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[1] We analyze the evolution of the interplanetary magnetic field spatial structure by
examining the inner heliospheric autocorrelation function, usingHelios 1 andHelios 2 in situ
observations. We focus on the evolution of the integral length scale (l) anisotropy
associated with the turbulent magnetic fluctuations, with respect to the aging of fluid
parcels traveling away from the Sun, and according to whether the measured l is
principally parallel (lk) or perpendicular (l?) to the direction of a suitably defined local
ensemble average magnetic field B0. We analyze a set of 1065 24‐hour long intervals
(covering full missions). For each interval, we compute the magnetic autocorrelation
function, using classical single‐spacecraft techniques, and estimate l with help of two
different proxies for both Helios data sets. We find that close to the Sun, lk < l?. This
supports a slab‐like spectral model, where the population of fluctuations having wave
vector k parallel to B0 is much larger than the one with k‐vector perpendicular. A
population favoring perpendicular k‐vectors would be considered quasi‐two dimensional
(2D). Moving toward 1 AU, we find a progressive isotropization of l and a trend to reach
an inverted abundance, consistent with the well‐known result at 1 AU that lk > l?, usually
interpreted as a dominant quasi‐2D picture over the slab picture. Thus, our results are
consistent with driving modes having wave vectors parallel to B0 near Sun, and a
progressive dynamical spectral transfer of energy to modes with perpendicular wave
vectors as the solar wind parcels age while moving from the Sun to 1 AU.

Citation: Ruiz, M. E., S. Dasso, W. H. Matthaeus, E. Marsch, and J. M. Weygand (2011), Aging of anisotropy of solar wind
magnetic fluctuations in the inner heliosphere, J. Geophys. Res., 116, A10102, doi:10.1029/2011JA016697.

1. Introduction

[2] The solar wind (SW) is a natural laboratory to study
magnetohydrodynamic (MHD) turbulence, being the most
completely studied case of turbulence in astrophysics, and
the only one extensively and directly studied using in situ
observations. Here we focus on the dynamical development
of anisotropy in the SW magnetic fluctuations, a well‐
known property of an MHD system with a mean magnetic
field (B0). Understanding the nature and origin of this
anisotropy is of relevance not only for the study of turbu-
lence itself, but also because magnetic fluctuations directly
influence the transport (i.e., acceleration and scattering) of
solar and galactic energetic particles in the solar wind.

[3] A magnetized turbulent MHD system will develop
anisotropies with respect to the mean magnetic field B0.
This was originally demonstrated in laboratory experiments
[Robinson and Rusbridge, 1971; Zweben et al., 1979] and
was also well documented in analytical, numerical and
observational studies [Shebalin et al., 1983; Montgomery,
1982; Oughton et al., 1994; Goldreich and Sridhar, 1995].
[4] The simplest models commonly used for the descrip-

tion of anisotropic SW fluctuations are the “slab” model,
where fluctuations have wave vectors parallel to B0, and the
“2D” model, where fluctuations have wave vectors per-
pendicular to B0 [e.g.,Matthaeus et al., 1990;Oughton et al.,
1994; Tu andMarsch, 1993; Bieber et al., 1994, 1996]. These
models are of course greatly oversimplified but provide a
useful parametrization of anisotropy in SW turbulence.
[5] In analytical calculations a two component decom-

position of this type, having no oblique wave vectors, pro-
vides great simplifications, for example in scattering and
transport theory [e.g., Matthaeus et al., 1995; Shalchi et al.,
2004]. However, conceptually it is often advantageous to
think of the two components as “quasi‐slab” and “quasi‐2D”,
meaning that according to some specified scheme based on
timescales, angle, etc., all wave vector contributions are
grouped into these two categories. This is the approach we
adopt here, and hereafter we shall refer to the two relevant
populations as simply slab or 2D components.
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[6] Anisotropies have been widely investigated at 1
astronomical unit (AU) for more than 20 years, using single
spacecraft techniques [e.g., Belcher and Davis, 1971;
Matthaeus et al., 1990; Tu and Marsch, 1995; Milano et al.,
2004; Dasso et al., 2005]; that means, analyzing under the
Taylor frozen‐in hypothesis [Taylor, 1938], spatial struc-
tures from time series measured by one spacecraft. Recently,
multi spacecraft studies at 1 AU have validated the main
results on anisotropic turbulence obtained from single
spacecraft observations [Matthaeus et al., 2005; Dasso et al.,
2008; Weygand et al., 2009; Osman and Horbury, 2007;
Matthaeus et al., 2010].
[7] As a consequence of these numerous studies, a com-

mon assumption is that the SW at 1 AU, contains a major
population of 2D fluctuations and a minor slab component.
However, single spacecraft studies have shown that, when
subdividing the sample into fast SW (speeds larger than
500 km/s) and slow SW (speeds lower than 400 km/s), the
former contains more slab‐like than 2D‐like fluctuations,
while in the latter it is the other way round [Dasso et al.,
2005]. This result has recently been confirmed by means
of multi spacecraft techniques [Weygand et al., 2011], where
the slow SW was defined as having speeds below 450 km/s
and the fast SW above 600 km/s.
[8] Thus, all these results at 1 AU motivate the following

questions: Is the distinct relative population of fluctuations
in fast and slow SW streams a consequence of intrinsic
differences in the fluctuation properties that are established
at the coronal sources? Or, if we assume that a high‐speed
stream will arrive at 1 AU more quickly than a low‐speed
stream, thus revealing “younger” states in the evolution of
interplanetary turbulence, are these differences a conse-
quence of the dynamical evolution of the turbulence from
the Sun to 1 AU? In the latter case, this issue becomes
relevant to questions of dynamical evolution of inner helio-
spheric turbulence in a more general way.
[9] It has long been known that the shape of the inter-

planetary magnetic field energy spectrum evolves [e.g.,
Bavassano et al., 1982; Tu et al., 1984; Roberts et al.,
1987a, 1987b; Marsch and Tu, 1990] radially at Helios
orbital distances between 0.3 and 1 AU. This includes migra-
tion of the “bendover scale” that separates a Kolmogorov‐
like ∼ −5/3 spectral slope at higher frequencies from a flatter
∼1/f spectral form at lower frequencies, which is associated
with the observed increase of the magnetic autocorrela-
tion length for growing heliodistances [e.g., Bruno and
Dobrowolny, 1986; Ruiz et al., 2010]. Similarly, there is a
transition from statistically more pure Alfvénic fluctuations
close to the Sun to more mixed, but still predominantly
outward, fluctuations farther away from the Sun, where they
become a mixture of “inward” and “outward” type Elsässer
fluctuations, and then tend to become equipartitioned
near 1 AU [Marsch and Tu, 1990] and beyond. These
radial changes have been attributed to dynamical evolution of
Alfvénic turbulence.
[10] Other authors [e.g., Bavassano and Bruno, 1989]

have suggested that solar wind fluctuations may be a super-
position of convected structures (of probably solar origin)
and propagating and nonlinearly evolving Alfvén waves.
[11] On the other hand, there have been opposite sug-

gestions that certain features of turbulence do not evolve
with heliocentric distance [MacBride et al., 2010], or even

that the majority of the spectral power in SW fluctuations is
not active turbulence at all [Borovsky, 2008, 2010].
[12] To answer these questions better, it is desirable to

understand more fully how (or if) anisotropy evolves with
distance from the Sun in the inner heliosphere, thereby
taking into account (to the extent this is possible) the
dynamical age of the turbulence as well as the magnetic
field direction and the SW speed.
[13] We address these questions in the present work

employing a wide range of plasma‐parcel ages ranging from
20 up to 140 hours. The results show that the anisotropy
measured by the correlation scale systematically evolves in
the inner heliosphere, indicating the presence of a rich set of
dynamical processes to be explored by planned missions
such as Solar Probe Plus and Solar Orbiter.
[14] In the following section we present the theoretical

background for our work. In section 3 we describe the data
processing, while in section 4 we analyze the anisotropy of
the correlation lengths. Finally, in section 5 we present a
discussion of the results and our conclusions.

2. Magnetic Autocorrelation Function

[15] A turbulent magnetic field B can be studied by sep-
arating the small‐scale fluctuating component b from the
large‐scale field hBi, described by an ensemble average
(indicated by brackets h…i). Thus the field is decomposed as:

B ¼ Bh i þ b ð1Þ

[16] The examination of the magnetic self‐correlation
function, which can be defined as

R x; tf g; r; �f gð Þ ¼ b x; tð Þ � b xþ r; t þ �ð Þh i; ð2Þ

is one way of analyzing turbulent magnetic field fluctua-
tions. R({x, t}; {r, t}) represents the average trace of the
usual two‐points/two‐times correlation tensor for the mag-
netic field, and {r, t} the space and time lags, respectively.
[17] The dependence on the position and time {x, t}, where

R is computed, can be removed if we suppose a stationary
and homogeneous medium.
[18] Since the SW (with radial velocity Vsw = r̂Vsw) is

supersonic and super‐Alfvénic with respect to the spacecraft
(considered to be at rest in the heliosphere during the several
hours of measurement), we may assume the validity of the
Taylor frozen‐in‐flow hypothesis [Taylor, 1938],

R r ¼ �r̂Vsw�; � ¼ 0ð Þ fluid frame ¼ R r ¼ 0; �ð Þ�
�

�
�
spacecraft frame

; ð3Þ

that is, fluctuations are just convected past the spacecraft in
a timescale shorter than its own characteristic dynamical
timescale. Then, the intrinsic time dependence of the mag-
netic fluctuations in equation (2) can be neglected, and R
becomes a function of r alone. Therefore the spatial struc-
ture of R can be computed from the time series of the field
observed in situ by the spacecraft and reads:

R rð Þ ¼ b 0ð Þ � b rð Þh i: ð4Þ

[19] Suppose we consider a spatial lag, r(�) = rr̂(�), that
lies in the direction r̂ making an angle � to the mean mag-
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netic field B0. For isotropic turbulence, correlations fall off
in the same way in any direction. However, for anisotropic
turbulence, the correlation function will not behave the same
way in all directions. A measure of this correlation anisot-
ropy can be constructed by computing an integral scale from
the correlation function. This may also be called the spatial
correlation length along the direction given by �, and can be
defined as

� �ð Þ ¼
R∞
0 b 0ð Þ � b rr̂ �ð Þð idrh

b2h i ; ð5Þ

where r̂(�) is a unit vector defining the direction of
integration.
[20] Following convention, this correlation length l (�)

can be viewed as an anisotropic measure of the size of the
energy‐containing eddies in turbulence [Batchelor, 1970].
[21] The correlation scale is also frequently regarded as a

demarcation of the low‐frequency end of the power law
range, separating the inertial range from the low‐frequency
spectrum that is associated with large‐scale structures in the
SW [Bruno and Carbone, 2005].

3. Data Analysis

[22] In this section we apply the theoretical approach
summarized above to the data sets obtained from the mag-
netic field [Neubauer et al., 1977] and plasma [Rosenbauer
et al., 1977; Marsch et al., 1982] instruments onboard the
Helios 1 (H1) and Helios 2 (H2) spacecrafts. The time series
we analyze correspond to the in situ solar wind observations
made from December 1974 to June 1981 (comprising almost
one full eleven‐year solar cycle). They have a cadence of
40 s and are essentially on the ecliptic plane between
0.3 AU and 1.0 AU.
[23] We group the data into 24‐hour intervals (I), thus

obtaining N1 subseries (or intervals, I = {1,., N1}). Then we
repeat this procedure by shifting the data by 12 hours to

obtain N2 additional intervals. This approach maximizes
utilization of the data.
[24] To avoid samples with very low statistical signifi-

cance, we retain only those intervals encompassing at least
the 30% of the observations expected for the cadence men-
tioned above. Then, our collection of usable data includes
N1 + N2 = N = 705 intervals for spacecraft H1 and N = 743
intervals for spacecraft H2.
[25] The correlation functions and associated correlation

scales are computed in the following manner. From the
observed time series of the magnetic field (BI), we define in
each interval the magnetic fluctuations as bI = BI − B0

I ,
where B0

I is a linear fit to BI data. This procedure removes
both the mean value of the field and a linear trend associated
with unresolved very low‐frequency power. The local esti-
mate of the ensemble average magnetic field is identified
with the fit field B0

I .
[26] Then, we employ the Blackman‐Tukey technique to

compute each correlation function RI in the same way as
done by Milano et al. [2004]. To be able to compare
intervals with different fluctuation amplitudes, we compute
normalized correlation functions as R(r)norm,I = R(r)I/R(0)I.
For simplicity of notation, we omit the “norm” label hereafter.
[27] A typical magnetic correlation function, computed by

the above method in the inner heliosphere, is shown in
Figure 1. We use two different methods, called i and ii, to
estimate the magnetic correlation length (lI) from the cor-
relation function in each interval. A simple approximation
for the behavior of RI at the large scales and in the long‐
wavelength part of the inertial range is an exponential
decay, R ∼ e−r/l.
[28] Method i determines an estimate of the correlation

scale li
I as the value of the lag r where the decreasing

function RI reaches exp(−1) by first time, that is RI(li
i) = 1/e.

[29] Using the same approximation for the form of the
correlation, we can parameterize the correlation function as
log (R) ∼ −r/l. The second method ii employs this relation
and defines lii

I as minus the inverse of the slope obtained
from a linear fit to log(R) vs. r (see inset plot in Figure 1).
[30] A comparison of methods i and ii is shown in Figure 2.

On average lii
I provides an estimate that is slightly larger

than the one provided by li
I, lii

I /li
I ∼ 1.16, as revealed by

least squares fits to the Helios data.
[31] We also include in our data set the mean within each

interval of the distance from the Sun to the spacecraft (DI),
the proton speed (Vp

I = Vsw
I ), and the angle (�I) between

the direction of the mean magnetic field hB0
I i and the SW

velocity (r̂, which gives the direction of the spatial lag).
[32] As a final step, we refine the analyzed data set by

removing outliers of lI. Values of lI are considered as
spurious if they depart from their means by one standard
deviation s toward smaller values of l, or by 2s toward
larger ones.
[33] Also considered outliers are those intervals in which

the mean‐field direction is not well determined. We select
intervals with the direction of hB0

I i (and therefore �I) well
established inside the 24‐hour interval. Accordingly, we
define the quantity D� as the difference between the mean
angle � in the first half and second half of the interval; and
retain only those intervals showing low values of D�, spe-
cifically jD�j < 30°. After the above refinements, the final

Figure 1. Typical (variance‐normalized) magnetic self‐
correlation function R in the inner heliosphere. This single
interval corresponds to Helios 1 observations at 0.964 AU
on December 26, 1974. The inset shows R in logarithmic
scale. Solid line shows the linear fit of ln(R) versus r.

RUIZ ET AL.: BRIEF REPORT A10102A10102

3 of 7



data set encompasses 536 intervals for H1 and 529 for H2,
totaling 1065 intervals. Although there are several gaps in
the Helios data set, the final 1065 intervals are roughly equi‐
distributed during the solar cycle and along the spacecraft
orbit.

4. Anisotropy

[34] We proceed to analyze the dependence of l upon
heliodistance D, angle relative to hB0

I i, and the age of the
turbulence.
[35] We defined three heliodistance ranges (bins), namely,

close to the Sun, intermediate distances, and near 1 AU,
each bin having a width of 0.23 AU (0.22 AU) for H1 (H2).
We established two angular channels: the parallel channel
(0° < �I < 40°) and the perpendicular one (50° < �I < 90°).
[36] Narrower angular bins were explored, arriving at

qualitatively similar results but with larger error bars (lower
number of intervals per bin). Thus, we conclude that wid-
ening the angular channels up to 40° increases the parallel
and perpendicular counts without polluting the results.
Nevertheless, smaller angular bins have been used in other
works when studying power and spectral anisotropies [e.g.,

Horbury et al., 2008; Wicks et al., 2010] using methods that
differ from what we employ here.
[37] We then distribute all the intervals into the spatial

bins and angular channels and compute conditional averages
of l. In this way, for every heliocentric distance bin we
obtain eight mean values of l: four lk and four l?. The
factor of four is associated with all combinations of the two
spacecraft and the two methods.
[38] The relative order between lk and l? can be inter-

preted qualitatively in terms of the relative abundance of the
two basic components, quasi‐slab and quasi‐2D, of the
MHD‐scale fluctuations. Accordingly, preponderance of
the slab‐like component with wave vectors mainly parallel
to the mean magnetic field hB0

I i is identified by lk/l? < 1,
while preponderance of the quasi‐2D component, having
mainly perpendicular wave vectors, is identified by lk/l? > 1
[Matthaeus et al., 1990; Dasso et al., 2005].
[39] Figure 3 (left) shows the evolution of lk and l? with

the heliocentric distance for the H1 spacecraft. The data
plotted correspond to correlation lengths computed with
method i (we obtain similar results with method ii and both
methods for H2, not shown here for brevity).
[40] For the group of data sets at distances nearest the

Sun, we find that the turbulence is highly anisotropic, with
lk/l? = 0.58, 0.51, 0.89, 0.81 for method‐spacecraft com-
binations i‐H1, ii‐H1, i‐H2, ii‐H2, respectively. As the
heliocentric distance grows, the observed anisotropy
becomes weaker, due to a steadily growth of lk while l?
remains nearly constant, implying a shift of kk toward small
frequencies, as has been previously reported [Bruno and
Carbone, 2005].
[41] Several previous works based on observations at

1 AU have shown that lk > l? only for slow SW, as well as
for samples with mixed fast and slow SW [Matthaeus et al.,
1990; Milano et al., 2004; Dasso et al., 2005; Weygand
et al., 2009].
[42] It must be noted that, near the ecliptic plane, the slow

wind is much more frequent than the fast wind, and there-
fore all mean values computed for a mixed SW sample will
favor slow SW properties and disfavor fast SW features. In
spite of the latter, in the region nearest 1 AU (ranging from
0.76 to 0.98 AU for H1 and from 0.75 to 0.98 AU for H2),
we find that lk < l?.
[43] Motivated on result at 1 AU that shows different

relative order between lk and l? for fast and slow SW and

Figure 2. Scatterplot of lii
I versus li

I for Helios 1 and
Helios 2. The line lii

I = li
I and linear least squares lines

are shown for reference.

Figure 3. Evolution of li,k and li?. (left) Dependence on heliodistance (D). (right) Dependence on
turbulence age (T). Ticks of the abscissas indicate the center of each bin, bars show the mean’s error.
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considering that the high‐speed wind will arrive earlier at
1 AU (and therefore being younger than the slow SW), we
analyze the dependence of l on what we call the “age” of
the interval. To this end, we compute this age, TI = DI/Vsw

I ,
for each interval as the nominal time it takes a SW parcel
moving at speed Vsw

I to travel a given distance from the Sun
to the spacecraft located at DI.
[44] Accordingly, we defined three ranges of turbulence

age in bins having widths of 20.5 hours (19.5 hours) for H1
(H2). The bin labeled T1 is the youngest bin, centered at
40.5 hours. Bin T2 is at intermediate ages centered at
80 hours, while bin T3 contains the oldest samples centered
at 120 hours. In each bin we established the same two
angular channels. We compute again conditional averages of
l, considering only those intervals I that correspond to a
given angular channel and a given age range, in the same
way as described above.
[45] The results taking into account turbulence age, using

spacecraft H1 and method i, are shown in Figure 3 (right).
Similar results have been obtained using method ii and H2
(not shown). For ages near 40 hours, that is for the young
wind in bin T1, we find that lk ∼ l?/2. In particular lk/l? =
0.56, 0.91, 0.48, 0.61, for method‐spacecraft i‐H1, i‐H2,
ii‐H1, ii‐H2. This strong anisotropy is consistent with the
injection of k‐parallel Alfvén waves near the Sun. As the
wind age grows toward bin T2, around the age of T = 80
hours, we find a trend to an isotropization of l. For ages
between T = 80 hours and T = 120 hours an inversion
happens, and when the wind is already old that is for ages
about 120 hours in bin T3, we find that lk > l?, as expected

at 1 AU for a slow or mixed SW. Values of lk/l? in each
aging bin for the different combinations of spacecraft and
method are shown in Table 1, showing robust results.
[46] Figure 4 presents as a function of age, and without

any binning, the values of lk and l? obtained for each
interval. Single lines showing linear fits to data (red line for
lk and blue line for l?) reveal a tendency of lk to grow with
T at a significantly larger rate than l?. In fact, with both H1
and H2 data sets it is possible to find a linear behavior of lk,
which can be represented as lk,s/c (T) = ak,s/c T + bk,s/c,
where s/c is H1 or H2. Least squares fits give the coeffi-
cients: ak,H1 = (5.3 ± 0.5) × 10−5 AU h−1, ak,H2 = (1.8 ± 0.7) ×
10−5 AU h−1, bk,H1 = (1.2 ± 0.3) × 10−3 AU and, bk,H2 = (4.4 ±
0.5) × 10−3 AU.
[47] In contrast, for l?, if there is a linear increase, it is

apparently so weak that neither H1 nor H2 could observe it,
since a?,H1 = (1 ± 1) × 10−5 AU hs−1 and a?,H2 = (0.6 ± 0.9)
× 10−5 AU hs−1, i.e., within error bars the slope may be zero.
Nevertheless, a dimensionless global estimator for the evo-
lution of the anisotropy in the range 10 < T < 200 hours may
be given by the relation: Q(T) = lk/l? = (AT + B)/hl?i.
Averaging the data from both missions we obtain A = (3.6 ±
1.7) × 10−5 AU hs−1, B = (2.8 ± 1.6) × 10−3 AU (assigned
errors correspond to the semi difference of the Helios
values) and hl?i = 0.007 ± 0.004 AU.

5. Discussion and Conclusions

[48] From the analysis of almost seven years of Helios
SW data, we have presented a study of the dynamical
evolution of the anisotropy of magnetic fluctuations in the
inner heliosphere. The main indicator we employ in this
paper for the study of SW anisotropy is the correlation scale
measured either mainly parallel to, or mainly perpendicular
to, the mean magnetic field direction.
[49] Helios 1 and Helios 2 are unique spacecraft that

systematically have in situ observed the inner heliosphere,
and therefore they can up to this day provide the best
available evidence of the turbulence state close to the Sun,

Table 1. Ratios of lk to l? for Each Age Bin (TI)

Spacecraft Method
�k
�?

(T1)
�k
�?

(T2)
�k
�?

(T3)

Helios 1 i 0.56 ± 0.05 0.89 ± 0.07 1.14 ± 0.18
ii 0.48 ± 0.06 0.77 ± 0.07 1.01 ± 0.16

Helios 2 i 0.91 ± 0.11 0.84 ± 0.05 0.99 ± 0.10
ii 0.61 ± 0.11 0.80 ± 0.06 0.99 ± 0.11

Figure 4. Scatterplot of lk and l? versus age. Here both methods i and ii have been considered. Linear
trends are shown for reference: red line is fit for lk; blue line for l?.
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and give hints on the possible initial conditions of the tur-
bulence in the outer corona. The here derived measures of
the correlation‐scale anisotropy also provide indications
relevant for planning the in situ observations by the
upcoming Solar Probe Plus and Solar Orbiter missions.
[50] Especially in the inner heliosphere, the state of the

turbulence, including the nature of the anisotropies studied
here, is a complex combination of boundary and source
characteristics. They are related to the initiation of the SW
and convolved with various types of evolution that may
commence very close to the Sun, perhaps at the Alfvénic
critical point (possibly located within 14–34 Rs [see, e.g.,
Marsch and Richter, 1984]). It appears, however, that the
observed evolution of the anisotropy with heliocentric dis-
tance, as found in this study, is in agreement with several
turbulence theories that favor perpendicular spectral transfer
of energy. Generally, one expects from experiment, theory
and numerical simulations that the anisotropic cascade
preferentially magnifies gradients perpendicular to the mean
field, while the evolution of the wave vector component
parallel to the local mean magnetic field is relatively sup-
pressed [e.g., Zweben and Taylor, 1981; Shebalin et al., 1983;
Robinson and Rusbridge, 1971; Oughton et al., 1994;
Goldreich and Sridhar, 1995].
[51] The results presented here are consistent with a

greater abundance of the slab‐like population near Sun,
which progressively evolves, according to the SW age,
which is defined as the time spent by fluid parcels since their
birth near the Sun until the in situ observation. During this
evolution, the relative abundance of the slab‐like and 2D
populations tends to become inverted, and the system reaches
at 1 AU a state resembling that of the slow wind which
has a stronger 2D component.
[52] In this work we study the spatial structure of the

magnetic correlation function, detecting strong anisotropy
near the Sun and weak anisotropy near 1 AU.
[53] Power and spectral index anisotropies have also been

studied by other authors [e.g., Horbury et al., 2008; Podesta,
2009;Wicks et al., 2010; Narita et al., 2010a, 2010b]. These
authors have employed methods that effectively define the
mean field to be a local quantity that itself depends upon the
fluctuations.
[54] This way of looking at the anisotropy (based on the

local mean field) is very different from the approach used in
the present work. Here we treat the mean field as an estimate
of an ensemble average quantity, an approach which favors
maintaining well defined ensemble averaged directions (i.e.,
a fixed coordinate system for evaluation of the spectra and
correlation functions).
[55] Although both methods differ, we view them to be

complementary. Examples of the local perspective are given
by Cho and Vishniac [2000], Maron and Goldreich [2001],
Horbury et al. [2008], Podesta [2009], and Wicks et al.
[2010]. A comparison between the local and global meth-
ods is shown by Chen et al. [2011].
[56] In particular, Wicks et al. [2010], using 100 contin-

uous days of Ulysses data, reported isotropy of the outer
scale for fast polar wind in the outer heliosphere between
1.38 and 1.93 AU. On the other hand, Narita et al. [2010a,
2010b], using 4 hours of Cluster data, analyzed the energy
distribution of magnetic field fluctuations in the 3D wave

vector domain and obtained direct evidence of the domi-
nance of the 2D picture.
[57] In this manner, our results are fully compatible with

earlier findings that the fast SW (which is younger) is more
slab‐like and that the slow SW (which is older) is more 2D‐
like [Dasso et al., 2005; Weygand et al., 2011].
[58] These results have direct impact on diffusion models

for transport of charged particles through the inner helio-
sphere, indicating that the energy distribution near the Sun is
richer in slab modes than in 2D modes.
[59] Here we have focused on the anisotropy of SW

magnetic fluctuations, our future studies will revise the
velocity as well as Elsässer‐variable fluctuations.

[60] Acknowledgments. SD is a member of the Carrera del Investi-
gador Cientifico, CONICET. MER is a fellow from CONICET. MER
and SD acknowledge partial support by Argentinean grants UBACyT
20020090100264 (UBA), PIP 11220090100825/10 (CONICET), PICT
2007‐00856 (ANCPyT). SD acknowledges support from the Abdus Salam
International Centre for Theoretical Physics (ICTP), as provided in the
frame of his regular associateship. JW and WHM acknowledge partial sup-
port by NASA Heliophysics Guest Investigator Program grant
NNX09AG31G, and NSF grants ATM‐0752135 (SHINE) and ATM‐
0752135.
[61] Philippa Browning thanks the reviewers for their assistance in

evaluating this paper.

References
Batchelor, G. K. (1970), The Theory of Homogeneous Turbulence,
Cambridge Univ. Press, Cambridge, U. K.

Bavassano, B., and R. Bruno (1989), Large‐scale solar wind fluctuations in
the inner heliosphere at low solar activity, J. Geophys. Res., 94, 168,
doi:10.1029/JA094iA01p00168.

Bavassano, B., M. Dobrowolny, F. Mariani, and N. F. Ness (1982), Radial
evolution of power spectra of interplanetary Alfvenic turbulence, J. Geophys.
Res., 87, 3617, doi:10.1029/JA087iA05p03617.

Belcher, J. W., and L. Davis Jr. (1971), Large‐amplitude Alfvén waves in
the interplanetary medium, 2., J. Geophys. Res., 76, 3534, doi:10.1029/
JA076i016p03534.

Bieber, J. W., W. H. Matthaeus, C. W. Smith, W. Wanner, M. Kallenrode,
and G. Wibberenz (1994), Proton and electron mean free paths: The
Palmer consensus revisited, Astrophys. J., 420, 294, doi:10.1086/173559.

Bieber, J. W., W. Wanner, and W. H. Matthaeus (1996), Dominant two‐
dimensional solar wind turbulence with implications for cosmic ray trans-
port, J. Geophys. Res., 101, 2511, doi:10.1029/95JA02588.

Borovsky, J. E. (2008), Flux tube texture of the solar wind: Strands of the
magnetic carpet at 1 AU?, J. Geophys. Res., 113, A08110, doi:10.1029/
2007JA012684.

Borovsky, J. E. (2010), Contribution of strong discontinuities to the power
spectrum of the solar wind, Phys. Rev. Lett., 105, 111102, doi:10.1103/
PhysRevLett.105.111102.

Bruno, R., and V. Carbone (2005), The solar wind as a turbulence labora-
tory, Living Rev. Sol. Phys., 2, 4.

Bruno, R., and M. Dobrowolny (1986), Spectral measurements of magnetic
energy and magnetic helicity between 0.29 and 0.97 AU, Ann. Geophys.,
4, 17.

Chen, C. H. K., A. Mallet, T. A. Yousef, A. A. Schekochihin, and T. S.
Horbury (2011), Anisotropy of Alfvénic turbulence in the solar wind
and numerical simulations, Mon. Not. R. Astron. Soc., 415, 3219,
doi:10.1111/j.1365-2966.2011.18933.x.

Cho, J., and E. T. Vishniac (2000), The anisotropy of magnetohydrody-
namic Alfvénic turbulence, Astrophys. J., 539, 273, doi:10.1086/309213.

Dasso, S., L. J. Milano, W. H. Matthaeus, and C. W. Smith (2005), Anisot-
ropy in fast and slow solar wind fluctuations, Astrophys. J., 635, L181,
doi:10.1086/499559.

Dasso, S., et al. (2008), ACE/Wind multispacecraft analysis of the magnetic
correlation in the solar wind, in Proceedings of the 30th International
Cosmic Ray Conference, vol. 1, pp. 625–628, Univ. Nac. Autónoma de
México, Mexico City.

Goldreich, P., and S. Sridhar (1995), Toward a theory of interstellar turbu-
lence. 2: Strong Alfvenic turbulence, Astrophys. J., 438, 763,
doi:10.1086/175121.

RUIZ ET AL.: BRIEF REPORT A10102A10102

6 of 7



Horbury, T. S., M. Forman, and S. Oughton (2008), Anisotropic scaling of
magnetohydrodynamic turbulence, Phys. Rev. Lett., 101, 175005,
doi:10.1103/PhysRevLett.101.175005.

MacBride, B. T., C. W. Smith, and B. J. Vasquez (2010), Inertial‐range
anisotropies in the solar wind from 0.3 to 1 AU: Helios 1 observations,
J. Geophys. Res., 115, A07105, doi:10.1029/2009JA014939.

Maron, J., and P. Goldreich (2001), Simulations of incompressible magne-
tohydrodynamic turbulence, Astrophys. J., 554, 1175, doi:10.1086/
321413.

Marsch, E., and A. K. Richter (1984), Distribution of solar wind angular
momentum between particles and magnetic field—Inferences about the
Alfven critical point from Helios observations, J. Geophys. Res., 89,
5386, doi:10.1029/JA089iA07p05386.

Marsch, E., and C. Tu (1990), Spectral and spatial evolution of compress-
ible turbulence in the inner solar wind, J. Geophys. Res., 95, 11945,
doi:10.1029/JA095iA08p11945.

Marsch, E., R. Schwenn, H. Rosenbauer, K.‐H. Muehlhaeuser, W. Pilipp,
and F. M. Neubauer (1982), Solar wind protons—Three‐dimensional
velocity distributions and derived plasma parameters measured between
0.3 and 1 AU, J. Geophys. Res., 87, 52, doi:10.1029/JA087iA01p00052.

Matthaeus, W. H., M. L. Goldstein, and D. A. Roberts (1990), Evidence for
the presence of quasi‐two‐dimensional nearly incompressible fluctua-
tions in the solar wind, J. Geophys. Res., 95, 20673.

Matthaeus, W. H., P. C. Gray, D. H. Pontius Jr., and J. W. Bieber (1995),
Spatial structure and field‐line diffusion in transverse magnetic turbu-
lence, Phys. Rev. Lett., 75, 2136, doi:10.1103/PhysRevLett.75.2136.

Matthaeus, W. H., S. Dasso, J. M. Weygand, L. J. Milano, C. W. Smith,
and M. G. Kivelson (2005), Spatial correlation of solar‐wind turbulence
from two‐point measurements, Phys. Rev. Lett., 95, 231101, doi:10.1103/
PhysRevLett.95.231101.

Matthaeus, W. H., S. Dasso, J. M. Weygand, M. G. Kivelson, and K. T.
Osman (2010), Eulerian decorrelation of fluctuations in the interplanetary
magnetic field, Astrophys. J., 721, L10, doi:10.1088/2041-8205/721/1/L10.

Milano, L. J., S. Dasso, W. H. Matthaeus, and C. W. Smith (2004), Spectral
distribution of the cross helicity in the solar wind, Phys. Rev. Lett., 93,
155005, doi:10.1103/PhysRevLett.93.155005.

Montgomery, D. (1982), Major disruptions, inverse cascades, and the
Strauss equations, Phys. Scr. T, 2, 83, doi:10.1088/0031-8949/1982/
T2A/009.

Narita, Y., K.‐H. Glassmeier, F. Sahraoui, and M. L. Goldstein (2010a),
Wave‐vector dependence of magnetic‐turbulence spectra in the solar
wind, Phys. Rev. Lett., 104, 171101, doi:10.1103/PhysRevLett.
104.171101.

Narita, Y., F. Sahraoui, M. L. Goldstein, and K.‐H. Glassmeier (2010b),
Magnetic energy distribution in the four‐dimensional frequency and
wave vector domain in the solar wind, J. Geophys. Res., 115, A04101,
doi:10.1029/2009JA014742.

Neubauer, F. M., H. J. Beinroth, H. Barnstorf, and G. Dehmel (1977), Ini-
tial results from the Helios‐1 search‐coil magnetometer experiment,
J. Geophys. Z. Geophys., 42, 599.

Osman, K. T., and T. S. Horbury (2007), Multispacecraft measurement of
anisotropic correlation functions in solar wind turbulence, Astrophys. J.,
654, L103, doi:10.1086/510906.

Oughton, S., E. R. Priest, and W. H. Matthaeus (1994), The influence of a
mean magnetic field on three‐dimensional magnetohydrodynamic turbu-
lence, J. Fluid Mech., 280, 95, doi:10.1017/S0022112094002867.

Podesta, J. J. (2009), Dependence of solar‐wind power spectra on the direc-
tion of the local mean magnetic field, Astrophys. J., 698, 986,
doi:10.1088/0004-637X/698/2/986.

Roberts, D. A., M. L. Goldstein, L. W. Klein, and W. H. Matthaeus
(1987a), Origin and evolution of fluctuations in the solar wind—Helios
observations and Helios‐Voyager comparisons, J. Geophys. Res., 92,
12,023, doi:10.1029/JA092iA11p12023.

Roberts, D. A., L. W. Klein, M. L. Goldstein, and W. H. Matthaeus
(1987b), The nature and evolution of magnetohydrodynamic fluctuations
in the solar wind–Voyager observations, J. Geophys. Res., 92, 11,021,
doi:10.1029/JA092iA10p11021.

Robinson, D. C., and M. G. Rusbridge (1971), Structure of turbulence in
the zeta plasma, Phys. Fluids, 14, 2499, doi:10.1063/1.1693359.

Rosenbauer, H., R. Schwenn, E. Marsch, B. Meyer, H. Miggenrieder, M. D.
Montgomery, K. H. Muehlhaeuser, W. Pilipp, W. Voges, and S. M. Zink
(1977), A survey on initial results of the Helios plasma experiment,
J. Geophys. Z. Geophys., 42, 561.

Ruiz, M. E., S. Dasso, W. H. Matthaeus, E. Marsch, and J. M. Weygand
(2010), Anisotropy of the magnetic correlation function in the inner heli-
osphere, in Twelfth International Solar Wind Conference, vol. 1216,
pp. 160–163, Am. Inst. of Phys., Melville, New York.

Shalchi, A., J. W. Bieber, W. H. Matthaeus, and G. Qin (2004), Nonlinear
parallel and perpendicular diffusion of charged cosmic rays in weak tur-
bulence, Astrophys. J., 616, 617, doi:10.1086/424839.

Shebalin, J. V., W. H. Matthaeus, and D. Montgomery (1983), Anisotropy
in MHD turbulence due to a mean magnetic field, J. Plasma Phys., 29,
525, doi:10.1017/S0022377800000933.

Taylor, G. (1938), The spectrum of the turbulence, Proc. R. Soc. London,
Ser. A, 164, 476.

Tu, C., and E. Marsch (1993), A model of solar wind fluctuations with two
components—Alfven waves and convective structures, J. Geophys. Res.,
98, 1257, doi:10.1029/92JA01947.

Tu, C.‐Y., and E. Marsch (1995), MHD Structures, Waves and Turbulence
in the Solar Wind: Observations and Theories, Kluwer, Dordrecht,
Netherlands.

Tu, C., Z. Pu, and F. Wei (1984), The power spectrum of interplanetary
Alfvenic fluctuations: Derivation of the governing equation and its solu-
tion, J. Geophys. Res., 89, 9695, doi:10.1029/JA089iA11p09695.

Weygand, J. M., W. H. Matthaeus, S. Dasso, M. G. Kivelson, L. M. Kistler,
and C. Mouikis (2009), Anisotropy of the Taylor scale and the correla-
tion scale in plasma sheet and solar wind magnetic field fluctuations,
J. Geophys. Res., 114, A07213, doi:10.1029/2008JA013766.

Weygand, J. M., W. H. Matthaeus, S. Dasso, and M. G. Kivelson (2011),
Correlation and Taylor scale variability in the interplanetary magnetic
field fluctuations as a function of solar wind speed, J. Geophys. Res.,
116, A08102, doi:10.1029/2011JA016621.

Wicks, R. T., T. S. Horbury, C. H. K. Chen, and A. A. Schekochihin
(2010), Power and spectral index anisotropy of the entire inertial range
of turbulence in the fast solar wind, Mon. Not. R. Astron. Soc., 407,
L31, doi:10.1111/j.1745-3933.2010.00898.x.

Zweben, S. J., and R. J. Taylor (1981), Phenomenological comparison of
magnetic and electrostatic fluctuations in the Macrotor tokamak, Nucl.
Fusion, 21, 193.

Zweben, S. J., C. R. Menyuk, and R. J. Taylor (1979), Small‐scale mag-
netic fluctuations inside the Macrotor tokamak, Phys. Rev. Lett., 42,
1720, doi:10.1103/PhysRevLett.42.1720.3.

S. Dasso and M. E. Ruiz, Instituto de Astronomía y Física del Espacio,
CONICET, Universidad de Buenos Aires, C.C. 67, Sucursal 2 28, 1428
Buenos Aires, Argentina. (dasso@df.uba.ar; meruiz@iafe.uba.ar)
E. Marsch, Max‐Planck‐Institut für Sonnensystemforschung, Max‐

Planck‐Straße 2, D‐37191 Katlenburg‐Lindau, Germany. (marsch@
linmpi.mpg.de)
W. H. Matthaeus, Bartol Research Institute, University of Delaware,

Newark, DE 19716, USA. (whm@udel.edu)
J. M. Weygand, Institute of Geophysics and Planetary Physics,

University of California, Los Angeles, CA 90095, USA. (jweygand@
igpp.ucla.edu)

RUIZ ET AL.: BRIEF REPORT A10102A10102

7 of 7



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


