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[1] A subset of magnetic clouds (MCs) identified over 8.6 years of the WIND mission are
examined for a pattern of anisotropic magnetic field fluctuations within their extent at

1 AU. This subset (N = 42) consists of MCs taken from a comprehensive survey of WIND
Magnetic Field Investigation data. Root mean square deviations of the axial field (RMS,)
and the perpendicular field (RMS; i.e., that lying in the cross-sectional plane of the
MC), rendered in a magnetic cloud coordinate system, are computed on three timescales,
8, 30, and 60 min, and a fluctuation anisotropy quantity [A(f) = (RMSA)/(RMS ) — 1]

is calculated for each timescale. The 42 MCs are separated by relative closest

approach (Yy/Ry) into two distinct regions [|Yo/Ro| < 0.33 (inner) and 0.33 < |Yo/Ro| < 0.66
(middle)], where R, is a model-estimated MC radius and Y, is a model-estimated
magnitude of the closest-approach vector, and superimposed within each region. We show
a clear and distinct magnetic field fluctuation anisotropy profile within each region.
Additionally, this profile closely resembles that of the pitch angle of the field implying that
the field fluctuations tend to be predominately perpendicular to the field itself. Thus
transverse fluctuations are most common in MCs in the range (1.4—10.4) x 10~* Hz.
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1. Introduction

[2] A magnetic cloud (MC) is defined empirically in
terms of in situ spacecraft measurements of magnetic fields
and thermal plasma in the interplanetary medium. That is, a
MC is a transient region observed in the solar wind having
(1) enhanced magnetic field strength, (2) a smooth change
in field direction as observed by a spacecraft passing
through the MC, and (3) low proton temperature (and low
proton plasma beta) compared to the ambient solar wind
properties [Burlaga et al., 1981; Burlaga, 1988, 1995].
Typically, MCs have diameters ranging from 0.06 to 0.5 AU
when observed at 1 AU with an average of about 0.25 AU.
Proton plasma beta is typically around 0.12 and in some
clouds has been observed as low as 0.01. This can be
compared to an ambient solar wind proton plasma beta which
has a typical value of about 1 or greater. MCs are also known to
evolve [e.g., Osherovich et al., 1993; Bothmer and Schwenn,
1998; Berdichevsky et al., 2003], and consistent with their
large size, their durations are long, usually between about 10
and 48 hours at 1 AU, but a small percentage of events have
durations as short as 5 hours. See the work of Lepping et al.
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[2003] for an average MC profile at 1 AU in terms of
fundamental scalar quantities based on WIND observations
over several early years of the mission, and the work of
Lepping et al. [2006] for a quantitative summary of the
characteristics of WIND MCs for the first 8.6 years of the
mission.

[3] A MC is usually either coincident with, or at least part
of, an interplanetary coronal mass ejection, although the
terms are not usually used synonymously. For example,
Gopalswamy et al. [1998] show MCs to be often related to
coronal mass ejections (CMEs) appearing to be the “core”
region within a CME where the magnetic field is enhanced
(also see Gosling [1990, 1997]). Bothmer and Schwenn
[1994] argue that CMEs associated with erupting promi-
nences are the sources of interplanetary magnetic clouds.
Additionally, Webb et al. [2000] linked the May 1997 CME
with WIND observations of a MC. In the solar wind, a MC
is usually observed to be a special kind of large magnetic
flux rope [Marubashi, 1986, 1997; Burlaga et al., 1990;
Lepping et al., 1990], but MCs are not always easily nor
accurately modeled as such. For a discussion of various
kinds of magnetic flux ropes and their models, see the study
by Priest [1990].

[4] Observations show that there are obvious magnetic
field deviations from any ideally envisioned flux rope in
most MCs, and these may be wave-like or more random in
nature. In this work, we will refer to all such deviations
simply as fluctuations in the field. The principal intent here
is to ascertain if the fluctuations in the magnetic field within
an “average” MC at 1 AU are mainly isotropic or aniso-
tropic, and, if the latter, to find how this anisotropy varies in
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terms of percent duration through the “average” MC. By
our terminology, isotropic means that the fluctuation level
aligned with the MC’s axis is equal to that in the cross-
sectional plane.

2. Data Set

[5s] Lepping et al. [2006] performed a comprehensive
study of MCs over 8 years of the WIND mission and
identified 82 MCs. Subsequently, model parameters were
found for all 82 MCs using a force free flux rope model
[Lepping et al., 1990] based on Bessel functions. This
study focuses on the WIND Magnetic Field Investigation
(MFI) data [Lepping et al., 1995] and a subset of those
82 MCs. Lepping et al. [2006] defined a quantitative
estimate of a model fit quality, and we begin by excluding
the poorest quality MC events from that study. In order to
convert from geocentric solar ecliptic (GSE) coordinates
(the initial representation of the data) to the cloud coordi-
nate system used in this study, it is essential to know the
cloud axial latitude and longitude. These angles are
determined from the model fit, along with other quantities
used in estimating quality. Furthermore, MCs less than
10 hours in duration are excluded. As mentioned previ-
ously, a typical MC ranges in duration from 10 to 48 hours
at 1 AU. A few short-duration MCs were found but not
included in this study as a means to better estimate the
profile of an “average” MC. Finally, the relative closest
approach is calculated and used as a means of exclusion.
Relative closest approach is given by CA = |Yo/Ry|, where
R, is the model-estimated radius and Y, is the model-
estimated magnitude of the closest-approach vector. Those
events having a closest approach within the inner region of
the cloud (CA < 0.33) and the middle region (0.33 < CA <
0.66) were kept. This results in a subset of 42 MCs.

3. Analysis

[6] The MCs are first split into the two aforementioned
regions based on closest-approach values. The front and
rear boundaries of the MCs are found by visual inspection
of the data. Initially, lower-resolution data (15- to 30-min
averages) were used in the model fitting. This resolution is
ideal for studying the global properties of these long-
duration MCs; however, for this study, it is important to
know the boundaries more precisely. Thus 1-min data were
visually examined in the vicinity of the model-estimated
boundaries to better identify the front and rear boundaries
of the MCs. Next, the GSE MC data are transformed into a
cloud coordinate system (denoted by the CL subscript). In
this coordinate system, the xc; component is along the axis
of the MC (and positive along B), and the ycp and zcp
components are parallel to the MC’s cross section, where
yer 1s the magnitude of the closest-approach vector. The
transformation matrix from GSE to cloud coordinates is
given by:

cos O cos Py
—sin ¢, COS Y — sin O COs P, Sin Y
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Figure 1. May 27-29 1996 MC. Plotted in the bottom
panel is the 1-min averaged axial component of the MC.
Middle panel shows the smoothed data using a 121-min
window, and top panel is the difference field on a 1-min basis.

where ¢ and 04 are the MC axis longitude and latitude
angles, respectively, determined from the model fit. The
angle v is related to ¢, and 6, by:

w =tan~! (—tang, /sin @) (2)

For a complete description of the transformation along with
an illustration and derivation, see http://lepmfi.gsfc.nasa.
gov/mfi/ecliptic.html. The three cloud coordinate compo-
nents are then used to compute B, (axial field, Bx = B,.)
and B, (perpendicular field lying in the cross-sectional
plane of the cloud, B, = /(B},, + BZ,)).

[7] Since, by definition, the MC’s magnetic field rotates
as the MC passes the observer, it will contribute to any
calculation of a root mean square (RMS) deviation of the
field. The MC’s field is therefore considered an undesirable
background field to be eliminated before RMS estimations.
This is done by detrending the data before the fluctuation
analysis begins. The trend field is subtracted from the
original field to provide a difference field to which the
RMS analysis is applied. We choose a simple box car
running average for obtaining a low-frequency estimation
of the background trend field. Various box car intervals
were tested to find an optimum one to be used for all further

cos 0 sin ¢, sin 0
COS ¢y COSY — Sin B Sing, siny  cos @ siny (1)
—COS P SINY — sinB sing, cosy  cos O cos y
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Figure 2. Mean of (AB,)? for the inner set as a function of box car window size.

analysis. Our philosophy in this regard is to obtain an
interval that is intermediate in length, i.e., not too short
(whereby the resulting estimate of the background field is
subject to the whim of the actual fluctuations and waves in
the data) and not too long (whereby the estimated back-
ground field will not track fast enough allowing some low
frequencies of the MC to leak into the resulting difference
fields). We form box car lengths with an odd number of 1-
min averages and therefore consider an 11-min length too
short and 601-min length (a half-duration for a typical
20 hour MC [Lepping and Berdichevsky, 2000]) too long.
Since the average axial field of the MC, (B,), is always
positive for all well-determined cases (and generally so for

even not so well determined cases), this fact can be utilized
in helping to determine a range of acceptable box car
lengths. For various lengths, we generate (AB,), which is
the average of the difference between the observations and
the detrended data. This quantity should ideally be zero, if
the box car’s length is long enough to provide good
statistics and no significant flux rope field is leaking in.
Since we will be considering RMSs based on intervals as
long as 60 min, we start by examining box cars about twice
this, i.e., of 121 min. This length is applied to all the clouds
in the inner set (N = 24) yielding an array of (AB,) values.
These values are then squared and the mean is determined.
Successive lengths are taken, and the optimum box car
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Figure 3. Plotted in the bottom panel is the anisotropy for the inner set. Middle panel shows the

perpendicular RMS, and top panel shows the axial RMS. All quantities are displayed as a function of
percent duration through an “average” MC.

length is chosen to be the length with the minimum mean. means of (AB,)? as a function of box car length, for lengths
Figure 1 shows the axial component of a typical MC, both  of 121 min and greater. As can clearly be seen, the mean of
in the original data and the box car smoothed data, along (AB,)? increases with box car length, and the optimal
with the difference field. Additionally, Figure 2 shows the choice is 121 min.
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Figure 4. Plotted in the bottom panel is the anisotropy for the middle set. Middle panel shows the
perpendicular RMS, and top panel shows the axial RMS. All quantities are displayed as a function of
percent duration through an “average” MC.
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Figure 5. Pitch angle of an “average” MC for the inner and middle sets (solid line). The anisotropy for
the 8-min set for each region is shown plotted with the dashed line.

[8] RMS deviations of the difference fields, AB, and
AB |, are calculated across the clouds over time intervals 8,
30, and 60 min using the optimal box car window size of
121 min to detrend the data, where RMS is given by:

N
RMS(7) = \j (1/N)Y (B = (B))? 3)

i=1

where B is either B, or B .

[v] To compare the results and examine the profile of an
“average” MC at 1 AU, we place the inner and middle sets,
respectively, on a common temporal basis, that of percent
duration, and calculate (RMS,) and (RMS, ) for each 10%
duration. We further define the quantity

A(1) = (RMS(2))/ (RMS 1 (1)) — 1, (4)
an “anisotropy,” such that for 4 < 0.0, perpendicular

fluctuations dominate, and for 4 > 0.0, axial fluctuations
dominate. 4 = 0.0 represents the isotropic case. Henceforth,

it is understood that all quantities depend on time, so it will
be dropped explicitly in the following equations.

4. Results

[10] Figures 3 and 4 show (RMS,), (RMS ), and aniso-
tropy for the inner and middle regions, respectively. In both
regions, and for (RMS,) and (RMS,), the fluctuation
amplitudes are highest for the 60-min set and lowest for the
8-min set everywhere, but 4 is similar for all three sets.
Thus the anisotropy profile is independent of RMS window
size. Furthermore, the profiles are roughly symmetric
around the 50% point (the expected closest-approach point)
and reminiscent of the field rotation in the flux rope model
representation used to fit the data.

[11] The pitch angle (6,) of the field at any point in a MC
is given by

0, = tan™! (B.1/B), (5)
where pitch angle is defined as the angle between the field
direction and the MC axis. The Bessel function representa-
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Figure 6. Modeled pitch angle using a force free Bessel function representation of a magnetic cloud

(solid line). The 8-min anisotropy profile is shown as well, plotted with the dashed line.

tion [e.g., see Goldstein, 1983; Lundquist, 1950] for the
pitch angle (fy) of a force free flux rope is given by

Oy = tan~ ! (|J) ()| Jo(ar)) (6)
where in this case
BA =BoJ0(OH") and BL :BT :BoHJl(OH"). (7)

Bo is the model-estimated magnitude of the field on the
axis, H is the handedness of the field, Jy(ar) and J;(ar) are
the zeroth and first-order Bessel functions, r is the radial
distance from the rope’s axis, and « is chosen to be 2.4/Rg
[so the MC’s boundary, at Rp, is approximately where
Jo(ar) has its first zero]. Note that B, = Bt because the
radial component is exactly zero in this model.

[12] The observed pitch angle 6, is computed using the
average measured axial and perpendicular fields. Figure 5
shows 0, versus percent duration for both the inner and
middle regions. Plotted with 6, is the 8-min anisotropy
(dashed curve).

[13] First, we notice that 4 is positive for all 6, > 45° and
negative for all 6, < 45° in both the inner and middle
regions. This indicates that perpendicular fluctuations dom-
inate where the field is axial (closer to the axis), and axial
fluctuations dominate when the field is perpendicular to the
axis (closer to the boundary). In other words, the dominat-
ing fluctuations are generally transverse. When 4 is com-
pared to the modeled pitch angle 6y, in Figure 6, we see
good agreement in the front and midsection of the MC.
However, the rear of the MC deviates slightly from the
model profile.

[14] Observations of magnetic field fluctuations perpen-
dicular to the mean magnetic field in the solar wind were
first reported by Belcher and Davis [1971]. Subsequent
work [Matthaeus et al., 1990; Bieber et al., 1996; Leamon
et al. 1998] advanced the theory of solar wind turbulence
and perpendicular field fluctuations. In terms of MCs,
Leamon et al [1998] first reported seeing transverse
fluctuations within the January 1997 MC. Their analysis
of a MC embedded within an interplanetary coronal mass
ejection showed that transverse fluctuations dominate
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within a MC and are more prevalent than what is seen in
the ambient solar wind. This was attributed to the low
plasma beta seen within MCs and its effects on reduced
magnetohydrodynamic (MHD) equations [Zank and
Matthaeus, 1992].

[15] Here we have extended the work of Leamon et al.
[1998] to show that the “average” MC follows this
profile. Our statistical study expands upon their single
case in order to understand the general profile of magnetic
field fluctuations within MCs and to better understand the
global properties of MCs at 1 AU. The examination of the
anisotropy of 42 MCs has shown that the “average” MC
very closely approximates the observed pitch angle profile,
and it also approximates to a good extent the Bessel
function representation of the pitch angle.

[16] A slight deviation from the Bessel function repre-
sentation occurs at the rear of the “average” MC, from
approximately 75% to 100% duration. The Bessel function
formulation for MC parameter fitting has shown success in
the past [see Lepping et al., 1990] and is the formulation
used to determine the cloud longitude and latitude angles
in this study. It is also the basis for the cloud coordinate
system. For completeness, we have also compared the
anisotropy profile to the model-calculated pitch angle.
Inspection of Figure 6 indicates generally good agreement
of the anisotropy profile with the model pitch angle,
except for the slight deviation at the rear of the “average”
MC. While the fluctuations in the rear of the MC are axial,
they are not of the magnitude expected by the model pitch
angle. This deviation is surprising and could arise from a
number of sources. One of which may be a non-well-
defined rear boundary and interactions with the trailing
solar wind. It opens avenues for future model development
and is a topic of future study. Although there is a slight
discrepancy between model and data, there is clear indi-
cation that transverse fluctuations dominate throughout.

5. Summary and Conclusions

[17] Forty-two WIND MCs, representing a subset of the
82 MCs identified over the first 8.6 years of the mission, are
tested for the possibility of a pattern of anisotropic magnetic
field fluctuations within their extent at 1 AU. RMS devia-
tions of the axial and perpendicular difference fields,
rendered in a magnetic cloud coordinate system, are exam-
ined separately and relatively in terms of the quantity 4 =
(RMSA)/(RMS ) — 1, called anisotropy, where (RMSy)
and (RMS,) are the axial and perpendicular RMSs,
respectively. These quantities are computed and analyzed
separately on three timescales, 8, 30, and 60 min, and for
two different relative closest approach (Yy/R,) regions of
|Yo/Ro| < 0.33 (the inner region) and 0.33 < |Y/Ry| < 0.66
(the middle region), where Ry is the estimated radius of the
magnetic cloud and |Y| is the magnitude of the spacecraft’s
closest-approach vector. The 42 MCs are then superimposed
according to these discriminators and plotted against percent
duration. When the inner region is considered (where N =
24), a very clear pattern emerges showing that, for all three
timescales, 4 is above 0 in the early portions of the
structure, below 0 in the center, and above 0 in the latter
portions (see Figure 3). For the middle region (where N =
18), we see that 4 has a similar profile, again for all three
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timescales, but is generally shifted positively such that the
central minimum value is distinctly greater than it was for
the inner region (see Figure 4). We show that this profile of
A versus percent duration through the MC very closely
resembles that of the observed pitch angle (6,,) of the field.
In particular, positive and negative values of A are fairly
well separated by a 6, of 45° that is, 4 is positive for
approximately all 6, > 45° and negative for approximately
all 6, <45°. This implies that the fluctuations in the field (as
measured by relative RMS) tend to be predominantly
perpendicular to the field itself, everywhere. Hence
transverse fluctuations are most common in MCs at 1 AU
in the frequency range (1.4—10.4) x 10~* Hz.

[18] When 4 is compared to the Bessel function repre-
sentation of a force free flux rope, i.e., using equations (6)
and (7), the rear of the cloud does not strictly follow the
expected 6y pattern. This fact could be attributed, at least
partially, to a non-well-defined rear boundary and interac-
tions of the MC with the trailing solar wind. The Bessel
function representation has shown success in the past, and
these deviations provide insight into expanding the model
and improving its future usage.
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