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Abstract. Current sheet is a significant source of solar wind
MHD turbulence intermittency. It has long been recognized
that these structures can arise from non-linear interactions
of MHD turbulence. Alternatively, they may also be relic
structures in the solar wind that have a solar origin, e.g.,
magnetic walls of flux tubes that separate solar wind plasma
into distinct parcels. Identifying these structures in the solar
wind is crucial to understanding the properties of the solar
wind MHD turbulence. Using Ulysses observations we ex-
amine 3-year worth of solar wind magnetic field data when
the Ulysses is at low latitude during solar minimum. Ex-
tending the previous work ofLi (2007, 2008), we develop an
automatic data analysis method of current sheet identifica-
tion. Using this method, we identify more than 28000 current
sheets. Various properties of the current sheet are obtained.
These include the distributions of the deflection angle across
the current sheet, the thickness of the current sheet and the
waiting time statistics between current sheets.

Keywords. Solar physics, astrophysics, and astronomy
(Magnetic fields) – Space plasma physics (Discontinuities;
Turbulence)

1 Introduction

Magnetohydrodynamics (MHD) turbulence has been a cen-
tral topic of space plasma physics (seeTu and Marsch, 1995;
Goldstein et al., 1995; Bruno and Carbone, 2005, for exten-
sive reviews). Because of the presence of a strong mag-
netic field, MHD turbulence differs in many aspects from
the hydrodynamic turbulence (Iroshnikov, 1964; Kraichnan,
1965; Biskamp, 1993). Various technical difficulties have
made studying of MHD turbulence in terrestrial laboratories
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very difficult. In particular, studying the dynamical evo-
lution of MHD turbulence in terrestrial laboratory experi-
ments is difficult because these experiments are short lived.
In comparison, solar wind provides a natural laboratory to
study MHD turbulence in a collisionless plasma. In partic-
ular, the launches of multiple spacecraft in the past several
decades, noticeably Voyager, Helios, WIND, Ulysses and
Cluster, have accumulated a significant amount of plasma
and magnetic field data These data have revealed valuable
information about MHD turbulence and its dynamical evolu-
tion.

A central topic of the solar wind MHD turbulence is inter-
mittency. In a collisionless plasma such as the solar wind, in-
termittency arises because the fluctuations of magnetic field
or fluid velocity are not scale invariant as conjectured in
the first hydrodynamic turbulence theoryKolmogorov(1941)
(hereafter K41 theory). Roughly speaking, intermittency re-
flects how turbulence is unevenly distributed in space. Math-
ematically, intermittency describes how a structure function
S

p
q (l) varies with the orderp. HereS

p
q (l) is thep-th order

structure function defined for a physical quantityq (q can be
e.g.v|| or B of solar wind measurement) through,

S
p
q (l) =< |q(x)−q(x + l)|p >≈ lζp . (1)

In the above, the quantityζp is the scaling exponent ofSp
q (l)

and is in general a function ofp. In the absence of inter-
mittency,ζp = p/m wherem = 3 for normal fluid and 4 for
magnetofluid. Any deviation from this linear dependence in-
dicates the presence of intermittency.

In the context of solar wind MHD turbulence, systematic
study of intermittency was first done byBurlaga. In a series
of papers (Burlaga, 1991a,b,c), using Voyager data at var-
ious heliocentric distances,Burlagashowed that theζp as-
sociated with fluctuating solar wind speed is not linear with
p. Marsch and Liu(1993) analyzed Helios data in the in-
ner heliosphere and showed that not only intermittency ex-
ists in the solar wind, but its strength can also differ much
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depending on plasma properties: small scales are more inter-
mittent than large scales and slow wind is more intermittent
than fast wind. Since the work ofMarsch and Liu(1993),
studies on the intermittent character of solar wind have been
widely reported (e.g.Marsch and Tu, 1994, 1997; Carbone
et al., 1995a,b; Ruzmaikin et al., 1995; Tu et al., 1996; Hor-
bury et al., 1996, 1997; Bruno et al., 1999, 2001, 2003, 2004;
Veltri et al., 2005; Salem et al., 2007, 2009). Relating in-
termittency with specific solar wind turbulence models has
been reported byRuzmaikin et al.(1995). In this paper, the
authors showed that if one reduces the measured spectral in-
dex of magnetic field fluctuations by an amount governed by
the intermittency scaling exponent, then the reduced power
spectral index will yield a scaling agreeing with the random-
phase Alfv́enic turbulence model ofKraichnan(1965). Later,
Tu et al.(1996) tried to integrate thep-model ofMeneveau
and Sreenivasan(1987) to theTu (1988) model of a develop-
ing solar wind. Clearly, these works suggested that to under-
stand the solar wind turbulence a good understanding of the
solar wind MHD intermittency is necessary.

Observationally, a very important intermittent structure in
the solar wind is current sheet. A current sheet is a 2-D
structure where the magnetic field direction changes signif-
icantly from one side to the other. Using a Haar wavelets
technique and magnetic field and fluid velocity data from
ISEE space experiment,Veltri and Mangeney(1999) calcu-
lated solar wind power spectra and structure functions for a
time range between 1 min to about 1 day. They found that
in solar wind (a magneto-fluid) the most intermittent struc-
tures are shocks and current sheets where magnetic field ro-
tates by an angle of about 120–130 degrees. This differs
from ordinary fluids where the most intermittent structures
are two-dimensional vortices.Veltri and Mangeney(1999)
also pointed out that by using a conditional sampling scheme,
one can eliminate the intermittency effects in the power spec-
tra of the turbulence. Such studies therefore can provide a
possible distinguishment between Kolmogorov type cascad-
ing and Kraichnan type cascading in the solar wind.

LaterBruno et al.(2001) studied current sheets using He-
lios 2 data at 0.9 AU. They performed a minimum variance
analysis to study how the solar wind magnetic field vector
evolves for several selected time periods. By plotting the tra-
jectory of the tip of the magnetic field vector in the minimum
variance reference system,Bruno et al.(2001) showed that
the magnetic field direction at times undergo abrupt changes,
implying the presence of current sheet. Furthermore,Bruno
et al. (2001) have also proposed the possibility that most of
these flux tubes might be of solar origin and, as such, ad-
vected by the wind. The work byBruno et al.(2001) was
the first to suggest that current sheets in the solar wind could
be the borders between adjacent flux tubes. By examining
the waiting time statistics, these same authors go even one
more step and estimated that the size of those possible tubes
observed at 1 AU when projected back onto the Sun would
have cross sections not far from the average size of photo-

spheric structures, making a remarkable connection between
structures in the solar wind and those on the surface of the
Sun.

While the analysis ofBruno et al.(2001) showed that cur-
rent sheets are common in the solar wind and they may be the
boundaries of flux tubes, there are alternative views about
the origin of current sheets. For example, numerical MHD
simulations byZhou et al.(2004) showed that current sheets
emerge as the dynamical evolution of the nonlinear interac-
tions of the solar wind MHD turbulence, i.e. the generation of
current sheet can be spontaneous. Similarly study byChang
et al.(2004) also showed that starting from an isotropic ini-
tial MHD turbulence state, non-linear interactions in the solar
wind can lead to the emergence of various coherent struc-
tures, including current sheet. These studies (Zhou et al.,
2004; Chang et al., 2004) suggested that current sheet is an
intrinsic property of the solar wind MHD turbulence. In con-
trast, advocatingBruno et al.(2001)’s idea,Borovsky(2008),
on examining one-year worth magnetic field data from the
ACE spacecraft, has found a clear signature of two popula-
tion of current sheets with one extending to large angle sepa-
rations.Borovsky(2008) suggested that these current sheets
are the “magnetic walls” of flux tubes in the solar wind and
they arerelic structures which can be traced back to the sur-
face of the Sun. In this picture, current sheets are carried out
by the solar wind as passive structures. The plasma in the
solar wind are bundled in “spaghetti-like” flux tubes. Such
a picture is consistent with some old ideas proposed over 40
years ago. Indeed, solar wind being consist of “spaghetti-
like” flux tubes has been suggested byBartley et al.(1966)
and McCracken and Ness(1966) as an attempt to explain
the modulation of cosmic rays and later adopted byMariani
et al.(1973) to explain the observed variations in the occur-
rence rate of discontinuities in interplanetary magnetic field.
The suggestion ofBruno et al.(2001) and laterBorovsky
(2008) is interesting because in this picture, flux tubes will
introduce an extra source of intermittency besides that gener-
ated by non-linear interactions such as shown byZhou et al.
(2004). Since this intermittency is not intrinsic to the so-
lar wind MHD turbulence, one has to pay extra attention to
these structures in understanding the properties of the solar
wind MHD turbulence.

Extending the work ofBorovsky(2008), Li (2008) devel-
oped a systematic method to identify current sheets in the
solar wind. The essence of the method is to study theζ -
scaling properties of the angleθ = cos−1(B̂(t) · B̂(t + ζ )).
This method allows one to show statistically the existence
of current sheets.Li (2008) further presented a method to
obtain the exact location of individual current sheets. Apply-
ing this method to magnetic field data from Cluster space-
craft, Li et al. (2008) attempted to answer the question of
“are there current sheets like those in the solar wind in the
Earth’s magnetotail?” Obviously, there is no structures sim-
ilar to supergranules on the solar surface in the Earth’s mag-
netosphere. Therefore if there are similar current sheetsexist
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in the Earth’s magnetotail as in the solar wind, then these cur-
rent sheets are generated by non-linear interactions of MHD
turbulence. If however, no such current sheets are found in
the Earth’s magnetotail, then it suggests that current sheets
in the solar windmaybe the relic structures originated from
the surface of the Sun. For two selected periods, using the
sameinstrument on Cluster,Li et al. (2008) found that there
is no clear signature of current sheets in the Earth’s magne-
tosphere, but there are clear signatures of current sheets in
the solar wind. Therefore the study ofLi et al. (2008) is
consistent with the proposal advocated byBruno et al. and
Borovsky.

We note here that the plasma environment of the Earth’s
magnetotail is different from the solar wind. The MHD tur-
bulence of the magnetotail may not be as fully developed
as that in the solar wind at 1 AU. Consequently, there may
be fewer current sheets emerging in the Earth’s magnetotail.
However, it has been argued in (Chang, 1999) that coherent
flux tubes do exist in the Earth’s magnetotail and local recon-
nections among them are the origin of the observed “bursty
bulk flows”.

The above discussion illustrates the importance of devel-
oping an accurate data analysis method to identify individ-
ual current sheets in the solar wind. Only with such anal-
ysis methods available, could we understand the solar wind
MHD turbulence intermittency. In this work, we extend the
method proposed in (Li , 2007, 2008) and develop an auto-
matic current sheet identification procedure. We then apply
this procedure to a 3-year worth Ulysses magnetic field data.
More than 28 000 current sheets are identified. The prop-
erties of these current sheets, including the distributions of
current sheet width and deflection angle, and the waiting time
analysis between current sheets are obtained.

The paper is organized as the following: we first briefly
discuss the technique used in (Li , 2007, 2008) in Sect.2. We
then present our period selection and the corresponding data
analysis in Sect.3. We conclude in Sect.4.

2 Observation of current sheets by the ULYSSES

2.1 Data selection

It is ideal to select data in the solar minimum period for
studying current sheet events because transient disturbance,
e.g. CMEs are relatively inactive during the solar minimum.
Therefore in this study we use magnetic field measurements
from the Ulysses VHM/FGM (Balogh et al., 1992) instru-
ment in the solar minimum years. In addition, we restrict
our data selection to low latitude. One reason for doing so
is that in this study we want to focus on slow solar wind and
avoid fast solar wind at high latitude. Of course, fast wind
streams are inevitable at low latitudes, and as will be seen
from our results, the current sheet occurrence rate does show
correlation with the solar wind speed.

Data is taken when the Ulysses spacecraft was within 30◦

of the heliosphere ecliptic plane. With these criteria, two pe-
riods are identified. One from the day 300 in 1996 to the
day 365 in 1997, and the other from the day 1 in 2004 to
day 3 in 2006. The data selections are illustrated in Fig.1,
in which the regions A and B are marked. In Fig.1, magni-
tude of the total magnetic fieldBt, solar wind speedVsw, he-
liocentric distanceR, latitude Lat, and longitude Lon of the
Ulysses spacecraft, and the number of the sunspots as func-
tions of time are plotted from the top to the bottom, respec-
tively. During the selected periods, the Ulysses VHM/FGM
instrument returned most of the time 2-s resolution magnetic
field data, and occasionally 1-s resolution data.

2.2 Locating current sheet

If the solar wind are structured and bundled as flux tubes,
one would expect the change of the magnetic field direction
between adjacent flux tubes be larger than that within the
same flux tube due to the intrinsic turbulence. In this picture
the current sheets are recognized as the boundaries of adja-
cent flux tubes. If the current sheets are generated in-situ as
a signature of solar wind MHD turbulence intermittency, as
suggested inZhou et al.(2004) andChang et al.(2004), the
magnetic field direction will also change significantly across
these structures. Therefore we expect, in both cases, current
sheet crossing will correlate with an abrupt change of the
magnetic field direction.

A statistical method to verify the existence of current
sheets in the solar wind is to study the two-point correlation
function (Li , 2008), RP (ζ ) =<P(t)P(t +ζ ) > and itsζ de-
pendence. In the method of (Li , 2008), in order to show the
existence of current sheet, a quantity calledintegrated dis-
tribution functionF(θ,ζ ) is considered. For a time series of
(unit) magnetic field data{b̂(t1),b̂(t2),...,b̂(tN )}, F(θ,ζ ) is
computed as the following,

F(θ,ζ ) =
N ζ (θ < θ ′ < π)

N ζ (0< θ ′ < π)
. (2)

whereN ζ (θ < θ ′ < θ + δθ) is the number of measurement
pairs where the angle betweenb̂(t) andb̂(t +ζ ) is within the
range of (θ , θ +δθ ) andN ζ (0< θ ′ < π) is the total number
of measurements. ClearlyF(θ,ζ ) represents the frequency
of having the measured angle, between two unit magnetic
field vector with a time separation ofζ , larger thanθ .

Because we expect the angle between two magnetic field
vectors that lie in different flux tubes is larger than the an-
gle between two magnetic field vector within the same flux
tube, one can define a critical angleθ0 that separates the an-
gle between the magnetic field vectors within one flux tube
and those between two adjacent flux tubes. It was shown
in Li (2008) that the existence of the current sheets lead to
the following scaling for the integrated distribution function
F(θ,ζ ):

F(θ,mζ) ∼ mF(θ,ζ ) when θ > θ0. (3)

www.ann-geophys.net/29/237/2011/ Ann. Geophys., 29, 237–249, 2011



240 B. Miao et al.: Current sheets from Ulysses observation

0
5

10
15
20
25
30

B
t 
(n
T
)

200

400

600

800

V
S
W
(k
m
/s
)

0
1
2
3
4
5
6

R
 (
A
U
)

-100
-50

0

50
100

L
a
t 
(d
e
g
)

0
100

200

300
400

L
o
n
 (
d
e
g
)

1996 1998 2000 2002 2004 2006
0

50

100

150
200

#
 o
f 
su
n
sp
o
ts

Year

F
ri
 M
a
y
 
7
 1
9
:0
2
:0
5
 2
0
1
0

A B

Fig. 1. Ulysses observations of the solar wind magnetic fieldBt, and the solar wind speedVSW as well as the locations of the spacecraft,
given by the heliocentric distanceR, the latitude Lat and the longitude Lon. The number of sunspots is plotted in the bottom panel (from
Royal Greenwich Observatory – USAF/NOAA Sunspot Data). Time period is from 1996-001 to 2006-365. The regions A and B used in this
work are marked by the red lines.

This ζ -scaling property ofF(θ,ζ ) whenθ > θ0 provides an
easy way to verify the existence of current sheet in the solar
wind. It, however, requires to pre specify the quantityθ0
and the exact location of individual current sheets can not be
obtained.

Li (2008) also provided a way to find the exact location
of the current sheet. The essence is the following: when a
current sheet crosses the spacecraft, the durationτ of having
a continuousmeasurement ofθ > θ0 hasapproximatelythe
same scaling law asF(θ,mζ), i.e.,

τ(mζ,θ0 < θ < π) ∼ mτ(ζ,θ0 < θ < π). (4)

Therefore, by examining the angle

θ(ζ,t)= cos−1(b̂(t −ζ/2) · b̂(t +ζ/2)) (5)

and search for a period ofτ(ζ,θ0 < θ < π) which linearly
scale withζ , one can obtain the occurrence time of the cur-
rent sheett . It must be noted that due to the presence of in-
trinsic turbulence in the solar wind, within the durationτ , it
is possible that a few measurements ofθ are smaller thanθ0.
Furthermore, a current sheet has a finite thickness, therefore
the measuredθ may increase gradually, instead of abruptly,
from below θ0 to aboveθ0. Because of these, the scaling
property forτ(ζ,θ0 < θ < π) is less accurate than that for

F(θ,ζ ) and in this sense we term it asapproximatelysat-
isfied. Finally, we note that the deflection angle,1θ , i.e.,
the angle between the background magnetic field directions
of two adjacent flux tubes can vary from one current sheet to
another, so to pre-specify a value forθ0, as done inLi (2008),
can lead to missing those current sheets with a magnetic field
deflection angle1θ smaller thanθ0. In this work, we ad-
dress these issues and develop an automatic pattern search
routine to identify individual current sheets which yield both
the thicknessd and the deflection angle1θ of the current
sheet at the same time.

In Fig. 2, based on Eq. (5), the measurements of the angle
θ(ζ,t) as a function of timet are shown for four different
cases. In all four cases, three selectedζ ’s, 24 s, 48 s, and
96 s are used to identify the current sheet. All cases in the
figure show significant increases ofθ above the background
value, and are seen to last a certain durationτ . In all cases,
τ scales withζ as indicated by Eq. (4). As expected, differ-
ent duration ofτs also show approximately the same center
positions. Note, the angleθs increase “gradually” instead of
“abruptly” to a maximum value. This rising period reflects
the time period for the current sheet to pass the spacecraft,
i.e. the thickness of the current sheet; the maximum value
of θ is approximately the deflection angle1θ between the
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centers of the corresponding current sheets.

background magnetic fields of the two adjacent flux tubes.
The deflection angles are about 80◦ for case (a) and (b); 100◦

for case (c) and 65◦ for case (d).
Figure3 is a sketch to show the behaviors ofθ(ζ,t) and

τ as a spacecraft crosses a current sheet. Two adjacent flux
tubes and a current sheet in between are shown. The blue
arrows in the figure display the orientation of the magnetic
field in the flux tubes and within the current sheet. In order to
simplify the discussion, without losing generality, we assume
the magnetic fieldsB are upright or downright in the two flux
tubes. We also assumeB in the current sheet linearly rotate
from the upright to the downright direction. We assume the
first flux tube is from the left side of Fig.3 to the red lineB;
the second flux tube is from the red lineB

′

to the right side
of Fig. 3; and the area between linesB andB

′

is the current
sheet. According to Eq. (5),

θ(ζ,tD) = cos−1(b̂(t0) · b̂(t
′

0)) (6)

where t0 = tD − ζ/2 and t
′

0 = tD + ζ/2, is obtained as the

angle between theB vectors att0 of the flux tube 1 andt
′

0
which is the far left of the current sheet. The time separa-
tion between those two vectors isζ . From the figure,θ(ζ,t)

starts to increase at timetD. Once the1θ corresponds to two
unit vectorsb̂(t2) andb̂(t

′

2) that reside in adjacent flux tube I

and II wheret2 = tC − ζ/2 andt
′

2 = tC + ζ/2, it reaches its
maximum value:

θ(ζ,tC) = cos−1(b̂(t2) · b̂(t
′

2)). (7)

θ(ζ,t) keeps the maximum value whentC ≤ t ≤ t
′

C . After

t
′

C , θ(ζ,t) begins to decrease because the1θ is calculated

between theB vectors att4 andt
′

4, which are at the edge of
the flux tube I, and in the flux tube II, respectively. When
t = t

′

D, θ(ζ,t) drops back to its minimum value since both
t4 = tD − ζ/2 and t

′

4 = tD + ζ/2 in the flux tube II. Note
θ(ζ,t) has a shape of isosceles trapezoid. The center of the
isosceles trapezoid, marked by the straight line A, is the cen-
ter of the current sheet. Its location is independent of the
value ofζ . In contrast, the lengths of the top and the bot-
tom side of the isosceles trapezoid areζ -dependent. We use
these properties to search for the current sheets. In imple-
menting the searching procedure, five differentζ values, 20 s,
30 s, 40 s 60 s, and 80 s are used. Three pairs of (ζ , 2ζ ):
(20 s, 40 s), (30 s, 60 s), and (40 s, 80 s) are formed. Out of
these three pairs, if the relationship ofτ(θ,2ζ ) ∼ 2τ(θ,ζ ) is
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Fig. 3. Cartoon showing the procedure to calculate1θ(ζ,t).
1θ(ζ,t) is plotted in1θ − t plane. The y-axis is1θ(ζ,t) in de-
gree; the x-axis is UT time. The green arrows are the orientation of
B vectors. The region from the left side to the red lineB is the flux
tube 1, which has uprightB vector; the region from red lineB

′

to
the right side is the flux tube 2, which has downrightB vector; the
region between red linesB andB

′

is the current sheet, in whichB
vector is changed gradually. The black vertical lineA is the center
of current sheet.

satisfied more than once, a potential current sheet is regis-
tered by the searching code. The code then calculates the
angle1θ using the average fromtC < t < t

′

C for this cur-

rent sheet. From Fig.3, tB = tD + ζ/2, t
′

D = t
′

B + ζ/2 and
t
′

B − tB = d. So the separation between the two bottom vor-
tices of isosceles trapezoid ist

′

D − tD = ζ +d. Similarly, due
to t

′

B = tC +ζ/2 andt
′

C = tB +ζ/2, the length of the top side
of the isosceles trapezoid isζ −d. Thus,d can be determined
if the top vortices of isosceles trapezoid is known.

2.3 Determining the thickness and the deflection angle
of a current sheet

We now discuss in detail how1θ andd are obtained. Al-
though the center of a current sheet can be rather nicely iden-
tified as illustrated in Fig.3, an accurate value of the deflec-
tion angle1θ and the widthd of the current sheet is hard to
obtain due to the uncertainties in identifying the vortices of
the isosceles trapezoid. To better decide the width of a cur-
rent sheet, a separate routine is developed. Figure4 shows
the actual procedure of this code. The left panel of Fig.4
shows how the shape of1θ(ζ,t) varies withζ . Consider
again the ideal model of a current sheet which is shown in
Fig. 3. In the isosceles trapezoid shown in the bottom of

the left side of Fig.4, th top side of the isosceles trapezoid
has a lengthζ −d and the bottom side of isosceles trapezoid
has a lengthζ +d. If we further gradually decreaseζ , then
upon reaching a criticalζ0 the top side will disappear and the
isosceles trapezoid becomes an isosceles triangle. We have
now, ζ0 −d = 0. Therefore the width of current sheets can
be determined as the criticalζ0. Note, If theζ is further de-
creased belowζ0, the maximum value ofθ(ζ,t) will begin to
decrease. This is because that if theζ is less than the width of
a current sheet, thenθ(ζ,t) is not the angle between the two
B vectors that reside in different flux tubes. Instead, it be-
comes the angle between two magnetic field vectors within
the current sheet. This fact makes the identification ofζ0
more robust.

In the code, we first calculate1θ(ζ,t0) for ζ = 1 to ζ =

300 s. (300 is chosen as it is larger than the width of all
current sheets identified in this work) and then search for a
plateau region of1θ(ζ,t0). The width of the current sheet
is then decided to beζ0, theζ value for the starting point of
the plateau region; and the deflection angle1θ of the current
sheet is decided to be1θ(ζ0,t0)

An example of decidingd and1θ for the event shown in
the panel (c) of Fig.2 is shown in the right panel of Fig.4.
Using the method described as above, the thickness of this
current sheet is obtained as 40 s.

3 Data analysis and results

Applying the automatic searching code to the data selection
periods A and B, which are shown in Fig.1, 28 214 current
sheets are found in about 3.2 years. In Fig.5, from the top
panel to the bottom panel,Bt, VSW, and current sheet den-
sity are shown as a function of time, respectively. The time
span shown in the left and right sides of the figure corre-
spond to the region A and B displayed in Fig.1. The large
periodic changes ofBt andVSW are due to the rotation of
the Sun. The 3rd panel shows the number of current sheets
per day. From the figure we see that the current sheet oc-
currences rate can vary from tens events per day down to
several per day and occasionally reach even zero event per
day. The variation of the current sheet occurrence rate im-
plies that current sheets are clustered. Part of this clustering
is related to the solar wind speed. From Fig.5, we can see
clearly that there are more current sheets within fast streams
than within slow streams. This implies that fast wind is more
intermittent than slow wind, which is different from earlier
finding (Marsch and Liu, 1993) which suggested that slow
wind is more intermittent than fast wind. However, While
solar wind speed has a strong correlation with the current
sheet occurrence rate, it can not be the only reason for the
clustering as one can see from Fig.5 (for example, between
July 1997 to the end of 1997) that even within slow solar
wind the current sheet occurrence still have large variations.
A clustering effect is what one would expect to find if the data
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direction of magnetic field within the current sheet changes gradually inside the current sheet. At largeζs,1θ reaches a plateau, signaling
the fact thatζ is now bigger thand.

is intermittent. Indeed,Greco et al.(2009), who used both
a numerical simulation and actual solar wind data analysis
showed that the distribution of waiting time between discon-
tinuities is not Poisson but has characteristics of clustering.

3.1 Deflection angle1θ between adjacent flux tubes

We now discuss the deflection angle across the current sheets.
Our code automatically identify the deflection angle. By
definition, the deflection angle should be larger than the
background value of cos−1(B̂(t) · B̂(t + δ)) whereδ is the
time resolution of the magnetic field data. If the direction
of the background magnetic field change rather rapidly and
cos−1(B̂(t) · B̂(t + δ)) is say, about 10 degrees, then our
method will not resolve current sheets which has a deflec-
tion angle smaller than 10 degrees.

The distributions of the deflection angle1θ across current
sheets are shown in Fig.6. One important feature from Fig.6
is that there is a break point in the distribution of the deflec-
tion angle1θ around1θ = 72◦. This break point separates
the distribution of1θ to two populations. The population
with θ > 72◦ can be fitted by an exponential decay with a
functional form of

PDF∼ A1e
−1θ/30.0◦

. (8)

The fit is shown as the red dashed line. The population with
θ < 72◦ can be also fitted by an exponential decay with a
functional form of

PDF∼ A2e
−1θ/18.6◦

. (9)

The fit is shown as the blue dashed line and is done for
25◦ < 1θ < 72◦. HereA1 andA2 are constants. The fact that

the distribution shows a two population suggests that the ori-
gin of these current sheets for these two populations may be
different. Indeed, such a two population of the distribution of
1θ have been first discussed byBruno et al.(2004) where the
authors suggested that the first population with small deflec-
tion angle may be caused by the intrinsic turbulence, and the
second population with large deflection angle may be caused
by relic structures originated from the surface of the Sun.
LaterBorovsky(2008) used ACE magnetic field data to ex-
amine the distribution of the deflection angle between two
magnetic fields with a fixed 120 s.

Our result is consistent with the study ofBruno et al.
(2004) and Borovsky (2008). The exponential decay con-
stants in our study, however, are smaller than that obtained in
(Borovsky, 2008) for both populations.

3.2 Width of current sheets

We next discuss the distribution of current sheet width in
Fig. 7. Note, the real width of a current sheet depends on
how the spacecraft cross the current sheet, i.e. the relative
velocity between the current sheet and the spacecraft. Since
this can not be obtained from a single spacecraft observation,
we denote here the width of a current sheet by the crossing
time durationτ .

Since from Fig.6 we obtain two population of the current
sheet, we therefore examine the current sheet width for these
two population separately. Nearθ = 80◦ the two population
are not clearly separated. So for the first population we re-
quire,

10◦ < θ I < 20◦ (10)
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and for the second population, we require

100◦ < θ II < 180◦ (11)

In Fig. 7 we plot the distribution of current sheet width for
these two populations. The x-axis is the current sheet width
τ and the y-axis is the probability densityP(τ). P(τ) rep-
resents the probability of finding a current with a width be-
tweenτ s andτ +1 s. If we define

F(τ) =

∫ θ>

θ<

f (1θ,τ)d1θ, (12)

theP(τ) can be written as,

P(τ) =
F(τ)∫
F(τ)dτ.

(13)

In Eq. (12), θ< = 10◦ andθ> = 20◦ for the Population I (the
small angle population) andθ< = 100◦ andθ> = 180◦ for the
Population II (the large angle population). The black curve
in Fig. 7 is for Population I and the red curve is for Pop-
ulation II. From the figure we can see that there is a clear
difference between these two populations. The black curve
is very narrowly peaked. It has a peak value around 13 s. In
comparison, the red curve is more spreading out. There is no
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clear peak for the red curve; instead the percentage is approx-
imately a constant between 20 s and 45 s for the red curve. It
then decreases gradually and extends to beyond 100 s, there-
fore having a longer tail at large width. This is consistent
with the two population scenario as we expect the width for
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the large angle population is somewhat larger than that of the
small angle population. In a related study,Tsurutani et al.
(2009) studied magnetic decreases in the solar wind using
Ulysses observations and found these structures have a tem-
poral thickness ranging from 1 s to beyond 100 s.

Figure8 is a 2-D plot of the probability densityf (1θ,τ)

in the1θ −τ plane. The color represents the number of cur-
rent sheets per degree per second. Red indicates more current
sheets and blue indicate fewer current sheets. From the fig-
ure we see thatf (1θ,τ) has a triangle-like shape with most
of the current sheet located at the lower and left part of the
triangle indicating that current sheets with small deflection
angles and small width are the most popular. Asθ increases,
we see the red color in the left edge gradually moves to the
right. This can be understood from the fact that current sheets
with larger deflection angles tend to be wider.

3.3 Waiting time analysis

For a time series data, we can perform waiting time analysis.
A waiting time analysis is particularly useful in understand-
ing the temporal behavior of intermittent events. Indeed, if
a time series data is intermittent, we expect the waiting time
analysis to be non-Poisson, therefore waiting time analysis
can be used to reveal the statistical property of the intermit-
tency. Previous work on using the waiting time analysis to
investigate the solar wind MHD turbulence intermittency can
be found, e.g. inLepreti et al.(2001); Carbone et al.(2006);
Greco et al.(2009).
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We now perform the waiting time analysis for our cur-
rent sheets. If these current sheets are the boundaries of flux
tube, then the waiting time between the current sheets can be
used as a proxy of the size of the flux tube. If these current
sheets are natural structures of the solar wind MHD turbu-
lence (Zhou et al., 2004), this waiting time analysis would
reveal their clustering tendency. The statistical distribution
of waiting time is shown in Fig.9. From the top to the
bottom, the waiting time analysis is done in each individ-

ual year and all years, respectively. One exception is year
1996 where the waiting time analysis is based on the ob-
servation from DOY 300 to DOY 366. The distributions
in the left side of Fig.9 are the waiting time analysis for
all current sheet events. In comparison, the distributions
in the right side of Fig.9 are the waiting time analysis for
current sheet events with large deflection angle (1θ ≥ 72◦).
The x-axis is the logarithm of time, ln(t/s) and the y-axis
is logarithm of the probability density. The x-axis shown
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in the figure starts at ln(t/sec) = 4 which corresponds to
a time t = 55 sec and ends at ln(t/sec) = 13 which corre-
sponds to a timet = 4.4×105 sec∼123 h. The increase is
ln(t/sec) = 0.5 per tick. FollowingGreco et al.(2009), we
also fit the distributions by an exponential decay at small
times and a power law at large times. The blue curves are
the exponential decay and the red curves are the power laws.
For the case of all current sheets on the left panel, one can
see that the exponential decay fittings agree well with the ob-
servation at small times but underestimate the observation at
large times where the red power law fittings agree better. For
the large deflection angle plots on the right, the statistics are
poor and the fitting is done only for the all-year plot. Again,
a power law like tail can be seen at large times. Comparing
to the all angle plots on the left, however, this power law is
harder.

The most probable waiting timeλs are listed in Table1.
For the large angle population we see that the most probably
waiting times are∼3.5 h. As a first proxy, this can be taken
as the average size of the flux tubes. In comparison, the most
probable waiting times for all population (which is mainly
due to the small angle population) are∼0.4 h, considerably
smaller.

In the work ofGreco et al.(2009), Greco et al.used both
numerical simulation and solar wind data analysis to exam-
ine the waiting times for discontinuities in the solar wind.
Greco et al.(2009) found that the waiting time density is a
power law with a break. A power law distribution suggested
that the discontinuities in the solar wind are clustered. In our
case, for the all angle analysis (the left panels), the distribu-
tions behave like exponential decays at smallts and power
laws whent > λ. This is in agreement with (Greco et al.,
2009). For the large angle analysis, the statistics for individ-
ual years are poor. For the all-period analysis, the distribution
at largets is consistent with a power law, but is harder than
that for the all angle analysis. This also supports the con-
jecture that the large angle population may originate via a
different mechanism from that of the small angle population.

4 Conclusions

In this paper, we extended the work ofLi (2007, 2008) and
developed an automatic data analysis procedure to identify
current sheets in the solar wind. The procedure obtains
the location and the width (thickness) of individual current
sheets and the deflection angle of the magnetic field across
the current sheet. Applying our method to 3-year worth mag-
netic field data from the Ulysses mission, we have identified
28 214 current sheets during solar minimum period and at
low heliospheric latitude. The distribution of the width of
these current sheets and the distribution of the deflection an-
gle are shown in Figs.7 and6. We also perform the waiting
time analysis on these current sheets. The distribution of the
waiting time of these current sheets is shown in Fig.9.

Table 1. The most intermittent scales.

Year λ1 λ2
(cases with all angles) (cases with large angles)

1996 e7.2
∼ 1339.4 s∼ 0.4 h e9.5

∼ 13359.7 s∼ 3.7 h

1997 e7.7
∼ 2208.3 s∼ 0.6 h e8.3

∼ 4023.9 s∼ 1.1 h

2004 e7.1
∼ 1212.0 s∼ 0.3 h e9.0

∼ 8103.1 s∼ 2.3 h

2005 e7.1
∼ 1212.0 s∼ 0.3 h e8.5

∼ 4914.8 s∼ 1.4 h

All e7.1
∼ 1212.0 s∼ 0.3 h e9.5

∼ 13359.7 s∼ 3.7 h

In an earlier paper,Bruno et al.(2004) first suggested
that there are two populations of current sheets in the solar
wind and the second population could have been related to
flux-tube boundaries. Our analysis agrees withBruno et al.
(2004)’s finding. We also find two populations of current
sheets in the solar wind. These two populations differ in
their distributions of the deflection angle across the current
sheet and the width of the current sheet. While the origin
of these current sheets is still under debate, the suggestion
by Bruno et al.(2004) that the large angle population could
represent the boundaries of flux tubes is certainly a very at-
tractive one. Besides large angle current sheets, we also find
current sheets that have small deflection angles. These cur-
rent sheets perhaps are dynamically developed in the solar
wind MHD turbulence as shown inZhou et al.(2004) where
intermittent structures can naturally develop in MHD turbu-
lence from an initially homogeneous state. These small angle
current sheets therefore represent theintrinsic intermittency
of the solar wind MHD turbulence.

In a recent review,Neugebauer and Giacalone(2010), not-
ing the work ofVasquez et al.(2007) andBorovsky(2008)
who advocated that the in situ generation of discontinuities
by Alfv énic turbulence (Vasquez et al., 2007) and the dis-
continuities with large rotation angles being the boundaries
of flux tubes originated at the Sun (Borovsky, 2008), respec-
tively, concluded that both the Sun and turbulence are im-
portant sources of interplanetary discontinuities. They fur-
ther argued that in the slow solar wind, in-situ generation by
phase-steepened edges of non-linear Alfvén waves (Tsuru-
tani et al., 2005a,b) may be a manifestation of exhaust fan
reconnection.

Regardless of their origins, our method presented here can
be used to identify individual current sheets of both popula-
tion. It also allows one to obtain various properties of these
current sheets, such as the distributions of the thickness and
the deflection angle of the current sheets and the distribution
of the waiting time between adjacent current sheets. As such,
our method provides a working basis for studying solar wind
MHD turbulence intermittency.
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