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[1] Simultaneous multiple point measurements of the magnetic field from 11 spacecraft
are employed to determine the correlation scale and the magnetic Taylor microscale
of the solar wind as functions of the mean magnetic field direction and solar wind speed.
We find that the Taylor scale is independent of direction relative to the mean magnetic
field in both the slow (<450 km/s) and the fast (>600 km/s) solar wind, but the
Taylor scale is longer along the mean magnetic field direction in the intermediate
(600 km/s ≥ speed ≥ 450 km/s) solar wind. The correlation scale, on the other hand, varies
with angle from the mean magnetic field direction. In the slow solar wind the ratio of
the parallel correlation scale to the perpendicular correlation scale is 2.55 ± 0.76, decreases
to 2.15 ± 0.18 in the intermediate solar wind, and becomes 0.71 ± 0.29 in the fast solar
wind. Thus, solar wind turbulence is anisotropic, dominated by quasi two‐dimensional
turbulence in both the slow and intermediate solar wind, and by slab type turbulence in the
fast solar wind. The correlation and Taylor scales may be used to estimate effective
magnetic Reynolds numbers separately for each angular channel. To within the
uncertainty, no dependence on the solid angle relative to the mean magnetic field could
be identified for the Reynolds number. These results may be useful in
magnetohydrodynamic modeling of the solar wind and can contribute to our
understanding of solar and galactic cosmic ray diffusion in the heliosphere.
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1. Introduction

[2] In the cascade picture of broadband turbulence, energy
input occurs mainly at large scales but is transferred across
scales by nonlinear processes, eventually reaching small
scales where dissipation mechanisms of kinetic origin limit
the transfer, dissipate the fluid motions, and convert kinetic
energy into heat. This general picture is expected in hydro-
dynamics and in fluid plasma models such as magnetohy-
drodynamics (MHD) when the associated Reynolds number
and magnetic Reynolds number are large compared to unity,
implying that nonlinear couplings are much stronger than the
dissipation processes at large scales and that structures having
a wide range of spatial scales are involved in the dynamics. In

the MHD limit, flows and field perturbations are clearly
coupled, implying that their properties are closely related.
Spectra of fluctuations of the magnetic field (as well as other
quantities such as velocity and density) are found to be
broadbanded in the solar wind. Many studies of magnetic
field and solar wind flow turbulence analyze the cascade
process through spectral analysis [Goldstein et al., 1994,
1995] or through analysis of structure functions [Burlaga and
Klein, 1986; Burlaga, 1991a, 1991b, 1991c; Tu and Marsch,
1995] at various orders. Spectral analysis emphasizes the self‐
similar range of scale properties that give rise to descriptions
such as the famous power law of Kolmogorov theory
[Kolmogorov, 1941] and its variants [Kraichnan, 1965].
[3] The self‐similar range is typically defined as extending

from an energy‐containing scale (large scale) down to a Kol-
mogorov dissipation scale. Thus the two most studied length
scales are those that define the long wavelength and short
wavelength ends of the power law inertial spectral range. The
energy‐containing scale is typically of the same order as the
correlation scale lCS, which can be measured using classical
methods based on the assumption of Taylor frozen‐in flow and
can be associated with the first bend‐over point in a power
spectrum of the turbulent fluctuations. This bend–over point or
the long wavelength end of the inertial range starts at scale
smaller than both the energy containing scale and correlation
scale. The dissipation scale Ldiss is the scale at which the tur-
bulent cascade is critically damped and significant energy is
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deposited into heat. This scale can be associated with the
second bend‐over point in a power spectrum.
[4] Another fundamental turbulence scale, the magnetic

Taylor microscale, is approximately the wave number (k)
within power spectra at which damping of the turbulent
eddies in the cascade begins to become more important and
corresponds to smaller k (larger wavelengths) than the dis-
sipation scale. In hydrodynamics the Taylor microscale may
be interpreted as the length at which the eddy viscous dis-
sipation time (k2n)−1, where n is the viscosity, becomes
equal to the global eddy turnover time lCS/u where u is the
bulk speed. With the hydrodynamics definition of the Taylor
microscale and the large scale Reynolds number given as
R = u lCS/n, the Taylor and correlation scales are related by
[Batchelor, 1970]

Reff ¼ �CS

�T

� �2

: ð1Þ

The effective Reynolds number, correlation scale, and
Taylor scale and their possible anisotropy are important
parameters for understanding the nature of turbulence in a
plasma and for determining whether the parameters of
numerical MHD models match those of the space plasmas
that they model. In this study we focus on variation of the
correlation scale with direction relative to the magnetic field
for three different ranges of solar wind speed. We use the
derived values to calculate the effective magnetic Reynolds
number and to investigate its dependence on flow speed and
direction relative to the magnetic field.
[5] In the related fields of plasma physics, magnetohydro-

dynamics and space plasmas, turbulence has been analyzed
by procedures analogous to those used in hydrodynamics. If
the mean velocity of the flow relative to a spacecraft is
supersonic and super‐Alfvénic, the correlation scale is often
evaluated from single point measurements by assuming the
fluctuations are frozen‐into the flow. This assumption intro-
duces errors related to the temporal evolution of the medium,
which may result from the presence of dispersive waves with
possibly high phase velocities or other time variations. Cor-
relation scales can also be computed using the two‐point, or
two spacecraft method outlined by Matthaeus et al. [2005]
and avoid errors introduced by temporal evolution of the
medium.
[6] Although the Taylor scale has been evaluated in

hydrodynamic systems, the analog of the Taylor microscale
in space plasmas has been almost completely ignored prior to
Matthaeus et al. [2005], mainly because of instrumental
limitations including cadence and instrumental uncertainty.
In recent years with the increased availability of high time
resolution magnetic field measurements, Matthaeus et al.
[2005], Weygand et al. [2007], and Weygand et al. [2009]
have been able to estimate the Taylor microscale, which
they have determined to be approximately the radius of cur-
vature of the two‐point magnetic field correlation function in
the limit of zero separation. See those studies for more details
on the procedure for determining the Taylor scale.
[7] Turbulent magnetic field fluctuations observed in the

solar wind are thought to be the driven by two different
sources. One source of turbulence, which consists of Alfvén
waves where the fluctuation wave vectors are approximately
aligned with the mean magnetic field, is thought to originate

in part in regions of the solar atmosphere where it is imposed
by coronal dynamical processes. The other source of turbu-
lent magnetic field fluctuations, which consists of wave
vectors and magnetic field fluctuations approximately per-
pendicular to the mean magnetic field, may be driven by
stream interactions, including compressions and shears in the
solar wind [Roberts et al., 1987]. These drivers may also be
responsible for the heating that underlies the observed highly
nonadiabatic temperature profile that extends from inside
1 AU to beyond 60 AU as observed by Voyager and Pioneer
[Gazis et al., 1994; Richardson et al., 1995; Williams et al.,
1995; Smith et al., 2001]. However, the temperature profile
may also be influenced by adiabatic cooling, dissipation of
waves, and the transfer of energy from pickup ions to thermal
protons [Richardson and Smith, 2003].
[8] Anisotropy of solar wind magnetic field turbulence,

which refers to the variation of the turbulent properties with
angle relative to the mean magnetic field direction, affects the
propagation and acceleration of cosmic rays [Duffy and
Blundell, 2005] and the heating of the interplanetary plasma
[Velli, 2003]. Anisotropic magnetic field fluctuations have
been interpreted using both the slab model and the “two‐
dimensional” model. In the slab model, the wave vectors
consist of Alfvén waves whose wave vectors are aligned with
the mean magnetic field. The correlation function for this
model has the shortest scales parallel to the mean magnetic
field and the longest scale in the perpendicular direction
[Dasso et al., 2005; Osman and Horbury, 2007]. The slab
model does not, however, allow for wave‐wave coupling in
the case of incompressible MHD and thus cannot produce a
turbulent Kolmogorov‐like cascade like or Iroshnikov‐
Kraichnan like cascade [Oughton and Matthaeus, 2005]. In
the two‐dimensional model, which does allow for mode
coupling, the excited wave vectors and magnetic field fluc-
tuations lie in the plane perpendicular to the mean magnetic
field; the correlation function has the shortest scales in the
perpendicular direction and longer scales in the parallel
direction [Dasso et al., 2005; Osman and Horbury, 2007]. A
superposition of slab and two‐dimensional fluctuations forms
a convenient parameterized model for anisotropy that has
been employed for convenience in a variety of applications
[e.g., Bieber et al., 1994] including cosmic ray scattering
[Ruffolo et al., 2004].
[9] In this study, anisotropy is taken to imply a dependence

of the fundamental scale lengths on the angle between the
turbulent fluctuations and the direction of the mean magnetic
field. To characterize the anisotropy without adopting the
frozen‐in flow approximation, simultaneous two point mea-
surements of the turbulent fluctuations at a variety of angles
relative to the mean magnetic field direction are required.
Previous analyses of anisotropy typically have used data from
single spacecraft and assumed frozen‐in fields. For example,
in one early study, Matthaeus et al. [1990] employed mag-
netic field fluctuations measured by ISEE 3 in the solar wind,
and found an anisotropic correlation function with a “Maltese
cross” shape. They interpreted this shape using as an
approximate simplified representation a superposition of slab
and two‐dimensional fluctuations. Bieber et al. [1996]
examined the ratio of the perpendicular and quasi‐parallel
spectra, along with the dependence of the total power spec-
trum on the angle between the mean magnetic field and the
solar wind flow direction, to measure the relative amplitudes
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of the slab and two‐dimensional power. They found that
about 85% of the energy was in the two‐dimensional com-
ponent. Dasso et al. [2005], using autocorrelation measure-
ments from a single spacecraft, took the work of Matthaeus
et al. [1990] one step further by subdividing the solar wind
magnetic field and plasma flow data into fast (>500 km/s) and
slow (<400 km/s) solar wind intervals. In both the magnetic
field and flow data, they found that quasi two‐dimensional
fluctuations dominate in the slow solar wind and slab fluc-
tuations are more prominent in the fast solar wind. In a recent
solar wind study, Osman and Horbury [2007] used multi-
spacecraft time‐lagged two‐point correlation measurements
obtained by the Cluster mission to construct a spatial auto-
correlation function. For one solar wind interval with an
average speed of 330 km s−1, they demonstrated that the solar
wind fluctuations are anisotropic by showing that the ratio of
the correlation length along the magnetic field to the per-
pendicular correlation length is 1.79 ± 0.36. From numerical
simulations of incompressible, three dimensional, MHD
turbulence,Milano et al. [2001] obtained results similar to the
observations of Osman and Horbury [2007], demonstrating
that the correlation scale along the locally averaged magnetic
field direction is longer than along the direction perpendicular
to the local mean magnetic field.
[10] The goal of this study is to obtain the correlation and

Taylor scales as functions of the angle relative to the mean
magnetic field in the slow, intermediate, and fast solar wind. In
previous papers we presented preliminary results on the cor-
relation scale and the Taylor scale in solar wind turbulence
using simultaneous two point measurements acquired by pairs
of interplanetary spacecraft [Matthaeus et al., 2005; Weygand
et al., 2007, 2009] but not distinguishing among different solar
wind speed ranges. In theMatthaeus et al. study, the correlation
scale was determined from a robust fit of an exponential
function to the data. In the Weygand et al. [2007] study, the
Taylor scale was determined from a new method based on the
Richardson extrapolation technique. Weygand et al. [2009]
also accumulated two‐spacecraft samples in sufficient numb-
ers to resolve the correlations into angular bins relative to the
locally computed mean magnetic field and demonstrated a
variation of the correlation scale with the angle relative to the
mean magnetic field direction. The approach here is similar;
however we have enough data to bin the cross correlations into
three different solar wind speed ranges. This makes possible a
two‐spacecraft study of anisotropy of the correlation scale and
the Taylor scale as a function of the solar wind speed.
[11] In the following sections we refer to the above men-

tioned references for methodological details. We use our
augmented database of two spacecraft correlation data to
determine the Taylor scale (lT) and the correlation scale (lCS)
in the interplanetary plasma. Each type of measurement is
resolved in angular channels to characterize properties of
anisotropy relative to the mean magnetic field. We will also
derive quantitative estimates of the effective magnetic Rey-
nolds number. Finally, we compare our results with previ-
ously published estimates based on single and multi
spacecraft observations of the associated scales.

2. Instrumentation

[12] The magnetic field measurements were obtained from
Cluster, ACE, Geotail, IMP 8, Interball, THEMIS, and

Wind. This large number of spacecraft provides effectively
simultaneous two‐point plasma and field measurements at a
large range of spatial separations, enabling us to measure
spatial correlations as a function of separation directly
instead of inferring them by interpreting temporal fluctua-
tions as frozen into a flowing plasma [Taylor, 1938].
[13] The Cluster mission, supported jointly by the Euro-

pean Space Agency (ESA) and National Aeronautics and
Space Administration (NASA), consists of four identical
spacecraft with a perigee of 4 RE, an apogee of 19.6 RE, and
a spin period of about 4 s. These four spacecraft provide the
first three‐dimensional measurements of large‐ and small‐
scale phenomena in the near‐Earth environment [Escoubet
et al., 1997]. Each Cluster spacecraft carries 11 instru-
ments. This study uses data from the magnetometer (FGM)
[Balogh et al., 1997] and the ion spectrometer (CIS) [Rème
et al., 1997]. The Cluster apogee precesses around the Earth
annually. From 2001 to 2007, between January and April
the Cluster spacecraft apogees were intermittently in the
solar wind. At apogee in the summer seasons, the spacecraft
were located at the vertices of nearly regular tetrahedrons.
The scales of the tetrahedral differed from one season to the
next, covering a range of distances pertinent to turbulence
studies. In the solar wind seasons of 2001 and 2004, the
tetrahedron’s scale was about 1000 km, which is close to the
short wavelength limit of the inertial range. During the 2002
season the scale was 5000 km. From January and April
2003, Cluster obtained another series of solar wind intervals
at an interspacecraft spacing of about 100 km (i.e., on the
order of dissipation range). In the solar wind seasons of
2005 and 2006 the tetrahedral formation was not used;
instead two pairs of spacecraft were separated by about
10,000 km and the separation within a pair was 1000 km. In
2007 two of the spacecraft were within a few 100 km of one
another and the other two had a separation of about 10,000 km
from each other and the pair.
[14] Each Cluster spacecraft carries a boom‐mounted tri-

axial fluxgate magnetometer [Balogh et al., 1997]. Magnetic
field vectors routinely are available at 22 Hz resolution
(nominal mode). Both preflight and in‐flight calibrations of
the two magnetometers have produced carefully calibrated
(and intercalibrated) magnetic field data. The relative
uncertainty in the data after calibration is at most 0.1 nT, an
estimate determined by examining the drift in the offset after
calibration (K. K. Khurana and H. Schwarzl, private com-
munication, 2004). The digital resolution of the magne-
tometer is on the order of 8 pT [Balogh et al., 1997].
[15] Data from the CIS instrument [Rème et al., 1997],

along with the magnetic field data, are essential in identi-
fying periods when Cluster enters the solar wind. CIS pro-
vides bulk plasma parameters such as density, velocity, the
pressure tensor, and heat flux. The uncertainties in most of
these quantities are not significant for this study. Although
plasma data not are available from all four spacecraft,
intervals in the solar wind can be established from single
spacecraft measurements because the spacecraft are close to
one another.
[16] Magnetic field and plasma data from 2 of the 5

THEMIS spacecraft, which were launched in February 2007,
are also used. Only THEMIS B and C entered the solar wind.
From approximately mid June to mid October their apogees
align on the dayside of the magnetosphere and provide

WEYGAND ET AL.: CORRELATION AND TAYLOR SCALE IN THE IMF A08102A08102

3 of 12



spacecraft separations on the order of 10 RE. In mid 2009 the
orbits of the THEMIS B and C spacecraft were altered in
order to insert them into orbit around the moon for future
lunar studies. This change in the orbits provided data for
additional spacecraft separations ranging from 10 to 30 RE.
[17] Each THEMIS spacecraft carries a boom‐mounted

triaxial fluxgate magnetometer (FGM) [Auster et al., 2008].
Magnetic field vectors routinely are available at 64 Hz
resolution (nominal mode). Both preflight and in‐flight
calibrations of the two magnetometers have been performed.
The relative uncertainty in the data after calibration is about
0.1 nT, an estimate determined by examining the drift in the
offset after calibration (H. U. Auster and V. Angelopoulos,
personal communication, 2010). The digital resolution of
the magnetometer is on the order of 0.01 nT [Auster et al.,
2008].
[18] As for Cluster, particle data, this time from the

THEMIS ESA instrument [McFadden et al., 2008], along
with the magnetic field data, are essential in identifying
periods when THEMIS enters the solar wind. ESA provides
bulk plasma parameters such as density, velocity, the pres-
sure tensor, and heat flux. The uncertainties in most of these
plasma parameters are not significant for this study as their
data are used only to identify intervals in the solar wind is
important.
[19] From the ACE, Geotail, IMP 8, Interball, and Wind

spacecraft we use data from triaxial fluxgate magnetometers
[Smith et al., 1998; Kokubun et al., 1994; Nozdrachev et al.,
1995; Lepping et al., 1995] to obtain the local IMF direction
and magnitude at temporal resolutions ranging from 3 s to
16 s. Data from the ACE Solar Wind Electron Proton Alpha
Monitor (SWEPAM) [McComas et al., 1998], the Geotail
Comprehensive Plasma Instrument (CPI) and Low Energy
Particle (LEP) experiment [Frank et al., 1994; Mukai et al.,
1994], IMP 8 Plasma Faraday Cup [Lazarus and Paularena,
1998], and Wind 3‐D plasma and energetic particle instru-
ment (3DP) [Lin et al., 1995] provide the solar wind speed
and density at temporal resolutions ranging from 3 s to 64 s.

3. Procedure and Observations

[20] The first step in this study was to select intervals that
could be confidently identified as being within the solar
wind. The Cluster and THEMIS solar wind data intervals
are selected visually from plotted data by excluding data at
or within the bow shock. The solar wind is identified from
the plasma density, which was of the order of several par-
ticles per cm−3, and the solar wind speed, which was greater
than or equal to 250 km s−1. Neither the magnetic field nor
the plasma densities are limited to a specific range. The
choice of 250 km s−1 as a cutoff velocity, although arbitrary,
excludes magnetosheath data. We also limit our observa-
tions to local times within a few hours of noon to avoid the
high speed flows that occur within the magnetosheath on the
flanks of the magnetosphere. We do not use solar wind data
with sharp rotations in the Bx and By GSE components in
order to exclude sector boundary crossings. We remove
solar wind shocks and gradients within the flow, density,
and total magnetic field that occur over a time range of a few
minutes. The Cluster and THEMIS spacecraft remain rela-
tively close together (<25 RE) and are used to characterize
fluctuations over short distances. For analysis of these short

distance separations, we include data from intervals of 1 h or
longer. The Cluster and THEMIS orbits remained in rela-
tively close proximity to the bow shock, even when in the
solar wind. Inevitably foreshock waves are present in some
of the selected intervals. To minimize the contribution of
such waves to our analysis, the solar wind magnetic field
measurements are averaged to 30 s resolution, which is
approximately the longest period for ion foreshock waves.
In order to test whether the averaging does effectively
eliminate foreshock‐related effects, we analyzed a subset of
solar wind intervals when no foreshock waves or shocklets
were present and found that the results were similar to those
in the full data set.
[21] Data from the ACE, Geotail, IMP 8, Interball, and

Wind spacecraft yield cross correlations at larger separations
than those of Cluster and THEMIS. In order to obtain
meaningful cross correlation coefficients at larger separa-
tions, we require longer continuous intervals for analysis.
Therefore, for the larger separations, we do not accept
intervals with less than 12 h of continuous data at 1 min
resolution. We linearly interpolated the data to 1 min reso-
lution in order to obtain simultaneous field vectors at dif-
ferent spatial locations from the spacecraft. Magnetic field
data from ACE were originally at 16 s resolution, Geotail
and Wind data were at 3 s resolution, IMP 8 data were at
15 s resolution, and Interball data were at 6 s resolution. The
selection of the solar wind intervals from these spacecraft
could be automated because the intervals were long and
plasma data were available from all spacecraft. The long life
time of many of the spacecraft missions and their nearly
constant immersion within the solar wind provided thousands
of intervals for our study.
[22] One goal of this study is to show how the two‐

dimensional cross correlation function, R(rk, r?), varies with
the solar wind speed. For this purpose we binned the data
into three different speed ranges: slow solar wind from
about 250 to 450 km s−1, fast solar wind for speeds greater
than 600 km s−1, and intermediate solar wind from 450 to
600 km s−1. These speed ranges were selected to be similar
to those specified in the study of Dasso et al. [2005] and to
roughly equalize the number of intervals within each speed
range. Approximately 2200 cross correlations values are
available in the slow solar wind, 1200 values within the
intermediate solar wind, and 1000 values within the fast
solar wind.

3.1. Observations: Slow Solar Wind

[23] For each selected data interval, independent of the
interval length, we calculate the time‐averaged cross corre-
lation of the magnetic field vector for each of the spacecraft
pairs. This correlation value is assigned to a time‐averaged
separation distance for that interval in the directions parallel
and perpendicular to the mean magnetic field. The mean
was determined by averaging the magnetic field vector over
the entirety of each interval (which ranged from one hour to
12 h duration, see previous section). Using the normalized
cross correlation values from a large number of solar wind
intervals, we obtain the two‐dimensional, normalized corre-
lation function as a function of spatial separation. The cross
correlation values were normalized to the product of the root
mean square values of the fluctuations of each component.
With the correlation function we establish how the average
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correlation scale and Taylor scale values depend on the solid
angle relative to the background field. We assume that within
each range of solar wind speeds the magnetic field turbulence
in all angular bins has the same turbulence properties.
[24] Figure 1 displays the absolute value of the spacecraft

separation in the parallel and perpendicular directions with
respect to the mean magnetic field direction for intervals in
the slow solar wind. In Figure 1, dashed lines show the
boundaries of 7 different angular bins that are equally
spaced solid angular bins of Dcos� = 0.143. In the previous
studies of Weygand et al. [2009, 2010] angular bins of
10° wide were used except for parallel spacecraft separation,
which was 30° wide. Coincidently, the solid angle bins are
nearly the same size as the angular bins and there is no
difference between the results of this study and Weygand
et al. [2009] within the uncertainty. Equal solid angle bins
corresponding to equal surface areas were expected to pro-
vide roughly the same number of data intervals in each bin.
However, in the parallel spacecraft separation bin in Figure 1
there are fewer data points than in the other bins.
[25] For each solid angular bin we used a least squares

approach to fit the sum of two exponential functions to the
data points to get the cross correlation (C) curve for that
angular bin. The form used was

C ¼ � exp �r=�CSð Þ þ 1� �ð Þ exp �r=�2ð Þ ð2Þ

where b is a weighting term, r is the spacecraft separation,
lCS and l2 are decay parameters. The uncertainties in these
parameters were calculated from the residuals of the fit. We
assume that the larger decay parameter is the turbulence
correlation scale.
[26] Figure 2 displays the cross correlations from all

angular bins versus spacecraft separation for slow solar
wind speeds. All the slow solar wind cross correlation
values were used in Figure 2 without separation into angular
bins to demonstrate more clearly the need for two expo-

nential functions in the fit. The light gray points show the
cross correlations for each individual solar wind interval and
the black diamonds are the means for spacecraft separation
bins that range in size from hundreds of kilometers at small
separations to millions of kilometers wide at larger separa-
tions. The vertical dashed lines mark the boundaries between
the Cluster intervals, THEMIS intervals, and intervals
established from other spacecraft pairs, respectively. The
solid gray curve is a single exponential fit to the entire set of
cross correlations versus spacecraft separation. The black
dashed curve is the sum of two exponentials fit to the same
data points. Figure 2 also shows that a single exponential
function provided a good fit to the data available toMatthaeus
et al. [2005], which included only very small and very large
spatial separations. However, the new cross correlations,
obtained from the larger Cluster spacecraft separations and
the THEMIS pairs, show that a single exponential function is
not a good fit to the cross correlation values.
[27] Figure 3 displays two‐dimensional cross correlation

functions determined using the sum of two exponentials and
the single exponential fits to the separate angular bins.
Figure 3 (top) shows the two‐dimensional cross correlation
function calculated from the sum of two exponential func-
tions for each of the seven angular bins for the slow solar
wind. The contours are obtained for only one quadrant of the
plot and reflected to all other quadrants.
[28] Our results (Figure 3, top) do not resemble neither

Matthaeus et al.’s [1990] Figure 3 nor Dasso et al.’s [2005]
Figure 1a. However, those studies fitted single exponential
functions to the correlation values. Another way in which to
compare our results with the earlier work is to calculate a

Figure 1. Scatterplot of absolute values of the spacecraft
separations relative to the mean magnetic field direction.
The dashed lines indicate the boundaries of seven angular
bins subtending identical solid angle.

Figure 2. Cross correlations versus spacecraft separation for
the slow solar wind. The gray points are the cross correlation
points for the individual intervals. The black diamonds are
means within spacecraft separation bins, and the error bars
are the standard deviations. The vertical dashed lines separate
the Cluster correlations from the THEMIS correlations and
the THEMIS correlations from the remaining spacecraft cor-
relations. The solid gray curve is a single exponential fit to the
gray data points and the dashed black curve is a fit of the sum
of two exponential functions.
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two dimensional contour plot using only a single exponen-
tial from our fit (the one with the longer decay length). For
this purpose we exclude the second term in equation (2)
for each angular bin, set b to 1, and use only the value

obtained for lCS. Doing this we obtain the contours shown
in Figure 3 (bottom), which is now similar to the plots of
Matthaeus et al. and Dasso et al. We see in Figure 3 (bot-
tom) as well as in Figure 1a of Dasso et al. [2005] and
Weygand et al. [2009] that the correlation scale is longest
along the mean magnetic field direction and shortest in the
perpendicular direction. This procedure for producing the
bottom images demonstrates that the Dasso et al. and
Weygand et al. [2009] results are reproducible within this
study, even though they are modified when data at inter-
mediate separations are included. It is important to note that
the equivalent distances covered in the Matthaeus et al. study
are about twice as large as those in the lower illustration of their
Figure 3 and that our Figure 3 covers distances approximately
twice as large as those reported by Dasso et al.
[29] The parameters obtained by fitting equation (2) to the

data in different angular bins are given in Tables 1, 2, and 3.
The first two columns of these three tables give the angular
range relative to the mean magnetic field direction and the
solid angular range. The remaining three columns from left
to right show the parameters obtained by fitting data for the
slow, intermediate, and fast solar wind. The uncertainties
given in the tables are the residuals of the least squares fit to
the cross correlation data. Table 1 displays the correlation
scale lengths lCS for each type of solar wind. Table 2 shows
the second exponential decay length l2 and Table 3 tabu-
lates the weighting parameter, b, (see equation (2)).
[30] The correlation scales for the slow solar wind shown

in Table 1 show that the correlation scale is largest in the
parallel direction and decreases relatively systematically
with solid angle relative to the mean magnetic field as seen
in Figure 3 (bottom). The slow solar wind magnetic field
turbulence is anisotropic with a ratio of the correlation scale
in the parallel direction to the perpendicular direction of
2.55 ± 0.76. However, Table 2 shows no clear systematic
change of l2 with angle for the slow solar wind and only in
the perpendicular bin does l2 differ significantly from
values in the other angular bins. Table 3 shows that the
value of b is 0.75 within twice the uncertainty for all but two
of the solid angular bins for the slow solar wind.
[31] Table 4 has a similar format to Tables 1–3 and dis-

plays the Taylor scale values calculated for each angular bin
in the three different solar wind speed ranges. The Taylor
scale for each angular bin is found using a method based on
the Richardson extrapolation technique [Weygand et al.
2007]. The technique estimates the radius of curvature of
the cross correlation function at zero separation from a set of
parabolic fits to the cross correlation values for small
separations that are increased systematically until the radius
of curvature (Taylor scale) becomes stable. The uncertain-

Figure 3. For the slow solar wind, (top) a two‐dimensional
correlation function versus distance along and across the
average magnetic field direction from fits of data to the sum
of two exponential functions. The color bar on the right‐hand
side of Figure 3 represents values of the cross correlation.
(bottom) The two‐dimensional correlation function obtained
from excluding the second term in equation (2) for each
angular bin and setting b = 1.

Table 1. Correlation Scale (lCS) for Each Solid Angular Bin for Each Range of Solar Wind Speed

Angle Relative to the
Mean Magnetic Field Solid Angle

Slow Solar Wind
lCS (106) (km)

Intermediate Solar
Wind lCS (106) (km)

Fast Solar Wind
lCS (106) (km)

0.0°–31.0° 0.00–0.143 2.8 ± 0.8 2.8 ± 0.1 1.0 ± 0.2
31.0°–44.4° 0.143–0.286 2.3 ± 0.2 1.2 ± 0.1 1.1 ± 0.1
44.4°–55.1° 0.286–0.429 1.5 ± 0.1 1.2 ± 0.1 1.0 ± 0.1
55.1°–64.6° 0.429–0.571 1.3 ± 0.1 1.2 ± 0.1 1.1 ± 0.1
64.6°–73.4° 0.571–0.714 1.3 ± 0.1 1.0 ± 0.1 1.9 ± 0.8
73.4°–81.8° 0.714–0.857 1.3 ± 0.1 1.2 ± 0.1 1.8 ± 0.6
81.8°–90.0° 0.857–1.00 1.1 ± 0.1 1.3 ± 0.1 1.4 ± 0.5
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ties given are the standard deviations obtained from the
Richardson extrapolation technique [Weygand et al. 2007].
Note that the Taylor scale estimates are determined here
from the trace of the two‐point magnetic autocorrelation
near the origin and therefore are not sensitive to the random
(and intermittent) fluctuations of the anisotropy of vector
component variances that are measured at these small scales
[see, e.g., Perri et al., 2009].
[32] The Taylor scales in the slow solar wind do not vary

systematically with angle; all values lie within two standard
deviations of each other.
[33] In summary for the slow solar wind only the corre-

lation scales show a clear systematic variation with the mean
magnetic field direction while the second exponential decay
length, weight term, and Taylor scale show no clear varia-
tion with solid angle.

3.2. Observations: Fast Solar Wind
and Intermediate Solar Wind

[34] For the intermediate and fast solar wind we repeat the
procedures applied to the slow solar wind in section 3.1,
which was to first fit the angular bins with the sum of two
exponential functions and then use the results for the cor-
relation scales to calculate the two‐dimensional correlation
function from single exponential functions. Figures 4 and 5
show the two‐dimensional correlation functions obtained
from fitting the sum of two exponential functions to the
solid angular bins (top) and the two‐dimensional correlation
functions obtained from the single exponential fits using the
correlation scales from the fits (bottom). The contours for
the intermediate solar wind in Figure 4 show that the cor-
relation scale is longer in the parallel direction than in the
perpendicular direction. In Figure 5 (top) the contours for
the fast solar wind are longest in the parallel direction, but
when we consider only the correlation scales in Figure 5
(bottom) for the fast solar wind, the correlation scale is
longest in the direction perpendicular to the mean magnetic

field direction and shorter in the parallel direction, although
the uncertainties on these length scales are large.
[35] The correlation scales for the intermediate and fast

solar wind listed in Table 1 show that the parallel correlation
scale decreases as the solar wind speed increases. An
increase with solar wind speed of the mean correlation scale
in the perpendicular direction is suggested, but the perpen-
dicular correlation scales do not differ within the uncer-
tainties given in Table 1. Table 1 also shows the correlation
scale in the intermediate solar wind (fourth column) is
longer in the parallel angular bin than perpendicular angular
bins. The ratio of the parallel correlation scale to the per-
pendicular correlation scale is 2.15 ± 0.18, which is similar
to the slow solar wind anisotropy. The change of the cor-
relation scale with angle in the fast solar wind (fifth column)
is not clear because the uncertainties are large. The ratio to
the parallel to perpendicular correlation scales for the fast
solar wind is 0.71 ± 0.29, which is smaller than the ratio for
the slow and intermediate solar wind.
[36] In Table 2, uncertainties again mask any clear change

in the second decay length (l2) for the intermediate solar
wind. However, the second decay length increases from the
parallel bin to the perpendicular bin for the fast solar wind.
[37] The weighting factor (b) for the intermediate and fast

solar wind in Table 3 are for the most part close to the
values in the slow solar wind. In the intermediate solar wind
b is approximately 0.75 within twice the uncertainty for all
but two of the solid angular bins. However, in the fast solar
wind the average b is 0.64 and its value varies between 0.42
and 0.97. The large range of values for b in the fast solar
wind fits is most likely related to the limited number of cross
correlation values in each solid angular bin.
[38] The Taylor scales, like the correlation scales shown

in Table 4, are larger in the parallel direction than in the
perpendicular direction in the intermediate solar wind.
However, no systematic variation is observed in the Taylor
scales for the fast solar wind, possibly because of the
absence of data at small scale separations indicated by the

Table 2. Small Decay Length (l2) for Each Solid Angular Bin for Each Range of Solar Wind Speed

Angle Relative to the
Mean Magnetic Field Solid Angle

Slow Solar Wind
l2 (10

3) (km)
Intermediate Solar Wind

l2 (10
3) (km)

Fast Solar Wind
l2 (10

3) (km)

0.0°–31.0° 0.00–0.143 20.2 ± 8.7 10.7 ± 6.1 0.7 ± 13.1
31.0°–44.4° 0.143–0.286 26.9 ± 5.7 1.1 ± 1.3 1.3 ± 1.3
44.4°–55.1° 0.286–0.429 14.0 ± 3.6 9.4 ± 4.0 25.0 ± 22.2
55.1°–64.6° 0.429–0.571 8.8 ± 2.4 12.9 ± 3.7 19.5 ± 12.0
64.6°–73.4° 0.571–0.714 30.4 ± 6.9 6.3 ± 2.6 150.3 ± 54.9
73.4°–81.8° 0.714–0.857 11.7 ± 3.1 13.1 ± 4.4 94.1 ± 41.1
81.8°–90.0° 0.857–1.00 8.3 ± 2.5 16.2 ± 4.7 106.9 ± 61.4

Table 3. Weight Parameter (b) for Each Solid Angular Bin for Each Range of Solar Wind Speed

Angle Relative to the
Mean Magnetic Field Solid Angle Slow Solar Wind (b) Intermediate Solar Wind (b) Fast Solar Wind (b)

0.0°–31.0° 0.00–0.143 0.81 ± 0.03 0.76 ± 0.05 0.97 ± 0.11
31.0°–44.4° 0.143–0.286 0.75 ± 0.04 0.87 ± 0.02 0.78 ± 0.04
44.4°–55.1° 0.286–0.429 0.69 ± 0.3 0.75 ± 0.04 0.68 ± 0.05
55.1°–64.6° 0.429–0.571 0.79 ± 0.02 0.71 ± 0.03 0.60 ± 0.04
64.6°–73.4° 0.571–0.714 0.77 ± 0.03 0.77 ± 0.04 0.42 ± 0.09
73.4°–81.8° 0.714–0.857 0.72 ± 0.02 0.70 ± 0.04 0.46 ± 0.06
81.8°–90.0° 0.857–1.00 0.75 ± 0.07 0.65 ± 0.04 0.52 ± 0.09
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Table 4. Taylor Scale (lTS) for Each Solid Angular Bin for Each Range of Solar Wind Speeda

Angle Relative to the
Mean Magnetic Field Solid Angle

Slow Solar Wind
lTS (103) (km)

Intermediate Solar Wind
lTS (103) (km)

Fast Solar Wind
lTS (103) (km)

0.0°–31.0° 0.00–0.143 1.4 ± 0.2 3.5 ± 0.5 NA (0)
31.0°–44.4° 0.143–0.286 0.4 ± 0.4 0.9 ± 0.5 0.7 ± 0.4 (7)
44.4°–55.1° 0.286–0.429 1.5 ± 0.2 1.3 ± 0.2 0.6 ± 1.4 (2)
55.1°–64.6° 0.429–0.571 1.5 ± 0.7 1.4 ± 0.3 1.3 ± 0.04 (9)
64.6°–73.4° 0.571–0.714 0.9 ± 0.2 0.8 ± 0.4 1.3 ± 0.04 (8)
73.4°–81.8° 0.714–0.857 1.4 ± 0.2 2.5 ± 0.2 0.4 ± 1.0 (6)
81.8°–90.0° 0.857–1.00 1.4 ± 0.1 1.2 ± 0.5 1.1 ± 0.1 (6)

aThe numbers in parentheses in the last column are the number of data points used in determination of the fast solar wind Taylor
scale.

Figure 4. Two‐dimensional correlation functions for the
intermediate solar wind. Figure 4 has the same format as
Figure 3. (top) The contours obtained from the sum of to
exponentials function fits and (bottom) the contours
obtained from the single exponential functions.

Figure 5. Two‐dimensional correlation functions for the
fast solar wind. Figure 5 has the same format as Figure 3.
(top) The contours obtained from the sum of two expo-
nentials function fits and (bottom) the contours obtained
from the single exponential functions.
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number within the parentheses shown in the last column of
Table 4.

4. Discussion

[39] Tables 1 and 4 and Figures 3, 4, and 5 showed of the
dependence of the correlation and the Taylor scales with
angle relative to the average magnetic field in different
ranges of solar wind speed (slow, intermediate, and fast).
We caution the reader, when considering the discussion of
the results, to be cognizant of the substantial fractional
errors associated with some of the tabulated results, espe-
cially the estimated Taylor scales and effective Reynolds
numbers.
[40] Some of the reported angular and speed variations

have been reported in previous studies such as Matthaeus
et al. [1990], Dasso et al. [2005], Osman and Horbury
[2007], and Weygand et al. [2009]. Matthaeus et al. dis-
played two‐dimensional correlation contours with a Maltese
cross shape with the longest correlation length perpendicular
to the mean magnetic field and attributed that pattern to a
superposition of quasi two‐dimensional and slab‐like solar
wind turbulence. Their correlation contours did not differ-
entiate ranges of solar wind speed. Dasso et al. reported
autocorrelation values for two different solar wind speed
ranges: slow solar wind (<400 km s−1) and fast solar wind
(>500 km s−1). They found the correlation scale longest
along the mean magnetic field and shortest perpendicular to
it in the slow solar wind and the reverse in the fast solar
wind. In this study we also obtain results characteristic of
the two different types of solar wind turbulence, but, by also
examining solar wind of intermediate speeds, we are also
able to identify a transition from the dominance of quasi
two‐dimensional turbulence in the slow solar wind, where
the correlation scale is longest along the mean magnetic
field, to the dominance of mainly slab like turbulence in the
fast solar wind, where the correlation scale is longest in the
perpendicular direction. Furthermore, we have enough cross
correlations over a wide range of separations, including
separations smaller than the Taylor scale, to be able to
calculate the Taylor scale for each solar wind speed range
and solid angular bin except in the 0 to 0.143 solid angular
bin in the fast solar wind.
[41] In this study we have used the same method as

Osman and Horbury [2007], and Weygand et al. [2009] to
quantify the anisotropy observed in the solar wind magnetic
field turbulence. That method consists of determining the
ratio of the correlation scale in the direction parallel to the
mean magnetic field to the perpendicular direction. Osman
and Horbury [2007], using time‐lagged two‐point correla-
tions obtained from the x and z components of the Cluster
magnetic field data from a single slow solar wind interval,
found an anisotropy ratio of 1.79 ± 0.36 using a spatial
autocorrelation function. The fact that the correlations are
longest along the magnetic field suggests that the solar
wind includes a substantial contribution from quasi two‐
dimensional fluctuations, for which a leading order descrip-
tion is the two‐dimensional model. That is to say, the bulk of
the fluctuations appear to be from quasi two‐dimensional
turbulent fluctuations in the slow solar wind. Weygand et al.
[2009], which like this study, used spacecraft pairs to
examine the anisotropy of the turbulence correlation scale

within the slow solar wind, found that the ratio of the par-
allel correlation scale to the perpendicular correlation scale
was 2.62 ± 0.79. The ratio found here for the slow solar
wind is 2.55 ± 0.76, which is consistent with Osman and
Horbury within the uncertainty, but closer in magnitude to
the value reported by of Weygand et al. [2009]. The simi-
larity to Weygand et al. [2009] is not surprising because
there is considerable overlap of the data sets used. We
interpret the relatively large value of the anisotropy to mean
that the slow solar wind consists mainly of quasi two‐
dimensional fluctuations.
[42] Weygand et al. [2009] also extracted the anisotropy

ratio from the two‐dimensional correlation contours given in
the work by Matthaeus et al. [1990] and Dasso et al. [2005]
for the slow solar wind and found much smaller values of
0.9 and 1.2, respectively, The anisotropy ratio identified
from Matthaeus et al. is smaller than other reported values,
probably because it includes data from a wide range of solar
wind speeds. Weygand et al. [2009] suggested that the
anisotropy ratio in the slow solar wind reported by Dasso et
al. was smaller than that found by Weygand et al. [2009]
because the two studies used different angular bin sizes
which was 22.5° in all directions for Dasso et al. compared
to 30° in the direction parallel to the mean magnetic field
and 10° in the perpendicular direction for Weygand et al.
Differing bin sizes were used by Weygand et al. [2009]
because of the limited number of data points in the paral-
lel bin. However, the Weygand et al. [2009] study showed
that the anisotropy ratio for slow solar wind did not vary
when the range of slow solar wind speeds considered was
changed slightly. In any case, the ratios found in both the
Matthaeus et al. and Dasso et al. papers are much smaller
than the ratio determined by Weygand et al. [2009].
[43] In addition to the anisotropy ratio for the slow solar

wind, Dasso et al. [2005] calculated the anisotropy ratio for
the fast solar wind, finding it to be 0.71. In the present work,
we find that the anisotropy of the fast solar wind is 0.71 ±
0.29. This result agrees with the results of Dasso et al.
despite the differences the angular bin size and in the solar
wind speed range considered, which was >500 km s−1 in the
work given by Dasso et al. and >600 km s−1 in this study.
As contrasted with earlier work, in this study we have
characterized not only slow solar wind and fast solar wind
but also the intermediate solar wind for which we find an
anisotropy of 2.15 ± 0.18. This value is interesting because
it lies between values found for the slow solar wind and fast
solar wind and suggests a monotonic transition from one
type of solar wind turbulence to another.
[44] In Table 4 we give the Taylor scale calculated in each

solar wind speed range and angular bin. In the slow solar
wind, there is no significant variation of the Taylor scale
with solid angle relative to the mean magnetic field direc-
tion. Within the fast solar wind, we cannot establish
anisotropy in the Taylor scales, because we lack data in the
parallel angular bin. However, in the intermediate solar
wind we do observe some anisotropy. The ratio of the
parallel to perpendicular Taylor scales is 2.91 ± 1.28. This
ratio is the same within uncertainty to the anisotropy ratio in
the correlation scales for the intermediate solar wind, but the
uncertainty for the Taylor scale anisotropy ratio is rather
large. One might be tempted to believe that the anisotropy
for these two turbulence scale lengths suggests that the
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correlation scale anisotropy is imposed upon the Taylor
scales. However, since the anisotropy ratio for the Taylor
scale in the slow solar wind (1.0 ± 0.16) is significantly
different from the anisotropy ratio of the slow solar wind
correlation scales this proposal must be rejected. The reason
anisotropy is observed in the Taylor scales for intermediate
solar wind, but not in the slow solar wind, is not clear at this
time.
[45] Equation (1) enables us to calculate the effective

magnetic Reynolds number for each angular bin (Table 5)
for each solar wind speed range. Because of the large
uncertainties in derived quantities, the tabulated data do not
clearly show that the effective magnetic Reynolds number
varies with solid angle for the slow and intermediate solar
wind. The effective magnetic Reynolds number may vary
with solid angle in the fast solar wind, but the evidence rests
on a single, uncertain data point determined from a small
number of Taylor scale observations (see the value in the
parenthesis in the fifth column of Table 4). We find an
effective magnetic Reynolds number of a few million
represents the bulk of the tabulated values within twice the
uncertainty for all solar wind speed ranges combined. The
mean effective magnetic Reynolds number from Table 5 is
about 4.0 × 106 with a range from 0.2 to 31 × 106. Thus all
of the present estimates are considerably larger than the
values given by Matthaeus et al. [2005] (∼2.3·105) and
Weygand et al. [2007] (∼2.6 ± 0.2 × 105). However, these
values are consistent with those found by Weygand et al.
[2009]. The differences can be attributed principally to the
different values obtained for the Taylor scale in the present
study.
[46] Matthaeus et al. [2005] fit the correlation versus

separation data with a single exponential. Cluster and
THEMIS measurements not available to Matthaeus et al.
[2005] demonstrate that the data cannot be well fit by a
single exponential and a more complicated function is
required (see Figure 2). For this study we have used the sum
of two exponentials as a more appropriate function. From
the double exponential fit we obtain three values: a first
decay value (Table 1), a second decay value (Table 2), and a
weighting factor (Table 3). We have assumed that the largest
decay value is the correlation scale associated with the
largest turbulent eddy scale sizes. However, the physical
meaning of the second decay parameter is unclear. Weygand
et al. [2009] found that the fits to the data indicate that the
largest decay length is determined with the largest spacecraft
separations (i.e., those among ACE, Geotail IMP 8, Inter-
ball, and Wind) while the smaller decay length is established
with smaller spacecraft separations among just the Cluster
spacecraft pairs. In this study we use not only Cluster but

also a number of intervals provided by THEMIS data and
these data show that the additional exponential term with a
second shorter decay length (l2) is required to fit a portion
of the THEMIS data. With the new THEMIS data we are
able to establish that the second decay length does not result
from instrumental bias associated with the Cluster data.
However, in addition to their separations, the most signifi-
cant difference between the ACE, Geotail IMP 8, Interball,
and Wind spacecraft and the Cluster and THEMIS space-
craft is that when Cluster and THEMIS are in the solar wind,
they are sometimes in the foreshock region.
[47] An alternative explanation for the second (smaller)

decay length was suggested by Borovsky [2008], who pro-
posed that the solar wind is composed of distinguishable
flux tubes and that the turbulent magnetic fluctuations are
localized within those flux tubes. They showed that within
the solar wind there are two populations of magnetic field
rotations, one population for small rotations at small spatial
separations and one population for large rotations at larger
spatial separation. Based on this idea, the large scale length
could be associated with the mean flux tube diameter of
1.4 × 106 km, which is very similar to our mean correlation
scale of 1.5 × 106 km calculated from all the correlation
scales in Table 1. The smaller decay length then would be
the large eddy scale size (about the correlation scale size) of
turbulent fluctuations within the flux tube, which is about
1.4 × 105 km. The mean small decay length in our study is
about 30,000 km, which is about a factor of 5 smaller than
the eddy scale size reported by Borovsky [2008]. This dif-
ference is relatively large, but the large eddy scale size
determined by Borovsky [2008] appears to be arbitrary.
Furthermore, it is unclear how we could test the Borovsky
[2008] hypothesis.
[48] Similar to the Borovsky et al. study, Greco et al.

[2009] examined the distribution of waiting times between
magnetic discontinuities in the ACE magnetic field data.
They found that this distribution was best fit with a power
law at scales smaller than the correlation scale, which they
assume was 1.2 × 106 km [Greco et al., 2008], and at larger
scales the distribution was best fit with an exponential.
According to Greco et al. [2009], the discontinuities may
represent the current sheets that form between magnetic flux
tubes that have correlation scale as the typical dimension.
These current structures form a hierarchy that extends
through the upper part of inertial range to its termination
near the dissipation scale. The latter is often taken to be near
the ion inertial scale, which is also a characteristic scale of
thinned current sheets in collisionless reconnection [Leamon
et al., 2000]. The relationship between dissipation scale and
Taylor scale in the solar wind is more complex than it is in

Table 5. Effective Magnetic Reynolds Numbers for Each Solid Angular Bin for Each Range of Solar Wind Speed

Angle Relative to the
Mean Magnetic Field Solid Angle Slow Solar Wind (106) Intermediate Solar Wind (106) Fast Solar Wind (106)

0.0°–31.0° 0.00–0.143 4.0 ± 3.7 0.6 ± 0.5 NA
31.0°–44.4° 0.143–0.286 31.7 ± 44.4 1.9 ± 1.5 2.7 ± 3.2
44.4°–55.1° 0.286–0.429 1.1 ± 0.7 0.9 ± 0.8 2.9 ± 6.3
55.1°–64.6° 0.429–0.571 0.8 ± 0.4 0.8 ± 0.6 0.7 ± 0.3
64.6°–73.4° 0.571–0.714 2.2 ± 1.6 1.5 ± 1.7 2.0 ± 2.0
73.4°–81.8° 0.714–0.857 0.9 ± 0.6 0.2 ± 0.2 22.6 ± 57.5
81.8°–90.0° 0.857–1.00 0.6 ± 0.3 1.3 ± 1.5 1.5 ± 1.4

WEYGAND ET AL.: CORRELATION AND TAYLOR SCALE IN THE IMF A08102A08102

10 of 12



hydrodynamics, and in some fraction of cases the Taylor
scale is found to be smaller than the dissipation scale
[Matthaeus et al., 2008] in contrast to hydrodynamic tur-
bulence at high Reynolds number. Consequently while it is
clear that dynamical relationships exist among the Taylor,
dissipation and current sheet thickness scales, it is also clear
that these relationships are not well understood and remain
topics of current and ongoing research. The same comments
apply to the possible relationship between the second
exponential decay length we introduced on empirical
grounds, and the properties of the cascade and current sheets
discussed by Greco et al. Further investigation is required to
clarify these relationships.

5. Summary and Conclusions

[49] In this study we examined the correlation and Taylor
scales as functions of the solid angle relative to the mean
magnetic field direction in slow, intermediate, and fast solar
wind speed ranges. As far as we are aware this is the first
study to use only simultaneous two point correlation mea-
surements to determine the variation of these scales of tur-
bulent fluctuations with respect to the mean magnetic field
for solar wind of different speeds. We find that within the
intermediate solar wind, the Taylor scale is longest along the
magnetic field (∼3500 ± 500 km) and shorter perpendicular
to the magnetic field (∼1200 ± 500 km). Finding that the
Taylor scale depends on direction in the intermediate solar
wind is puzzling in view of the fact that, to within uncer-
tainty, we found no directional dependence in the slow or
fast solar wind. The differences may involve some elements
of anisotropy related to dispersive and dissipative effects at
small scale lengths or may be related to anisotropy at the
inertial range scales imposed upon the Taylor scales.
[50] Using the Taylor scale and the correlation scale, we

derived the effective magnetic Reynolds number for each
angular bin. In all three solar wind speed ranges, the
effective magnetic Reynolds number shows some variability
with solid angle relative to the magnetic field, but remains
within 2 standard deviations of a typical value of a few
million. A study using a larger data set will be needed to
establish whether there is an angular variation of the effec-
tive magnetic Reynolds number.
[51] Our results show that the correlation scale is longest

along the magnetic field and shorter perpendicular to the
magnetic field in both the slow solar wind and the inter-
mediate solar wind with the difference larger in the slow
solar wind. The ratios of the parallel to the perpendicular
correlation scales were found to be 2.55 ± 0.76 and 2.15 ±
0.18 for the slow solar wind and the intermediate solar wind,
respectively. These values agree (within the uncertainty)
with the single value reported by Osman and Horbury
[2007] for a slow solar wind interval. In the fast solar
wind, the ratio is 0.71 ± 0.29, the same as the ratio reported
by Dasso et al. [2005]. This monotonic transition from a
large anisotropy in the slow solar wind to a value a little less
than 1 in the fast solar wind suggests that quasi two‐
dimensional turbulence dominates within the slow solar
wind, but that the dominance gradually decreases until
Alfvénic turbulence dominates within the fast solar wind.
The fact that the correlation scale varies with respect to the
mean magnetic field direction is important to studies of solar

and galactic cosmic ray scattering that depend on accurate
determination of the perpendicular diffusion coefficient,
which is directly proportional to the correlation scale
[Ruffolo et al., 2004].
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