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Abstract. We present generalized structure function (GSF) analysis of magnetic and velocity field fluctuations measured
in situ in the solar wind at∼ 1 AU with the ACE spacecraft. We decompose the fluctuations into directions parallel and
perpendicular to the mean local background magnetic field. GSF plots based on these quantities are shown to provide a clear
indicator of the spectral break between the inertial range and "1/ f " range of scaling. In GSF plots, the projected velocity and
magnetic field fluctuations track each other closely in the inertial range in both fast and slow solar wind and at solar maximum
and minimum. At longer timescales the “1/ f ” range is easily identified, because the magnetic field fluctuations display a
flattening of the GSFs (exponents become zero) consistent with a∼ 1/ f PSD. The velocity fluctuations on the other hand
have GSFs which steepen, consistent with a PSD of∼ 1/ f α whereα as determined by GSF varies with solar wind speed and
solar cycle but is closer to two. The extent of the inertial range determined in this manner differs between fast and slow solar
wind streams, and between periods of maximum and minimum solar activity.
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INTRODUCTION

The solar wind carries signatures of coronal dynamics
as well as locally generated turbulent phenomena, which
span a broad range of scales.In situ spacecraft obser-
vations of fluctuations in solar wind parameters such as
velocity and magnetic field (e.g. in the ecliptic plane [29]
and in polar flows [9]) typically reveal an inertial range
of turbulence with a “5/3” inverse power-law scaling at
high frequencies and a flatter “1/ f ”-like scaling range at
lower frequencies [19, 4]. The breakpoint between these
two ranges is seen to evolve radially [1, 10] suggesting
an inertial range of turbulent energy cascade in the so-
lar wind. This inertial range has been extensively stud-
ied using timeseries analysis techniques including power
spectra [16], probability density functions [18, 28, 2] and
generalised structure funtions (GSFs) [11, 8, 33, 6, 25].

The solar wind also has a background magnetic field
and is therefore a highly anisotropic plasma environment
[31, 27]. Here we will focus on the anisotropy of the
fluctuations by using a decomposition with respect to
the background magnetic field, and we will take advan-
tage of the long timeseries available from the Advanced
Composition Explorer (ACE) spacecraft to compare not
only fast and slow solar wind streams but also periods
of minimum and maximum solar activity. In the inertial
range, vector quantities such asin situ velocity and mag-
netic field can be resolved for components both parallel
and perpendicular with respect to the background mag-
netic fieldBBB. The background magnetic field is domi-
nated by different dynamics, depending on whether large
scaleBBB (Parker spiral), [20] or average localBBB, as a func-

tion of the scale of the fluctuations [6, 13] is considered.
Both cases have been studied in the context of inertial
range turbulence. In terms of quantifying scaling how-
ever, these approaches are generic and the focus of the
present paper is to incorporate these ideas in statistical
studies of the “1/ f ” range, since we anticipate that coro-
nal processes and the transport or propagation of coro-
nal structures will depend on orientation with respect
to the background magnetic field. The observed scaling
would also be anticipated to depend quantitatively on so-
lar cycle and to differ between fast (∼ 750 km/s) or slow
(∼ 350km/s) solar wind streams. We will perform GSF
analysis on sufficiently long intervals that they span both
the inertial and “1/ f ” ranges. The location of the spec-
tral breakpoint between the inertial and “1/ f ” ranges dif-
fers in fast and slow streams [12, 3], presumably because
at a given heliocentric distance the turbulence in the slow
solar wind has had more time to develop than in the fast
solar wind. Furthermore, the crossover between the in-
ertial and “1/ f ” range is much clearer in fast than in
slow solar wind. We will see that projecting velocity and
magnetic field parallel and perpendicular toBBB, combined
with GSF plots, provide a clear indicator of where this
crossover occurs. We compare the position of this break-
point in fast and slow solar wind streams and at periods
of maximum and minimum solar activity.

POWER SPECTRAL DENSITY

The ACE spacecraft [34] orbits the Lagrangian point
sunwards of the earth (∼ 1AU). For the present analy-
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FIGURE 1. (Reproduced by permission of the AAS from [26]) Compensated power spectral densityF( f )/ f α , α = −1
for velocity (black) and magnetic field (red) fluctuation components for each of theRT N coordinates in the frequency range
10−5.5 − 10−3Hz. Fast (solid line) and slow (dashed line) solar wind are plotted for solar maximum (upper panels) and solar
minimum (lower panels). The dotted vertical lines delimit the frequency range 10−5 −10−4Hz; this is expected to lie within the
“1/ f ” range, with the breakpoint between the inertial and “1/ f ” ranges∼ 10−4Hz [17, 10]. Errors are estimated as one standard
deviation of the averaged datasets.

sis we study plasma parameters (magnetic fieldBBB and
velocity vvv) averaged over 64 sec from MAG/SWEPAM
[32, 22]: for the year 2007 (solar minimum) and 2000
(solar maximum). This provides datasets of∼ 4.8×105

samples per year. In order to separate fast and slow so-
lar wind behaviour yet still preserve a dataset with suf-
ficient points to perform GSF in the “1/ f ” dynamic
frequency range, we divide the datasets into intervals
(≥ 6000 points or 4.5 days) of fast and slow streams,
where the cut-off between fast and slow is taken at 450
km/s [12]. These give for 2007 a fast solar wind ensem-
ble of∼ 7.4×104 points, and a slow solar wind ensem-
ble of∼ 1.4×105 points, and for 2000 a fast ensemble of
∼ 4.1×104 points and a slow ensemble of∼ 1.1×105

points. We evaluate the PSD using the original continu-
ous intervals of fast and slow solar wind. We compute
the GSF of fluctuations from each single ensemble, how-
ever we preserve the time indicators for the data and en-
sure that the pairs of datapoints from which GSF are con-
structed are always drawn from within continuous inter-
vals of fast or slow streams.

We first plot the power spectral densityF( f ) of the
components ofBBB andvvv in RTN coordinates, whereR
is the sun-spacecraft axis,T is the cross product ofR

with the solar rotation axis, andN is the cross product of
R with T We take continuous intervals of fast and slow
solar wind and truncate each to the same length of 6000
datapoints. Each interval is then split up into Hamming
windows of 212 = 4096 points with a 50% overlap. The
PSD is composed of an average of the FFTs of these
windowed intervals. At lower frequencies, the magnetic
field power spectrumF( f ) ∼ f α shows a spectral slope
α ∼ −1. Plotting F( f )/ f α , α = −1 should therefore
give a horizontal line on average. These plots are known
as compensated power spectra and are shown for the
various solar wind conditions in Figure 1.

Figure 1 covers the expected region of transition in
the spectral index ofvvv andBBB between the inertial and
“1/ f ” frequency ranges. However it is difficult to tell
precisely whether, for example, the PSD behaviour be-
tween 10−5Hz and 10−4Hz really is “1/ f α , α = 1”, par-
ticularly in the slow solar wind. It also evident from Fig-
ure 1 that, in some cases in the “1/ f α ” range,α varies
with the solar cycle and with solar wind speed, and that
for bothvvv andBBB theα can vary from one component to
another, and betweenvvv andBBB. This implies anisotropy in
the fluctuations and distinct scaling betweenvvv andBBB.
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GENERALIZED STRUCTURE
FUNCTIONS

We now project the velocity and magnetic field fluctua-
tions into parallel and perpendicular components relative
to the background magnetic field (see [26] for details).
Other techniques use wavelets to perform the compo-
nents’ decomposition, see for example [30]. The Tay-
lor hypothesis relates spatial and temporal scales; fluc-
tuations over a time lagτ in the velocity (or magnetic
field) vector components are defined asδvvv(t,τ) = vvv(t +
τ)−vvv(t). A vector average for the magnetic field direc-
tion b̂̂b̂b(t,τ) = BBB/|BBB| is formed from a vector sumBBB(t)
of all the observed vectorBBB values betweent − τ/2 and
t + 3τ/2. It follows that in computing fluctuations over
τ, the background field is averaged overτ ′ = 2τ, which
then defines the minimum (Nyquist) interval necessary
to capture wavelike fluctuations [6]. Using this definition
of b̂̂b̂b, the parallel component is given byδv‖ = δvvv · b̂̂b̂b The
perpendicular fluctuation amplitude is given byδv⊥ =
√

(δvvv ·δvvv−
(

δvvv · b̂̂b̂b
)2

). Our definition of the perpendic-

ular component is a scalar unsigned quantity, which can
be thought of as an angle averaged component in the
plane perpendicular to the background fieldBBB. This re-
lies on the assumption of isotropy in this plane which has
been tested in [26]. We use these definitions to construct
differenced timeseriesδv⊥(t,τ), δb⊥(t,τ), δv‖(t,τ) and
δb‖(t,τ) over a range ofτ intervals that span both the in-
ertial and “1/ f ” ranges, that isτ = 10 to 1706 minutes.

Scaling can be quantified by computing the GSFs of
the fluctuations,〈| δyτ |m〉, where〈· · · 〉 denotes ensem-
ble averaging,m is the order of the moment andδyτ =
y(t + τ)− y(t) is the fluctuation in a signaly(t) over a
timeτ. Assuming weak stationarity and a degree of self-
similarity, GSFs can be related to the scaleτ of the fluc-
tuation by a scaling exponentζ (m), whenSm = 〈| δyτ |

m

〉 ∼ τζ (m) whereas the PSD measuresζ (2) only (e.g.[5]).
The scaling exponentsζ (m) are given quantitatively by
the slopes of the GSFs. For practical applications of the
GSF analysis to a broad range of datasets, see for exam-
ple: MHD turbulence simulations - [23, 24]; solar wind
turbulence - [11, 8, 6, 25] and geomagnetic indices - [7].

We now apply these methods to the observations. Fig-
ure 2 shows the GSFs up tom = 4 overplotted for the
pairs (δv‖, δb‖) and (δv⊥, δb⊥) at solar minimum, and
for the pairs (δv⊥, δb⊥) at solar maximum. The series is
differenced overτ = n× 640 s forn = 1 to 160, that is
for a range covering ten to 1706 minutes (∼ 28 hours).
We have verified [26] that these GSF are not strongly af-
fected by the presence of poorly sampled outliers in our
finite sized sample via the method of [14, 15]. A clear
feature common to all the panels in Figure 2 is that the
vvv andBBB fluctuations track each other closely in the iner-

tial range over a region extending up to, or beyond, 100
min. At larger timescales we see, consistent with the PSD
results, that thevvv andBBB fluctuations have very different
slopes - this is the “1/ f ” range. Specifically, the GSFs
for δb‖,⊥ flatten in the∼ 1/ f range, consistent with pre-
viously reported results based on the PSD [19, 21]. The
correspondence between a flat GSF (ζ (m) = 0) and a
∼ 1/ f PSD is most easily seen if we consider a sim-
ple self-affine noise process with PSD∼ 1/ f α for which
α = 1+ζ (2), as we takeα → 1,ζ (2)→ 0. In fact, for the
self-affine fractal noise,ζ (m) = αm→ 0 for all m as seen
in Figure 2. Theδv‖,⊥ GSFs on the contrary steepen as
we cross over into the “1/ f ” range suggestive of scaling
processes with exponents distinct from those ofδb‖,⊥.
These are closer to a value ofζ (2) ∼ 1, which, again for
a simple noise process, is consistent with PSD∼ 1/ f 2.

Whilst these results confirm the “1/ f ” scaling of fluc-
tuations inBBB on long timescales, reported previously (e.g.
[19]), they also highlight the distinct scaling ofvvv. These
GSF plots of fluctuations oriented with respect to the
background field clearly show the crossover between the
IR and “1/ f ” ranges. We then see that as expected[3, 12],
the inertial range is more developed in the slow solar
wind compared to fast solar wind. We can also see a
solar cycle dependence in the development of the iner-
tial range in the slow solar wind, which extends to much
longer timescales at solar maximum. The corresponding
solar cycle dependence for the fast solar wind may be
due to finite size effects: the dataset for solar maximum is
shorter than for solar minimum, because there are fewer
long continuous time periods of fast solar wind.

CONCLUSIONS

We have examined the scaling of velocity and magnetic
field fluctuations measured in the solar wind at∼ 1 AU
by ACE. We find that projecting these with respect to
a locally averaged background magnetic field provides
in GSF a clear indicator of the spectral break between
the inertial range and "1/ f " range of scaling. In GSF
plots, the projected velocity and magnetic field fluctu-
ations track each other closely in the inertial range in
both fast and slow solar wind and at solar maximum and
minimum. At longer timescales the “1/ f ” range is eas-
ily identified as the magnetic field fluctuations display
a flattening of the GSFs (exponents become zero) con-
sistent with a∼ 1/ f PSD. The velocity fluctuations on
the other hand have GSFs which steepen, consistent with
a PSD of∼ 1/ f α whereα varies with conditions but
is closer to two. The extent of the inertial range deter-
mined in this manner differs between fast and slow so-
lar wind streams, and between periods of maximum and
minimum solar activity. The GSF is a generic technique
to determine scaling exponents and is not restricted in
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FIGURE 2. (Reproduced by permission of the AAS from [26]) GSF of fluctuations in the fast solar wind (upper) and in the slow
solar wind (lower). The left and centre panels refer to the solar minimum in 2007 and plot velocity (blue) and magnetic field (red)
parallel and perpendicular components respectively. The right hand panel plots perpendicular components for the solar maximum
in 2000. For clarity only the 0.4% conditioned results are shown, see [26]

application toin situ turbulence; exponents can also be
found the "1/ f " range as has been done in [26].
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