CS are still unknown.

[29] Comparing 7, and #., although the n,, component can
be ignored, the negative sign of n, shown at the dawn and
dusk sides would suggest that the surface of the CS could be
modulated by the seasonal variation of geodipole tilt angle.
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On the dawn (dusk) side, when tilt angle is positive (nega-
tive), the CS would be induced, forming an arch-like (reversal
arch-like) configuration in the YZ plane [Tsyganenko and
Fairfield, 2004], which would yield the normal tilting
dawnward at the dawn (dusk) side.

3.6. Tilted CS

[30] Frequently, the normal of the CS evidently deviates
from the z axis and leans to the equatorial plane, forming
one tilted CS [e.g., Petrukovich et al., 2006; Shen et al.,
2008b]. Generally, the tilted CS can be locally induced by
the flapping motion of CS that is launched as kink-like
flapping waves from midnight propagating toward the
flanks [e.g., Zhang et al., 2002; Sergeev et al., 2003, 2004;
Runov et al., 2005]. Here, with the data set of CS normal, it
is meaningful to statistically investigate the distribution of
tilted CS.

[31] For simplicity, we define CS with the polar angle of
normal direction 45° < 6,; < 135° to be a tilted CS. With this
criterion, 3662 events are obtained for tilted CS, which takes
up 61% of the total CS crossings, which suggests that the
tilted CS is not a occasional case but occurs frequently.

[32] Figure 10 shows the histogram of occurrence distri-
bution of the tilted CS. It is clear, within the azimuth angle
~140°—~200°, that the occurrence possibility of tilted CS is
relatively lower while it increases toward both flanks, which
indicates that the tilted CS is apt to be observed toward both
flanks. Thus, it suggests that the CS is warped and twisting
severely near the flanks; on the other hand, the transient

waves or magnetic fluctuations, e.g., flapping motion,
would be more active toward both flanks.

[33] Petrukovich et al. [2006] suggested that the local
warped CS would probably result in two kinds of configu-
ration of MFLs, i.e., the “slip type” and the “bend type,” as
sketched in Figure 11 (left). The detailed case studies
demonstrate that the magnetic configuration in tilted CS is
the slip type; that is, magnetic flux tubes in tilted CS are

-

o
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M W d o N
T T T T T T

©
=

The occurrence possibility of the tilted current sheets

080 100

120 140 160 180 200

Azimuth angle (degree)

220 240 260

Figure 10. Azimuth histogram distribution of the occur-
rence possibility of tilted CS.
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Figure 11. (left) Cartoon of the possible magnetic configuration in the deformed current sheet [see
Petrukovich et al., 2006]. (right) Histogram of tilt angle of MFLs in tilted current sheets.

basically slipped from each other to some extent with a
dominant B, component [Petrukovich et al., 2006; Shen et al.,
2008b]. Preliminary statistical studies (with 360 cases of
Cluster during 2001 and 2004) found that the tilted CS usu-
ally has B, either within 2 nT or smaller than B, [Petrukovich,
2009].

[34] As a continuation of the study, we check the mag-
netic configuration in the tilted CS from the statistical per-
spective. Figure 11 (right) shows the histogram of the tilt
angle of MFLs for the selected tilted CS. Obviously, the tilt
angle of MFLs in tilted CS is mostly (2918 events out of the
total 3662 events) less than 45°, which means that most of
the MFL planes (80%) in tilted CS are perpendicular to the
equatorial plane. Thus, our result is consistent with the slip
type of MFL configuration in tilted CS as observed in the
previous studies [Petrukovich et al., 2006; Petrukovich,
2009; Shen et al., 2008b].

3.7. Classification of Current Sheets

[35] Previously, we have statistically studied the structure
of the magnetic field and the normal direction of the CS;
thus, it is necessary to classify the CS with this knowledge
as a summary. We may first classify the CS only on the
basis of the tilt angle of MFLs into three types: the first type
with tilt angle a < 45°, the second type with 45° < a <90°,
and the third type with a > 90°. In first type, the B, com-
ponent is positive and dominant in CS. By comparison, in
the second type, the B, component is dominant and stronger
than the positive B, in the CS. For the third type, the B,
component is negative and may induced by the magnetic
reconnection or flux ropes, etc. As shown in Figure 12a, the
gross classification indicates that the first type is the most
frequent to occur in tail CS, which occurs 71% of the time
and implies that the B, component is mostly dominant. The
second type occurs 23% of the time with the proportion

being one third of the first type, which is consistent with our
previous results [Rong et al., 2010b]. The third type makes
up 5% of the total, which means that the CS with negative
B. is an accidental event, at least for X > —19 Rj.

[36] Shen and Dunlop [2008] suggested that the magne-
totail CS could be divided into three types: normal CS,
flattened CS, and tilted CS on the basis of the different
magnetic geometric structure and the local CS orientation.
For the normal CS [Shen et al., 2003, 2007], the normal is
generally along the south-north direction with dominant B,
component embedding it. The flattened CS [Shen et al.,
2008a], with normal also basically along the south-north
direction, contains a strong B, component forming a magnetic
spiral structure. For the tilted CS [e.g., Zhang et al., 2002,
2005; Sergeev et al., 2003, 2004; Runov et al., 2005,
Petrukovich et al., 2006; Shen et al., 2008b], the normal
evidently deviates from the z axis, and the magnetic flux tubes
are basically slipped with dominant B, component.

[37] To quantify the three CS types proposed by Shen and
Dunlop [2008], we would define the normal CS as the CS
with the polar angle of normal 0° < 6, <45°, 135° <6, <
180° and tilt angle a < 45°; define the flattened CS as the
CS with the same range of normal’s polar angle but with tilt
angle 45° < a < 90°; and define the tilted-slipping CS as the
CS with the polar angle of normal 45° < 6,; < 135° and tilt
angle a < 45° (to differentiate the tilted CS, we defined it
solely with 45° < 6,; < 135° in section 3.6). Then the
remaining events that are not classified would be attributed
to the type of the others. With such quantitative definition,
Figure 12b shows that the proportion of tilted-slipping CS is
49%, nearly half of the total amount, while the proportion of
normal CS is 22%. The total proportion of both is 71%,
which is equal to the first type as indicated by Figure 12a.
The flattened CS is 14% of the total amount, while the other
type is 15% of the total.
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Figure 12. Pie plots to show the proportion of CS types (a) based only on the tilt angle of MFLs and
(b) based on the tilt angle and CS normal together. See the text for details.

3.8. Curvature Radius and Half Thickness
of the Neutral Sheet

[3¢] The minimum curvature radius, R.min, and half
thickness of NS, 7, are the key parameters to determine the
characteristic scale of the CS and the adiabatic nature of
charged particles [e.g., Biichner and Zelenyi, 1987, 1989;
Shen et al. 2008a]. Therefore, it is meaningful to check their
distributions properties.

[39] According to previous work [Shen et al., 2007], the
neutral shee\t/@l S) is defined as a region in the current sheet
where B < v/2Bin, Where By, is the minimum strength of
the magnetic field in the CS center. In particular, if the
maximum rotation rate, p1, is much larger than the middle
and minimum rotation rates, i, and u3, the sheet can be well
approximated as a 1-D sheet, so that the 1-D half thickness
of the NS can be estimated as 4 = ,u{“z [e.g., Shen et al.,
2007; Rong et al., 2010a]. The azimuth histogram of the
ratio (111/p1,)"? is shown in Figure 13c. It clearly shows that
1 > o, 143, as (,u]/uz)l/2 ~ 5 uniformly in the azimuth
direction, which implies that the current sheet could be well
approximately as the 1-D sheet. Therefore, the half thickness
of the NS could be well estimated as / = ;.

[40] Figures 13a and 13b show the azimuth histogram of
the minimum curvature radius of MFLs, R, min, and the half
thickness of the NS, 4, respectively. It shows obviously, that
the minimum curvature radius, R min(1/0cmax), 13 ON aver-
age larger than the half thickness of the NS, 7, at the given
azimuth bin. It is also interesting to note that in the range
of azimuth angle ~140°—~200°, i.e., MLT being ~21:00—
01:00, R, min(0.6-1 Rg) and £(0.2-0.4 Rp) are relatively
smaller, while near both flanks R, min(3—5 Rg) and A(0.7-
1.6 Rp) are relatively larger, which suggests that the current
sheet is usually thinner with MLT ~21:00-01:00 but thicker
near both flanks. Such thickness distribution is in agreement
with the earlier studies [e.g., Kaufmann et al., 2001], and it

is also consistent with that inferred from the B, distribution
in section 3.2.

[41] In addition, the distribution of R.min and £ verifies
that the typical size of the Cluster tetrahedron during these
seasons (less than 1600 km, ~0.25 Rpy) is indeed grossly less
than the average minimum curvature radius of MFLSs, R, in,
and the half-thickness of the NS in the whole azimuth
direction (certainly, in some cases, e.g., substorm growth
phase, the half thickness of the NS could reach several
hundred kilometers). Therefore, it is reasonable to believe
the validity of our analysis methods for the statistical survey.

[42] If we defined the CS with the half thickness of the NS
being less than 1000 km to be the thin CS, we can further
check the distribution of the thin CS, in particular. With this
definition, we obtain 1803 crossing events of thin CS from
the total 5992 CS crossing events; thus, the occurrence
possibility of the thin CS is 0.3 overall. Figure 14 shows the
azimuth histogram distribution of the occurrence possibility
of thin CS. It clear from Figure 14 that there is a higher
probability of occurrence of thin CS within the range of
azimuth angle ~140°—~200°, where the CS is usually thinner.

[43] A previous case study [Shen et al., 2008b] and the-
oretic analysis [Rong et al, 2010a] demonstrate that the
minimum curvature radius, R.min, and the half thickness
of NS, h, are geometrically correlated as & = R, in cOS 0,
where ¢ is the slipping angle of MFLs that is the angle
between the normal of CS(e;) and the plane of MFLs. Here,
with the abundant data set of CS crossings, it is meaningful
to verify this geometrical relation from the statistical per-
spective. Continuing the definition from previous studies
[e.g., Shen et al., 2008b; Rong et al., 2010a], here the slip-
ping angle § of MFLs in CS is the angle between magnetic
vector b and the normal of CS, n,ie., 6= arccos(IB - nl).

[44] As shown in Figure 15a, the minimum curvature
radius, R.min, 1s generally larger than the corresponding
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local half thickness of NS, A, which is consistent with the
previous case observations [Shen et al., 2008a, 2008b].
Without the modification of slipping angle, the correlation
efficient between R, min and % is lower (correlation coeffi-
cient ~0.56), and there would be no clear relationship
between R, min and & as argued by Runov et al. [2005]. In
comparison, as shown in Figure 15b when the slipping angle
¢ is considered, there is a prominent visually linear trend
(indicated by the black dashed line) between R, i, coOs O
and & from the scatter dots, especially when /> 1 Rg. R, min
cos ¢ is highly correlated (correlation coefficient ~0.86) with
h, and the linear relationship could be estimated as R, min COS
6 = 0.87h with least squares fitting (indicated by the black
solid line).

[45] Tt should be noted that, because of the scattered
majority of dots when /& < 1 R, the fitted line deviates a bit
from the visually linear trend. We should recall that the
validity of the estimated NS half thickness and the geo-
metric relationship # = R.min, cos ¢ is based on the
assumption of a 1-D sheet. Therefore, the scattered majority
of dots when /2 < 1 Rz may imply that some CS cannot be
well approximated to be a 1-D sheet, especially for very thin
current sheets. Figure 15 demonstrates that 4 is better cor-
related with R, i, cos 6 than R, ., favoring the slipping
geometry of MFLs in the CS. Relatively to the thinner CS,
h could be well approximated as R, i, cos 6 for the thicker
CS (h> 1 Rp).

3.9. The Current Density

[46] With the multipoint observation of Cluster, the
current density j can be derived via Ampere law, i.e., j =
to'V x B [e.g., Chanteur, 1998; Dunlop et al., 2002a;
Shen et al., 2007]. Figures 16a, 16b, 16¢, and 16d show
the azimuth histogram of the strength of current density j,
and its three components, j,, j,, and j., respectively, while
the ratios j./j,, j,/j,, and j./j, are shown in Figures 16e, 16f,
and 16g, respectively. It clearly shows that the mean
strength of current density at CS center is about j, ~ 4-8 nA/
m?, while near both flank regions the mean strength of j, is
relatively weaker (j, ~ 1-2 nA/m?). On average, j is positive

(negative) at the premidnight (postmidnight) region, while
Ji is dominant around the midnight region, especially in the
range of azimuth angle ~140°—~200°. In comparison with j,
and j,, j. is generally weaker and could be neglected. Only in
the near-flank region, as indicated by several enhanced bins,
J- is stronger relatively than that around midnight.

[47] Correspondingly, Figure 17 shows the spatially
averaged direction (red arrows) of current density, i.e.,j = j/j,,
that projected onto the XY plane (Figure 17a) and YZ plane
(Figure 17b). It shows clearly that the current density at CS
center flows azimuthally from dawn side to dusk side. At the
postmidnight region, particularly during the scope —10 Ry <
Y < 0 Rg, the duskward flowing current density has a tail-
ward component, while it has an obvious earthward com-
ponent at the premidnight region. Around the midnight
region Y1 < 10 Rg, current density flows mainly toward the
negative Y direction. It interesting to notice that in Figure 7,
the direction of current density is basically along the
direction of the binormal of MFLs, which would imply the
current density might be resulted from the curvature drift
motion of charged particles as suggested in earlier studies
[e.g., Zelenyi et al., 2004].

[48] It is also interesting to note from Figure 17b that the
current density basically seems to be flowing tangential to
the CS plane except for the region ¥ < —10 Rg. Particularly
near the dusk flank region, the direction of current density is
twisted severely responding to the warped CS.

[49] To check the verticality between the direction of
current density, j, and the normal of CS, 7, it is helpful to
define the angle v, as the angle between the normal of the
CS and the direction of current density, i.e., 7, = arccos
(J - n). Accordingly, Figure 18 shows the histogram of ;,,.
It is clear that, for most CS crossing cases, the directions of
current density are basically perpendicular to the normal of
the CS. If the CS type with 45° < ;, < 135° could be seen
as the perpendicular type while the remainder is seen as the
parallel type, we could find that in total there are 5624 CS
crossing events for the perpendicular type (94%) but only
368 CS crossing events for the parallel type (6%). Therefore,
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Figure 16. Azimuth histogram of the strength of current density (a) j, and its three components (b) j, (¢) j,,
and (d) j. and for the ratios (e) j/j, (f) ji/j» and (g) j./j;.

it convinces us that the current density at CS center basically the CS, i.e., vertical to CS normal, no matter whether the
flows tangentially to the surface of tail CS. surface of CS is wavy-like or not [e.g., Harris, 1962; Runov

[s50] Numerous previous studies demonstrate that the et al., 2005, 2006; Shen et al., 2008b; Rong et al., 2010a].
current density at CS center basically flows tangentially to  Thus, here it is no wonder that it is possible to observe
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Figure 17. The spatial averaged direction (red arrows) of current density, i.e., j = j/j, at the CS center as
projected onto the (a) XY plane and (b) YZ plane. The locations of the CS center are shown in black dots in
both plots.
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statistically the current density at CS center being well
tangential to the CS surface.

[5s1] To explore the reasons why current density flows a
bit chaotic and northward pointing near the dawn flank, we
checked the current density for the years 2001, 2003, 2004,
in detail. We found that for the years 2001 and 2004, the
current density flowed relatively well westward from the
dawn side to the dusk side. However, for the year 2003,
the current density near the dawn flank region (¥ <—10 Rg)
surprisingly flowed eastward (not shown here). Therefore,
we believe that the data points of the year 2003 actually
“contaminate” the average orientation of the westward
current density and make it bit chaotic and northward
pointing near the dawn flank. The plausible reason is that
the separation distance of Cluster in 2003 is just about
200 km, so in many CS crossings (B, ~ 0) when near the
dawn flank region where the CS is usually thicker, there is
no clear stable difference of measured magnetic field between
Cl1, C2, C3, and C4; that is, the current sheet is too thick to be
well resolved. Therefore, the “error” current density would
probably be derived. To exclude such cases exactly is a
troublesome work which has beyond the ability of this study.

4. Summary and Discussion

[52] With the multipoint observations of Cluster on tail
CS during 2001, 2003, and 2004, the magnetic parameters,
including magnetic field, the 3-D magnetic geometric
geometry, the normal of CS, and the current density, at CS
center have been statistically studied in detail. The main
results are summarized as follows:

[53] 1. At CS center, the B, component has higher prob-
ability of occurring within |B,| < 5 nT, while the B, com-
ponent is mostly positive and distributes mainly within
1~10 nT. On average, in the regions with magnetic local
times (MLT) ~21:00—~01:00, B. (3-5 nT) and the minimum
magnetic field B, (5-7 nT) are weaker, but they become
stronger near both flanks (B, Bin, 7—15 nT).

[s4] 2. The curvature of MFLs predominantly directs
earthward, while the binormal is directed duskward, sug-
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gesting that the plane of MFLs is nearly vertical to the
equatorial plane.

[55] 3. On the dawn side (Y < 0), the curvature direction
has a duskward component, while the binormal has a tail-
ward component; on the dusk side (Y > 0), the curvature
direction has a dawnward component, while the binormal
has an earthward component. Such large-scale character-
istics demonstrate that the tail magnetic field is flaring.

[s6] 4. The negative B, at CS center has a higher occur-
rence probability with MLT ~21:00-01:00. The curvature of
MFLs associated with negative B, are predominantly
directed tailward.

[571 5. The CS normal directs mainly along the z axis with
some small tilting tailward, suggesting that the surface of the
CS could be approximated to a plane with a small tailward
tilt.

[s8] 6. The tilted CS, with a normal evidently tilting toward
the equatorial plane, is observed frequently, which has rela-
tively lower occurrence possibility within the regions with
MLT ~21:00-01:00. In the tilted CS, the slippage of mag-
netic structure is statistically confirmed.

[59] 7. The minimum curvature radius of MFLs, R, min,
that is reached at the CS center, is usually larger than the half
thickness of neutral sheet, 4. In the range of azimuth angle
~140°—~200°, i.e., MLT ~21:00-01:00, the R in(0.6-1 Rr)
and /(0.2-0.4 Rg) are relatively smaller, while near both
flanks R, min(3—5 Rp) and A(0.7-1.6 Rp) are relatively larger.

[60] 8. The validity of the geometric relationship & = R,
min COS 0 between the minimum curvature radius, R, i, half
thickness of neutral sheet, /4, and the slipping angle of
MFLs, 6, in the CS is statistically verified.

[61] 9. The current density, with the strength 4~8 nA/m>,
basically flows azimuthally and tangentially to the surface of
the CS from the dawn side to the dusk side. At the post-
midnight region, in particular —10 R < Y < 0 Rg, the
duskward flowing current density has a tailward component,
while there is an obvious earthward component at the pre-
midnight region. Around the midnight region 1Yl < 10 Rp,
current density flows mainly toward the —Y direction.

[62] This work demonstrates clearly that the tail CS has a
dawn-dusk asymmetry. In the region between ~21:00~01:00
MLT, the CS is relatively thinner, as indicated by the dis-
tribution of B;, R, min, and s. The negative B, has a higher
probability of occurrence, which demonstrates that the tail
stored energy is more likely to be released there, via mag-
netic reconnection, current disruption, etc. Accordingly, if
the region is mapped to the auroral ionosphere, it is expected
that the substorm onset would be optically observed with
higher probability at MLT ~21:00—~01:00, which is in
agreement with the statistical observations of auroral sub-
storm onset [Liou et al., 2001; Frey et al., 2004]. Figure 19
shows the statistical distribution of auroral substorm onset
observed by IMAGE-FUYV [Frey et al., 2004], which clearly
demonstrates that the auroral substorm onset has higher
probability of occurring at MLT ~21:00—~01:00.

[63] The dawn-dusk asymmetry of CS is also consistent
with the earlier observations that the tail field lines are found
skewed away from the x axis in the dusk side [e.g., Fairfield
and Ness, 1967; Mihalov et al., 1968]. However, the
physical reasons for the CS dawn-dusk asymmetry are still
unknown. Fairfield [1986] suggested that it might be related
to the asymmetric ring current effects; the lower B, at the
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Figure 19. Histograms of the distribution of substorm
onsets in geomagnetic longitude, local time (adapted from
Frey et al. [2004]).

dusk side may be caused by the diamagnetic effect of
energetic ions which gradient drift toward dusk when
drifting earthward. The CS asymmetry may also imply that
the configuration of the downstream magnetopause could
show a dawn-dusk asymmetry, but it cannot be completely
attributed simply to the Earth’s revolution motion as the
induced aberration angle is just about 4°.

[64] It is worth noting that the dynamics of the tail CS are
assumed to evolve in response to the solar wind conditions
or substorm processes. Therefore, though this statistical
survey of the magnetic field has been carried out regardless
of solar wind and substorms occurrence, it is necessary to
study the evolution of magnetic structure responding to the
solar wind conditions and the substorm processes in future
studies.
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