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Abstract. The Taylor microscale is one of the fundamental
turbulence scales. Not easily estimated in the interplanetary
medium employing single spacecraft data, it has generally
been studied through two point correlations. In this paper
we present an alternative, albeit mathematically equivalent,
method for estimating the Taylor microscale (λT). We make
two independent determinations employing multi-spacecraft
data sets from the Cluster mission, one using magnetic field
data and a second using electron velocity data. Our results
using the magnetic field data set yields a scale length of
1538± 550 km, slightly less than, but within the same range
as, values found in previous magnetic-field-based studies.
During time periods where both magnetic field and electron
velocity data can be used, the two values can be compared.
Relative comparisons showλT computed from the velocity is
often significantly smaller than that from the magnetic field
data. Due to a lack of events where both measurements are
available, the absoluteλT based on the electron fluid velocity
is not able to be determined.

Keywords. Interplanetary physics (Plasma waves and turbu-
lence)

1 Introduction

Turbulence is one of the most efficient means of mixing
and transporting energy, momentum, and mass in fluid sys-
tems, which includes the solar wind. Figure1 is a generic
picture of the turbulence cascade showing the three basic
turbulent ranges as well as the location of three fundamen-
tal scales. Most of the turbulent energy is contained in the

energy-containing range that comprises the lowest frequen-
cies and the largest eddy structures. The eddies are inher-
ently unstable and the break in the spectrum labeled as the
correlation scale is essentially the size of the largest eddy in
the system. The inertial range covers the central portion of
the spectrum and includes eddy sizes between the largest and
those that begin to be influenced by dissipation. Here iner-
tial or inviscid processes dominate the cascade in energy or,
equivalently, the eddy size. Below the inertial range is the
dissipative range where eddy energy dissipates as heat1. The
dissipation range is characterized by a change in spectral in-
dex at what is known as the Kolmogorov scale (see below),
which is the smallest supported eddy size, beyond which the
eddies are overdamped. For a viscous fluid, just above the
Kolmogorov scale lies the third fundamental scale, the Tay-
lor microscale. Evaluation of this length scale in the solar
wind is the main topic of the present paper.

While the solar wind is not technically a fluid, it be-
haves as such above the dissipation scale and the use of an
MHD formalism and terminology is often adopted in the
discussion and study of the turbulence there. Eddies in the
solar wind are probably best thought of as semi-coherent
or semi-organized regions of energy, and while viscosity
and resistivity exist they are certainly nonclassical, being

1Note that the solar wind is a low-collisionality medium hav-
ing numerous possible kinetic dissipation mechanisms at scales
smaller than the ion inertial length, where the spectrum is observed
to steepen. Here we will assume that the “steepening” corresponds
to the end of the inertial range, and therefore employ simpler hydro-
dynamic/viscous terminology in describing the Taylor microscale.
SeeMatthaeus et al.(2008) for more discussion of this point.

Published by Copernicus Publications on behalf of the European Geosciences Union.



2064 C. Gurgiolo et al.: Characteristics of the Taylor microscale in the solar wind/foreshock

Energy

Containing

Scale

Inertial

Range

Dissipation

Range

Kolmogorov

Scale

Taylor

Microscale

Correlation

Scale

Energy

Cascade

Wave Number

P
o

w
e

r 
S

p
e

c
tr

a
l 
D

e
n

s
it
y

Fig. 1. Generic picture of turbulence in the solar wind showing the primary turbulence ranges and scale lengths.
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Fig. 1. Generic picture of turbulence in the solar wind showing the
primary turbulence ranges and scale lengths.

implemented through wave–particle interactions rather than
collisions (Holzer et al., 1986; Verma, 1996). The fact that
turbulence in the inertial range in the solar wind generally
exhibits Kolmogorov or Kraichnan characteristics (Podesta
et al., 2007; Salem et al., 2009, 2012) is indicative of the
validity of the use of fluid hydrodynamics to describe the so-
lar wind and its environs.λT was first described byTaylor
(1935) using a fluid-based formalism. For Kolmogrov scal-
ing,λT is within the inertial range, located at 2/3 the distance
between the inertial and dissipation scales (measured from
the inertial scale).

Multiple spacecraft estimation (Matthaeus et al., 2005)
gives values of the correlation scaleλc ≈ 1.3× 1011 cm, or
0.008 AU. The magnetic inertial range power law terminates
with subsequent steepening at frequencies near 0.5 Hz at
1 AU. For solar wind speeds ofVsw∼ 300–500 km s−1 this
corresponds to spatial scales of 600 to 1000 km, a few times
the ion inertial scale c/ωpi ≈ 228/

√
n km, wheren is den-

sity in cm−3 (Leamon et al., 1998). This inner scale, or scale
at which the inertial range terminates, is often described as a
“dissipation scale”, in analogy with hydrodynamic terminol-
ogy, even though we do not know in detail what mechanisms
are responsible for dissipation in the solar wind (Barnes,
1979; Tu and Marsch, 1995; Borovsky, 2004).

It is convenient to introduce the Taylor microscale in the
context of a viscous dissipation function, as in hydrodynam-
ics. Using brackets (< .. . >) to represent the ensemble av-
erage, for a typical speedu =

√
< |vf |

2 >, fluid velocity vf ,
mean square vorticity� =< |∇ × vf |

2 >, characteristic vor-
ticity ω =

√
�, and viscosityυ, we readily find from the

Navier–Stokes equations that the rate of decay of energy (ab-
sent of forcing) is du2/dt = −νω2

≡ −ε. To write the decay
rate in terms of energy, we may define the Taylor microscale

λT by the relation

ω2
=

u2

λ2
T

. (1)

Suppose we introduce a correlative (outer) scaleλc, large-
scale Reynolds numberR ≡

uλc
υ

. Then, by dimensional anal-
ysis, a characteristic dissipation scale (Kolmogorov of inner

scale) isλd =

(
υ3

ε

) 1
4

so thatλd = λcR
−

3
4 . One readily finds

also thatλT/λc = R−
1
2 . It is clear that for viscous hydrody-

namics one expects to always haveλT > λd.
In turbulence analysis one often works with correlation

functions such asRij (r) =< uiuj > or its traceR(r) =<

u ·u′ >, where the prime denotes an offset by a spatial lagr.
It is then straightforward to see thatω2

= −R′′(0) = u2/λ2
T,

and then from this relation that the Taylor scale also en-
ters in the expansion of the second-order structure func-
tion S2(r) =< |vf − v′

f |
2 >= u2Ŝ2(r) for small spatial sep-

arations r. In particular, whenS2 is regular at the origin,

S2(r) ≈ 1−
r2

λ2
T

for smallr << λd. This expansion forms one

basis for measurement of the Taylor scale (Matthaeus et al.,
2005; Weygand et al., 2007). Another approach, which we
exploit here, is to directly estimate the mean square curl, em-
ploying the relationω2

= u2/λ2
T. Below we will apply these

ideas to the magnetic field and the electron fluid velocity to
compute their respective Taylor microscales.

Although determiningλT is fairly routine for fluid turbu-
lence (Kailasnath and Sreenivasan, 1993; Belmabrouk and
Michard, 1998; Segalini et al., 2011), due to limitations in
the cadence of plasma instruments and accessibility to multi-
spacecraft data sets,λT had not been evaluated in space plas-
mas before the work ofMatthaeus et al.(2005). Subsequent
work (Weygand et al., 2007, 2009, 2010, 2011) has explored
the size and symmetry properties ofλT in both the solar wind
and magnetosphere. As with the other turbulence-related fun-
damental scale lengths, it can be estimated from either the
magnetic field or plasma velocity. As one of the three basic
lengths that characterize turbulence, one would expect that
no matter how it is measured, the results should be similar.
This is not clear, however, and as of yet has not been directly
tested. It is well known that in the solar wind the magnetic
field and velocity turbulence spectra often exhibit different
spectral indices in the inertial range:−5/3 and−3/2, respec-
tively (Podesta et al., 2007; Salem et al., 2009). The spectra,
however, do not necessarily convey information aboutλT.

As noted above, there are two approaches that can be used
to estimateλT. The first was proposed byMatthaeus et al.
(2005) and implemented byMatthaeus et al.(2005, 2008)
andWeygand et al.(2007, 2009, 2011, 2010). This approach
consists of estimating the radius of curvature of the correla-
tion function at small separations (Taylor, 1935). Using the
correlation function to estimateλT has several advantages.
The primary one is that if the turbulence is assumed to be
isotropic (a condition that the work ofWeygand et al.(2009,
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2010) suggests may not generally be the case), thenλT can
be estimated from only a pair of spacecraft. It can even be es-
timated from a single spacecraft if the Taylor frozen in con-
dition (Taylor, 1938) is valid and sufficiently high-resolution
data are available. The process involves several steps, which
basically consist of the following:

– Application of any preconditioning to the data.

– Evaluation of the cross-correlation expression
R(r) =< α(x) · α(x + r) >, where α represents the
measurement used to estimateλT (generally B or V).

– Usage of the cross-correlation expression in the small

r limit (R(r) ≈< α2 >

(
1−

r2

aλ2
Tα

)
+ . . . to solve for

the Taylor Microscale (λTα ) within a number of time
periods with different separation distances. In the ex-
pressionr is the spacecraft separation when using the
two spacecraft approach and the spatial lag when using
a single spacecraft approach.

– Extrapolation of the estimatedλT(r) to getλT(0).

Application of this technique using magnetic field data from
both the solar wind and plasma sheet yieldsλT scale lengths
of 2400 and 1900 km, respectively (Weygand et al., 2007).
An additional study byWeygand et al.(2011) has shown
that the magnetic-field-based estimates ofλT in the solar
wind exhibit an anisotropy between values derived parallel
(3500 km) and perpendicular (1200 km) to the mean mag-
netic field. The anisotropy is seen only for solar wind speeds
between 450 and 600 km s−1. λT appears to be isotropic out-
side that range.

A second approach from whichλT may be estimated is
through the generalization of the exact relationship given in
Eq. (1), written as

λTα =

√
< α2 >

< (∇ ×α)2 >
, (2)

whereα is the fluctuating (mean free) component of the pa-
rameter forming the basis of the estimates (e.g., fluid veloc-
ity, magnetic field) (seeTaylor, 1935; Batchelor, 1953). Ini-
tial results using this approach are presented here for the first
time. Although the two approaches are mathematically es-
sentially the same, they do differ in their method of solution.
In the first approach the correlation values are determined to
a high accuracy by averaging over a large number of observa-
tions and then the trend inr is evaluated allowingλT to be es-
timated at zero spacecraft separation. In the above approach,
however, each interval of data supplies its own estimate of
λT and the individual estimates are then combined and ex-
trapolated to zero spacecraft separation. In essence then the
order of the averaging and computing derivative is reversed
between the two methods. In addition the above definition
does not rely on an assumption of isotropy.

The use of Eq. (2) to estimateλT presents several chal-
lenges. Foremost among these is the estimation of the spatial
gradients required to determine the curl in the denominator
of Eq. (2). Estimates of the gradients require time-contiguous
measurements from multiple (i.e., at least four) spacecraft,
which in this paper are supplied by the Cluster spacecraft for
both the magnetic field and electron plasma data sets. The
time contiguous condition is covered in all telemetry modes
for the magnetic field but only in burst mode for the elec-
tron data. This greatly restricts the number of occasions in
which λT can be estimated using the electron fluid velocity.
A second restriction placed on the estimates of the spatial
gradients is that they can only be made during times when
the spacecraft are in a nearly perfect tetrahedral configura-
tion. This limits the length of time over which the ensem-
ble averages in Eq. (2) can be formed. The two restrictions
combine to limit the scale lengths over which this approach
can be used to values generally below the correlation scale
length. In order to overcome this we use a two-step approach
in estimatingλT over the correlation scale. We first compute
λT over a number of different scale lengths (done by low-
pass-filtering the data at different frequencies) and then use a
plot of λT vs. scale length to project these values back to the
correlation scale length.

In this paper we present estimates ofλT in the solar
wind/foreshock using Cluster data obtained between 2001
and 2009. There has been no attempt to separate foreshock
from solar wind in the analysis. As this is basically a statis-
tical analysis, and since the intervals used are not arbitrary
in that we are confined to times where the spacecraft are in
a reasonable tetrahedral configuration, we have merged both
solar wind and foreshock intervals (and indeed most inter-
vals contain a mixture of the two regions) to keep statistics
as high as possible. These regions may be separated in a later
work. We report here results using both the magnetic field
and the electron fluid velocity.

2 Instrumentation

This study makes use of data sets from multiple Cluster ex-
periments.λT based on the electron fluid velocity is con-
structed from moments derived from the electron veloc-
ity distribution functions (VDF) acquired by thePlasma
Electron And Current Experiment (PEACE). PEACE con-
sists of a pair of hemispherical electrostatic analyzers on
each of the Cluster satellites (Johnstone et al., 1997). The
two analyzers, designated HEEA (high-energy electrostatic
analyzer) and LEEA (low-energy electrostatic analyzer) are
separated by 180◦ on the satellite and differ only in their ge-
ometric factors (HEEA has the larger geometric factor). De-
spite their acronyms, both can cover the energy range 0.6
to 26 keV. The analyzers’ fields of view are perpendicular
to the spacecraft spin axis, i.e., approximately perpendicular
to the GSE ecliptic. Each analyzer covers 180◦ in elevation
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in 12 sectors. The full 360◦ of azimuth is covered in one
rotation of the spacecraft so that a three-dimensional snap-
shot of the electron distribution is accumulated once per spin
(∼ 4 s). Data from both analyzers are used in this paper de-
pending on which analyzer is active during the time period
being analyzed.

Because of telemetry restrictions, PEACE generally re-
turns only a subset of the total data collected onboard. Ex-
actly what is returned depends on the instrument mode,
which can be separately commanded for each analyzer on
each of the spacecraft. The telemetry rate determines the fre-
quency with which full three-dimensional distributions are
downloaded. During the time intervals analyzed in this pa-
per, all satellites were operating in burst mode telemetry
and PEACE was returning 3-D distributions every four sec-
onds. Because the data sets must be time contiguous, this
is a necessary requirement and one that greatly reduces the
number of available events. During these times the analyz-
ers were generally, but not always, returning data in either
the 3DXP1 data mode (26 energy steps, 32 azimuth sectors,
and 6 summed elevation zones) over the approximate energy
range 5.0 to 1050.0 eV on all spacecraft, or in the 3DXP1
mode on C1 and C3 and in the 3DX1 mode (30 energy steps,
32 azimuth sectors, and 12 elevation zones over the approxi-
mate energy range 5.0 to 2550 eV) on C2 and C4.

Data from both theElectric Field andWaves (EFW) ex-
periment and theWaves ofHigh frequency andSounder for
Probing ofElectron density byRelaxation (WHISPER) ex-
periment are used in the estimation of the electron plasma
moments. EFW provides the spin-averaged spacecraft poten-
tial, used to correct the energy bin edges of the PEACE en-
ergy steps. Active sounding by WHISPER distorts the space-
craft potential, which in turn affects the estimated moments.
Moments computed when WHISPER is actively sounding
are dropped from the analysis and the resulting temporal gaps
are filled using a linear interpolation.

λT based on the magnetic field is constructed from 5-
vector-per-second (VPS) data provided by theFluxgate
Magnetometer (FGM) experiment through the Cluster Ac-
tive Archive (CAA). When used to construct estimates ofλT
in conjunction withλT estimates derived using the electron
velocity, the data are averaged down to the spacecraft spin
period, which keeps it at the same resolution as the moment
data; otherwiseλT estimates are based on the 5 VPS (0.2 s)
data resolution.

FGM consists of two triaxial fluxgate magnetometers on
each of the four Cluster spacecraft (Balogh et al., 1997). At
nominal telemetry rates the experiments are able to return
five magnetic field vectors per second. This allows magnetic
field dataλT estimates to be constructed during times when
the spacecraft are not using burst mode telemetry, which
greatly increases the number of events available for analysis.
Statistically significant estimates ofλT can be made from the
5 VPS data in time intervals as short at 15 min; however for

the current study, intervals of 70 min were nominally used,
with none shorter than 60 min.

3 Analysis technique

Estimates ofλT from the electron fluid velocity or magnetic
field in this paper are based on Eq. (2). The steps taken to
estimateλT values basically follow those used to estimateλT
from the correlation function in that one must first precondi-
tion the data to remove the mean field and then extrapolate
the results to zero spacecraft separation. The dependence of
the estimatedλT on spacecraft separation comes from the
computation of the curl in the denominator of Eq. (2) and
will be discussed in more detail in Sect.3.3.

The steps taken in estimatingλT from Eq. (2) are given
below in the order applied and will be described in detail in
the following sections.

– When using the solar wind velocity, compute electron
moments from all four spacecraft.

– Remove mean value from all data sets.

– Produce estimates of the spatial derivatives and con-
struct estimates of∇ ×α.

– Produce estimates ofλT from Eq. (2).

– Perform all necessary corrections for spacecraft sep-
aration and extrapolateλT to cover the full inertial
range.

3.1 Moments

EstimatingλT from the electron fluid velocity requires calcu-
lating the velocity moment from the (measured) phase space
distribution. The numerical method used to estimate the elec-
tron moments has been presented in detail inGurgiolo et al.
(2010), and we refer interested readers to that publication.
It should be noted that to ensure that the moments derived
on each spacecraft cover the same energy range for the en-
tire time interval analyzed, the lower energy limits used in
the integrals are set to the highest lower energy measurable
after correcting for the spacecraft potential, while the lower
velocity limit is set to the minimum upper energy measured
on the four spacecraft. For the moments to be time contigu-
ous, all spacecraft must be returning data in burst telemetry
mode. This ensures that a full 3-D distribution is being re-
turned from each spacecraft in each spin.

3.2 Removing the mean field

There are multiple methods available to remove a mean field
in a data set. The method employed in this study is to apply
a low-pass Savitzky–Golay filter to the data and then sub-
tract the filtered from the unfiltered data to obtain the fluctu-
ating component. All applications of the Savitzky–Golay in
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Fig. 2. Mean field removal for two Savitzky–Golay low-pass fil-
ters (0.005 and 0.03 Hz). The top row of plots shows the input data
(black) and the low-pass filter (red). The lower row of plots shows
the high-pass data formed by subtracting the low-passed data from
the input data. The high-passed data constitute the variable compo-
nent of the field used in the estimation ofλT.

this paper fit a polynomial of degree 2 (see pages 650–655
in Press et al.(1999)). The advantages in using a Savitzky–
Golay low-pass filter include that the filter can be tuned to
any frequency, the filters produce negligible feature broad-
ening in the data and only minimal changes in signal height,
and the filters allow the data set to be used at its native tem-
poral resolution. An example of the removal of the mean field
is shown in Fig.2 for the two filter frequencies of 0.005 and
0.03 Hz.

The low-pass filter frequency establishes the scale length
over which the data are processed – essentially

λ = Vsw/f (3)

whereλ is scale length in km,Vsw is the solar wind veloc-
ity in km s−1 andf is the low-pass cutoff frequency in Hz.
We computeλT at eight equally logarithmically spaced cut-
off frequencies ranging from 0.03125 to 0.001 Hz. The low-
est frequency that we employ is equivalent to a scale length
of ∼ 5×105 km, somewhat less than the 2×106 km correla-
tion length of solar wind turbulence as determined from the
upper inflection point in magnetic field spectra taken within
the time period used in the study (this value is consistent
with previous estimations; for example, seeMatthaeus et al.,
2005; Wicks et al., 2010). Using a series of filter frequencies,
however, provides (as will be shown later) an extremely lin-
ear relationship between the estimatedλT and the log of the
low-pass cutoff frequency, which allowsλT to be extended
out to the correlation scale length.

3.3 Estimates of the spatial derivatives and curl

One of the unique features provided by the Cluster spacecraft
is the ability to estimate the spatial variation of parameters

measured on all spacecraft across the constellation volume.
The procedure used to accomplish this and its associated lim-
itations has already been described in detail inGurgiolo et al.
(2010, 2011) and is only briefly summarized here.

Spatial derivatives of a scalar quantityQ, such as the com-
ponent of a vector, can be estimated provided that it is known
at a minimum of four non-coplanar spatial locations, a con-
dition met by the four Cluster spacecraft. With only four data
points the variation ofQ across the volume defined by the
spacecraft is provided by the set of equations

Qj = a + bXj + cYj + dZj , (4)

whereQ is the quantity being fit,j is the spacecraft index,
(a,b,c,d) are a set of unknown coefficients, and (X,Y,Z)
are the spacecraft position coordinates. For anyQ, Eq. (4)
expands to four equations, one per spacecraft. By way of an
explicit example the equations for the quantityQx are given
by the coupled set of equations

C1 : Qx1 = ax + bxX1 + cxY1 + dxZ1
C2 : Qx2 = ax + bxX2 + cxY2 + dxZ2
C3 : Qx3 = ax + bxX3 + cxY3 + dxZ3
C4 : Qx4 = ax + bxX4 + cxY4 + dxZ4.

(5)

These can be solved using any number of common analysis
techniques.

Estimates of both the divergence (∇·V ) and vorticity (∇×

V ) of any vector quantityV can be constructed from (5) as

∇ ·V = bx + cy + dz, (6)

∇ ×V = (cz − dy )̂x + (dx − bz)ŷ + (by − cx )̂z. (7)

Note that with the restriction to linear solutions there is no
position dependence in either the divergence or curl. The curl
is used in Eq. (2) in the estimation ofλT.

There are two explicit assumptions made in the application
of Eq. (5): the measurements are independent and the varia-
tion in the parameter is linear across the spacecraft constel-
lation. The first is generally met so long as the average travel
time of the plasma across the constellation (average space-
craft separation divided by the average solar wind speed) is
less than the temporal resolution of the measurement. This
condition is more restrictive when using plasma parameters
that have 4 s cadence than when using magnetic field mea-
surements that have a 0.02 s cadence. The latter can be used
for the most part down to spacecraft separations as small as
250 km, while the former is generally limited to separations
greater than 3500 km.

The assumption of linearity is generally not met here.
The issue is that we generally use the fluctuating compo-
nent of the data obtained by subtracting out the mean. Be-
cause of this the derivatives need to be estimated using a
finite-difference formalism (and not by Eq.6 and7), and this
explicitly introduces a dependence on the spacecraft separa-
tion that will be apparent both in estimates of the divergence
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Fig. 3.Variation in the estimated curl due to variations in the Cluster
configuration.

and curl, as well as in estimates ofλT because of the curl in
Eq. (2). A simple way to see how this dependence on space-
craft separation arises is to reduce Eq. (5) to a 1-D formula-
tion. If there are only two spacecraft, say C1 and C2 aligned
alongX, Eq. (5) can be written asQj = a +bXj , wherej is
the spacecraft. The derivativedQ

dX
is now estimated from

dQ

dX
= lim

1X→0

(Q1 − Q2)

(X1 − X2)
= lim

1X→0

1Q

1X
.

In the solar wind4Q should be self-similar – that is, in-
dependent not only of1X but also of time. The result is
that 1Q

1X
exhibits a dependence on1X. To remove the de-

pendence the derivative is estimated at a number of space-
craft separations and the results are interpolated to back to
1X = 0. To remove the fluctuations in4Q requires a statis-
tically significant number of estimates of the derivative to be
made at each spacecraft separation. How this effects the es-
timation ofλT and how it is corrected is discussed explicitly
in Sect.3.4.

In addition to the two limitations listed above, we also re-
quire during intervals used that the spacecraft be in a near-
regular tetrahedral configuration. This is judged from the
value of the tetrahedron geometry parameter (QGM) (Robert
et al., 1998), which varies between 1 and 3, with 3 indicating
that the spacecraft are in a nearly regular tetrahedral geom-
etry and 1 indicating the spacecraft are approximately in a
line. There is no a priori QGM value above which the space-
craft can be considered to be in a near tetrahedron, but Fig.3
suggests that a QGM above 2.7 should be adequate. The fig-
ure contains two panels. The upper panel is the estimated curl

of the magnetic field when each component of the field has
been artificially set to a constant value of 5000 nT on each
spacecraft. Ideally the curl should be zero everywhere. The
lower panel shows the spacecraft QGM for the configuration
found on 26 February 2005 between 10:00 and 21:00 UT.
This configuration, which had a QGM varying from 3 to
about 2.1, was used to compute the curl. Jitter in the deter-
mined spacecraft positions and hence in the relative spac-
ings is responsible for the hash seen in the curl. The overall
increase in magnitude beginning about 15:30 UT, however,
is due to changes in the (x, y, z) spacecraft separation that
begins to move the spacecraft away from its original nearly
regular tetrahedral configuration. The overall spacecraft po-
sitions were continuously adjusted across the 11 h interval
(without affecting the configuration) to keep a constant aver-
age separation. This removes any functional dependence on
λT from the magnitude of the separation itself. As seen in
the top plot the estimatedλT is reasonably constant up until
about hour 16, where the upward trend begins. This upward
trend occurs at a QGM value of roughly 2.7.

3.4 EstimatingλT

Estimates ofλT from either magnetic field or electron fluid
velocity data are constructed directly from Eq. (2) and re-
quire only the formation of the two ensemble averages con-
sisting of the square of the curl and the square of the magni-
tude of the fluctuating component of the parameter in ques-
tion. The method used to estimate the curl has been detailed
in Sect.3.3. The magnitude is obtained through Eq. (4) at
the position of the centroid (average of the vertices) of the
volume defined by the spacecraft.

The intervals of time over which the ensemble averages are
formed must meet several conditions, some of which have al-
ready been discussed above and are restated here. The space-
craft must be in a reasonably regular tetrahedral formation
throughout the interval. We ensure this by requiring that the
average QGM be greater than 2.75 over the time period. (The
condition is sometimes relaxed to 2.65 when the electron
fluid velocity is used to estimateλT for the simple reason that
periods of burst mode telemetry do not always occur when
the spacecraft are in an optimal tetrahedral configuration.)
The time periods during which the magnetic-field-basedλT
are computed generally have an average QGM above 2.95
except for times in 2009, where the positioning of C3 and C4
did not allow for QGM values much above 2.8. Also, dur-
ing orbits for which the spacecraft had two periods of high-
quality tetrahedral configurations in the solar wind, one gen-
erally has a average QGM below 2.85 but above 2.75. There
are no data in the study from 2007 to 2008 because in that
time frame C3 and C4 were very close, while the remain-
ing spacecraft were separated by∼ 10 000 km. The QGM in
those years did not increase much above 2.

In addition, the time intervals must be long enough that the
ensemble averages contain sufficient data to be statistically
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significant. With the 5 VPS magnetic field data we generally
use 70 min intervals, which contain about 21 000 individual
measurements. The slower cadence of the electron velocity
moment (∼ 4 s) means that to obtain statistically significant
ensemble averages, longer time intervals are required. As
with the QGM, where we must be satisfied with lower val-
ues than we would like to see being limited by the duration
of the burst mode, which generally ranges from 1.5 to 3 h in
duration (1350 to 2700 measurements). Burst mode intervals
shorter than 1.5 h were not included.

A last requirement in the selection of time intervals is that
the measurements at each spacecraft be independent of one
another. This means that we need to ensure that features in
the solar wind do not propagate across multiple spacecraft
within a measurement time frame. Another way of saying
this is that

D

Vsw
> tM, (8)

whereD is the average spacecraft separation (see Eq.9 be-
low), Vsw is the solar wind speed, andtM is the time resolu-
tion of the measurement. This places limits on the spacecraft
separation that can be used for the different data sets. For the
0.2 s magnetic field data the minimum average separation for
an 800 km s−1 solar wind speed should be on the order of
200 km, while for the 4 s fluid velocity the same minimum
separation would be about 3500 km. The latter limits the use
of the electron fluid velocity to the years 2003 and 2006.

The sum requirements have a significant impact on the
number of time intervals available for analysis when using
electron velocity data, but minimal impact on the number of
intervals available when using magnetic field data. As such,
most of the analysis was carried out using the magnetic field
data.

As mentioned in Sect.3.2, the use of different cutoff fre-
quencies to remove the mean field is equivalent to specifying
the scale length over whichλT is estimated. This inherently
changes the estimatedλT as more power (numerator in Eq.2)
is included in the estimation with longer scale lengths. Fig-
ure4 showsλT estimated from magnetic field data within a
20 min window as a function of the cutoff filter frequency
(equivalent scale length is shown on the upperx axis). This
shows the falloff inλT with increasing cutoff frequency (de-
creasing scale length). The red line is a fit to the data, and it
is easy to see how one could, in principle, extend the fit to es-
timateλT over the full correlation length. However, because
λT still contains a functional dependence on the spacecraft
separation at this point, the projected value would just be an
intermediate result that would still need to be corrected for
the spacecraft separation.

The effect of spacecraft separation on the estimatedλT is
shown in Fig.5. The first eight plots in the figure show the
estimatedλT from the magnetic field data as a function of
average spacecraft separation. Each plot contains estimates
from the same 138 seventy-five-minute intervals between
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Fig. 4. λT from magnetic field data as a function of the cutoff fil-
ter frequency and scale length (upper axis) showing the increase in
the estimatedλT with increasing scale length and decreasing cutoff
frequency.

2001 and 2009 derived from the different cutoff filters. The
spacecraft separation is the average separation of all space-
craft determined from

D =
1

6

j=2∑
j=0

i=3∑
i=j

√
(xi − xj )2 + (yi − yj )2 + (zi − zj )2, (9)

wherei andj represent pairs of the Cluster spacecraft. The
cutoff filters represent different scale lengths over whichλT
was estimated. The relationship between cutoff filter and
scale length is shown in the lower right-hand plot in Fig.5.

The red lines in theλT plots are linear least-squared fits
of the formλT = ar + b to the data (r is the average space-
craft separation anda andb are the fit coefficients). These
appear to be good representational fits to the data and con-
sistent with our understanding of how the artificial depen-
dence on the spacecraft separation introduced in the spatial
derivatives is expected to behave. They essentially map out
the averageλT value at each average tetrahedral separation
distance.λT at 0 km separation (λT(0)) is given in each plot
as determined from the fit. This is the estimatedλT for the
scale length represented by the filter. The organization ofλT
values along vertical lines in the plots is due to the fact that
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was computed directly from the fits. The lower right-hand plot shows the relationship between λT(0) and the cutoff filter

frequencies.
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Fig. 5.Functional dependence of the estimatedλT values from mag-
netic field data on the spacecraft separation for all eight cutoff fil-
ter frequencies. The cutoff filter frequency as well asλT at zero
spacecraft separation are given in each plot. The latter was com-
puted directly from the fits. The bottom right-hand plot shows the
relationship betweenλT(0) and the cutoff filter frequencies.

the spacecraft enter optimal tetrahedron formations at about
the same separations in each orbit. Multiple lines are the re-
sult of either changes in the overall spacecraft separations or
times when the spacecraft pass through two periods of tetra-
hedral formation in the solar wind per orbit, each occurring
at different average separations.

It should be recognized that the functional dependency of
TMS on the spacecraft separation as seen in Fig.5 is gen-
erated on an event-by-event basis. The spacecraft separation
(as well as configuration), however, changes continually, and
therefore the same dependency is introduced into the individ-
ual ensemble averages. This change in separation introduces
a small spread in the ensemble averages that translates into
an equivalent spread in the estimated TMS. The spread be-
comes more pronounced as the time interval increases. We
handle this by computing the average spacecraft separation
within the time interval and then defining a scaling factor
ε at each measurement as< D > /D. This scaling factor is
then used to rescale the spacecraft separations, thus allowing
us to use a constant separation for all calculations within the
time window without changing the QGM, effectively remov-
ing the spacecraft separation dependency from the ensemble
averages.
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Fig. 6. Probability distribution function of the corrected λT values at two cutoff frequencies. Both the average λT and the

standard deviation are given in the plot boxes. The bin size is 150 km in both plots.
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Fig. 6. Probability distribution function of the correctedλT values
at two cutoff frequencies. Both the averageλT and the standard de-
viation are given in the plot boxes. The bin size is 150 km in both
plots.

One feature that is very noticeable in Fig.5 is the increase
in the spread of the estimatedλT with decreasing cutoff filter
frequency (or equivalently increasing scale length). Increas-
ing the scale length over whichλT is estimated increases the
total power (numerator in Eq.2) included in theλT estimate.
This in turn increases the variation in values obtained from
different evaluations.

The functional dependence ofλT on the spacecraft separa-
tion in any of the plots in Fig.5 can be removed by using the
linear fits to map the individual points back toλT(0). Doing
this allows us to construct a probability distribution function
(PDF) of the correctedλT, as shown in Fig.6 for two sets
of λT values estimated from the 0.0162 and 0.001 Hz filter
cutoffs. This example illustrates both the increase in average
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Fig. 7. λT and corresponding standard deviation as a function of
filter frequency (or equivalently the scale length). The linear rela-
tionship is used to projectλT back to the correlation scale (purple
band).

λT and the corresponding increase in the standard deviation
with increasing scale length.

As noted in the introduction and seen in Fig.5, the method
used to deriveλT above does not cover the full correlation
scale length. Using spectra of the magnetic field turbulence
within the time frame of the intervals analyzed, we estimate
the correlation length to be on the order of 2× 106 km (ob-
tained from selected time intervals that were greater than 4
times the correlation length), while Fig.7 shows that we only
cover a scale length of about 5× 105 km. We can, however,
estimateλT over a correlation length by projectingλT esti-
mated from the smaller scale lengths as shown in Fig.5 out
to the correlative scale. The upper plot shows the average

λT values obtained from the correctedλT at each cutoff fre-
quency and the lower plot the corresponding standard devia-
tions. Both are fit to a linear function with the fit coefficients
shown. The error bars onλT are from the standard devia-
tions. The shaded region in both plots shows the location of
the correlation scale (the width representing the uncertainty),
and the boxed region within shows the range ofλT and stan-
dard deviations expected from projecting both values to the
correlation scale. This translates to a value of 1538±550 km
for λT. The average ion inertial length over the time periods
during whichλT was computed was found to be∼ 100 km.
The ion inertial length is a reasonable estimate for the scale
length associated with the dissipation region. This placesλT
well above the dissipation scale length.

The solar windλT computed through this formulation is
about 850 km smaller than that reported byWeygand et al.
(2007) (2400±100 km). The extreme limits of the two values
are only separated by about 200 km. Some of the difference
may be due to a different mix of foreshock/solar wind data in
the two analysis. It is not known ifλT is the same is both re-
gions. Considering, however, the differences in the methods
and approximations used, this probably is not an unreason-
able difference.

4 Comparisons between magnetic field and velocity
estimates ofλT

One of the goals of this study was to compareλT estimated
from the magnetic data to that estimated from the electron
fluid velocity. While we have demonstrated the feasibility
of doing this, the small number of time periods (six in all)
during which the electron data met all of the criteria out-
lined in Sect.3.4 does not allow for the type of statistical
analysis required to determine the functional relationship of
λT with distance, which is necessary to determineλT over
a correlation length. We can, however, compare results on
an interval-by-interval basis. In a case-by-case comparison,
λT is estimated from both electron and magnetic field data
over the same spacecraft separation and QGM values.λT es-
timated from both the magnetic field and electron fluid veloc-
ity for two of the six intervals looked at are shown in Fig.8.
These showλT as a function of the cutoff filter frequency
(the same format as used in Fig.4). The magnetic field data
in these examples has been averaged to the spacecraft spin
period (∼ 4 s) to match the time resolution of the velocity
measurements. In both plots the magnetic-field-basedλT be-
comes more and more separated from the velocity-based es-
timates with increasing scale length. This behavior was ob-
served in five of the six cases we examined. In the sixth
case (not shown) the two curves nearly overlaid one another
and neither exhibited an upward trend with increasing scale
length.

As seen in the plots the twoλT estimates diverge with in-
creasing scale length but are roughly equivalent at smaller
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Fig. 8. Plots of the magnetic field and velocity-basedλT as a func-
tion of cutoff frequency for two time intervals. The magnetic-field-
based values increasingly separate from the velocity-based values
with increasing scale length (decreasing cutoff filter).

scale length. This was seen in all cases looked at. As the
filter frequency is increased, more and more of the energy
that resides in the fluctuations is removed. Over the entire
correlative range the energy in the magnetic fluctuations is
much larger than in the velocity fluctuations (Salem et al.,
2009; Chen et al., 2013). At some frequency, however, you
get to a point where the magnetic field and velocity power
falls roughly into the same range and the curves overlay.

Why the velocity-basedλT appears to be less than the
comparable magnetic-field-based values is not clear, how-
ever, from the few time intervals available. In collisionless
low-density plasma, which the solar wind is, the basic tur-
bulence scale lengths are controlled by the plasma and field
characteristics that nearλT are both dynamic and complex
(seeMatthaeus et al., 2008). It is possible that the magnetic
field and solar wind velocity partially decouple over the scale
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Fig. 9. Plots ofλT vs. the solar wind speed for various cutoff fre-
quencies. The plots show a very small dependence ofλT on velocity.

lengths of the analysis, which allows for a separation in the
physics that pushes the velocity-basedλT to smaller values.
The results suggest that if the dissipation scale for the two
parameters is identical, the velocity-basedλT lies closer to
it so that the dissipation of magnetic field energy begins at
slightly larger scales compared to the velocity. However, it
might also be indicative of a difference in the location of the
dissipation scale between the two parameters.

5 Possible dependence ofλT on solar wind speed

Following the lead ofWeygand et al.(2011) we have looked
at the possibility of a dependence ofλT on the solar wind
speed. Once the spacecraft separation dependence is re-
moved we can produce plots ofλT as a function of the solar
wind speed. Figure9 shows plots ofλT as a function of so-
lar wind speed at three different cutoff filter frequencies. The
top row of the plot shows the distance-correctedλT that have
been fit to a cubic function (red curve). The cubic fit, at least
at the larger cutoff filters, is a better representation of the data
than is a linear fit because of the slight upward curvature in
the data at higher solar wind speeds. The bottom row of plots
show the speed-correctedλT (solar wind speed dependence
removed). The red curves in these plots are linear fits, which
give some indication as to how well the cubic fit correction
worked.

The speed dependency, if real, is small and may represent
a manifestation of the velocity dependence inλT anisotropy
reported byWeygand et al.(2011). The dependency is much
easier to visualize at the higher cutoff frequencies (two right-
hand columns of plots) where the scatter inλT is small. As
the cutoff frequency decreases the scatter inλT masks any

Ann. Geophys., 31, 2063–2075, 2013 www.ann-geophys.net/31/2063/2013/



C. Gurgiolo et al.: Characteristics of the Taylor microscale in the solar wind/foreshock 2073

organization with speed that may exist in the data (see the
left-hand column of plots). It is possible that the trend in the
data at the higher cutoff filters is statistical, being due to the
lack of samples at the higher speeds. It should be empha-
sized thatλT presented here are estimates constructed from
a statistical analysis of many individual results, and as such
significant variability should always be expected.

6 Conclusions

In this paper we have estimatedλT by using data from the
four Cluster spacecraft to form spatial derivatives that can
be used in the relationship given in Eq. (2). This approach
makes no assumptions about the isotropy of the turbulence
(but does assume that the variation of the magnetic and ve-
locity fields across the tetrahedron formed by the four space-
craft is linear). In applying the methodology we have ob-
tained aλT in the solar wind based on the magnetic field
of about 1538± 550 km, which is about 850 km less than
that obtained byWeygand et al.(2007). The values are much
closer when including the errors on both estimates but still
do not overlap. The reason for that difference is not alto-
gether clear. For the small number of cases where the rela-
tive λT can be computed from both the magnetic field and the
electron fluid velocity, values derived from the electron fluid
velocity appear to produce lower values. The difference in-
creases with increasing scale length (see Fig.6and remember
that the cutoff filter frequency is equivalent to scale length).
Perhaps this should not be surprising since the dissipation
mechanisms associated with magnetic field and electron fluid
velocity near the Kolmogorov scale are not necessarily the
same. It is only recently that the turbulence spectra for the
solar wind velocity has been extended to the ion kinetic scale
(Šafránková et al., 2013). The velocity was obtained at a ca-
dence of 31 ms from a three point ion distribution function.
The results show an average break in the velocity spectra of
0.38 Hz, which, using a solar wind speed of 477 km s−1 (the
average of the range of the solar wind speeds in their study),
gives a scale length of about 1250 km. It is unfortunate that
a comparable set of simultaneous spectra for the magnetic
field data was not reported as this would have allowed di-
rect comparisons between the break points to be made. The
value is, however, within the range of reported break points
for magnetic field spectra reported inPerri et al.(2010) and
Bourouaine et al.(2012).

It is, however, instructive to compare the magnetic field
and electron fluid velocity power spectra over the common
frequency range covered by each. This is shown in Fig.10
using the time period covered in the lower plot in Fig.8. (We
have also included a spectrum generated from the velocity
estimated from the CIS ion experiment on C1.) The differ-
ence in time resolution between the two data sets (0.02 s for
the magnetic field data and 4 s for the velocity data) accounts
for the difference in frequency range (recall that the mag-
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Fig. 10. Example spectra of the magnetic field (black – left-hand
axis) and the electron and ion fluid velocity (blue and green, respec-
tively – right-hand axis) for the same time period as shown in the
lower plot in Fig.8. The time resolution of the magnetic field and
velocity data was 0.2 and 4 s, respectively. The electron velocity
data have had high-frequency noise above 0.06 Hz removed. This
tends to flatten the spectra. The spectral indices of the magnetic and
velocity spectra are about−1.7. The arrow shows the position of
theλT scale estimated from this study.

netic field data used in theλT plots in Fig.8 were averaged to
4 s to match the cadence of the velocity measurements). The
magnetic field spectrum extends high enough in frequency to
show the Kolmogorov steepening beginning at about 1 Hz,
while the velocity spectra can be carried out only to 0.125 Hz
(Nyquist frequency). It should also be noted that the electron
velocity data have been filtered to remove most of the high-
frequency noise above 0.06 Hz, which if not removed causes
the spectra to flatten at the higher frequencies. The arrow in
the figure denotes the location of theλT scale estimated in
this study, while the horizontal line indicates the error range.
The scale is slightly above the spectral break at 1 Hz.

All three spectra have near-identical spectral indices of
about −1.7 over their common frequency range, close to
the Kolmogorov spectral index of−5/3. The presence of
backscattered electrons within the time frame the spectra
were constructed indicates that the spacecraft were within
the foreshock (Larson et al., 1996), which may account for
the multiple distinct peaks in the ion velocity spectra. The
near-Kolmogorov spectra in the velocity spectra are not in
agreement with the−1.5 spectral index reported in a num-
ber of papers (e.g.,Podesta et al., 2007); however it should
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be noted that the data used in those papers were acquired in
the free-streaming solar wind, whereas these measurements
come from the foreshock. This also might account for the fact
that the location of the beginning of the spectral steepening at
the start of the ion dissipation region (1 Hz) is lower than the
nominal 0.5 Hz seen in the solar wind (v., e.g.,Sahraoui et al.
2009). The common spectral slopes in the spectra suggests
that the differences in the observed values ofλT generated
from the magnetic field and velocity data are due to differ-
ences in the turbulence spectra within the intervals used in
the analysis.

As noted in the introduction, while the formalism used to
defineλT is based on a hydrodynamic turbulence model, near
the dissipation scale the solar wind does not behave as a clas-
sical fluid (Matthaeus et al., 2008). The differences in behav-
ior are probably the reason that the location of the estimated
λT within the inertial range, as shown in Fig.10, does not
appear to follow the 2/3–1/3 separation distance from the in-
ertial and dissipation scales, as would be expected in a fully
fluid medium. This may be looked at as a problem in defin-
ing the location of the dissipation scale. In keeping with fluid
terminology, the termination of the inertial range at spectral
break just above the Taylor microscale is often defined as the
dissipation scale. The kinetic effects that terminate the iner-
tial range, however, may not be fully dissipative in nature but
instead dispersive. The spectral break at the end of the in-
ertial scale is generally associated with the local ion scale,
and there is a similar break at higher frequencies (not seen in
Fig. 10due to the temporal resolution of the data) associated
with the electron scale (seeSahraoui et al., 2009). Where one
defines the dissipation scale – at the ion scale, the electron
scale, or some average of the two – is an open question.

Because the formulation used to estimateλT in this paper
uses the vector representation of the curl, it may be possible
to extend the technique to estimateλT along arbitrary direc-
tions with respect to the magnetic field. This would allow for
investigation of possible anisotropies inλT.
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