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Abstract. Fluctuations in the flow velocity and magnetic fields are ubiquitous
in the Solar System. These fluctuations are turbulent, in the sense that they
are disordered and span a broad range of scales in both space and time. The
study of solar wind turbulence is motivated by a number of factors all keys to the
understanding of the Solar Wind origin and thermodynamics.

The solar wind spectral properties are far from uniformity and evolve with
the increasing distance from the sun. Most of the available spectra of solar wind
turbulence were computed at 1 astronomical unit, while accurate spectra on wide
frequency ranges at larger distances are still few. In this paper we consider solar
wind spectra derived from the data recorded by the Voyager 2 mission during 1979
at about 5 AU from the sun. Voyager 2 data are an incomplete time series with
a voids/signal ratio that typically increases as the spacecraft moves away from
the sun (45% missing data in 1979), making the analysis challenging. In order to
estimate the uncertainty of the spectral slopes, different methods are tested on
synthetic turbulence signals with the same gap distribution as V2 data. Spectra
of all variables show a power law scaling with exponents between -2.1 and -1.1,
depending on frequency subranges. Probability density functions (PDFs) and
correlations indicate that the flow has a significant intermittency.
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1. Introduction

Throughout history, it has been human curiosity driven by the need for new knowledges
and new resources that pushed humanity to explore. Looking for a very recent
example? Consider the recent signed SPACE Act of 2015 Passed in the US House (H.R.
2262) dealing with the future mission to extract valuable resources from asteroids to
fuel an off-Earth economy. Much like the pioneers before us searched for new frontiers
to explore and expand into.

A need that we must learn to meet to safely explore and surf the space is the
reconstruction and interpretation of fluctuating signals coming from spacecrafts which
for a number of different reasons are usually non regularly acquired on Earth or on
other communicating spacecrafts (National Research Council, Decadal Strategy for
Solar and Space Physics, 2013).

The Solar System is our nearby garden and is breezed by the Solar Wind which
in turn host a swarmth of waves and turbulence launched by the Sun during his varied
activities. This work focuses on turbulence fluctuations in the solar wind plasma and
magnetic field in the ecliptic plane, in the outer solar system at about 5 astronomical
units (AU) from the sun. The solar wind fills the heliosphere from the Sun to the
termination shock with a supersonic flow of magnetized plasma. This flow is time-
dependent on all scales and expands with distance. The solar wind is characterized
by a broad range of phenomena, in particular sharp changes in the flow and extreme
conditions can often be met due to the crossing of the heliospheric current sheet, the
presence of shocks and interaction regions between slow and fast wind streams and
zones of strong density variations. Flow fluctuations are not just convected outward
but show active energy cascades among the different scales. The solar wind turbulence
phenomenology has been comprehensively reviewed by Tu and Marsch (1995) and
Bruno and Carbone (2013).

Most studies of solar wind turbulence use data from near-Earth, with spacecrafts
in the ecliptic near 1 AU (Tu and Marsch, 1995, see). Recent studies of the solar
wind near 1 AU found the fluctuations in magnetic field are fit by power laws with
exponents of -5/3 while those of velocity often show exponents of -3/2 (Podesta et al.,
2007). The Ulysses spacecraft provided the first observations of turbulence near the
solar polar regions (see Horbury and Tsurutani, 2001); hourly-average Ulysses data
show that the velocity power law exponent evolves toward -5/3 with distance from the
Sun, and that spectra at 1 AU are far from the asymptotic state (Roberts, 2010). In
order to understand the evolution of the solar wind and its properties, it is necessary
to analyze data at large radial distances. However, data gaps typically increase with
the distance and make the spectral analysis challenging. In this paper we use Voyager
2 (V2) plasma and magnetic field data from near 5 AU with the aim of obtaining the
power density spectra over five frequency decades. Given the Voyager sampling rate
(96 seconds for the plasma velocity and 48 seconds for the magnetic field), this might
be only possible if one observes a 6-months time interval. Voyager 2 was launched in
August 23, 1977 and reached a distance of 5 AU in the first half of 1979 (just before
the Jupiter fly-by - V2 closest approach to Jupiter was on July 9). We use data from
January 1 to June 29, 1979, day-of-year (DOY) 1−180. That year V2 sampled plasma
data with a resolution of 12 seconds. After that, telemetry constraints decreased the
data sampling first to every 96 seconds, and now every 192 seconds. The Voyager
plasma experiment observes plasma currents in the energy/charge range 10−5950 eV/q
using four modulated-grid Faraday cup detectors (Bridge et al., 1977). The observed
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Table 1. Voyager 2 average quantities for the period 1979, days-of-year [1-180].

Parameter Value

VSW Mean velocity 4.54 · 102 km/s
VA Alfvén velocity 4.94 · 101 km/s
Ev Kinetic energy 1.20 · 103 km2/s2

Em Magnetic energy 1.37 · 103 km2/s2

E Total energy 2.57 · 103 km2/s2

Hc Cross helicity 15.8 km2/s2

LEv Kinetic correlation length 3.68 · 107 km
LEm Magnetic correlation length 3.75 · 107 km
λv Kinetic Taylor scale 2.93 · 107 km
λm Magnetic Taylor scale 2.11 · 107 km
ni Numerical density 0.23 cm−3

ET Ions thermal energy 2.29 eV
T Ions temperature 2.70 · 104 K
βp Ions plasma beta 0.22
cs Ions sound speed 1.93 · 101 km/s
fci Ions Larmor frequency 0.02 Hz
fpi Ions plasma frequency 0.10 kHz
f∗ Convective Larmor frequency 0.44 Hz
rci Ions Larmor radius 4.29 · 103 km
ri Ion inertial radius 1.58 · 102 km

currents are fit to convected isotropic proton Maxwellian distributions to derive the
parameters (velocity, density, and temperature) used in this work. Magnetic field and
plasma data are from the COHO web site (http://omniweb.gsfc.nasa.gov/coho/).

In 1979 data gaps are due mainly to tracking gaps; some smaller gaps are due to
interference from other instruments. As a consequence, datasets from Voyager 2 are
lacunous and irregularly distributed. In order to perform spectral analysis, methods
for signal reconstruction of missing data should be implemented.

The paper is organized as follows. In section two, we give an overview of the
data recorded around 5 AU by V2, in particular we give information on the average
quantities and other statistics of the solar wind physical variables. In section three,
three signal reconstruction methods are presented. The methods are then verified
by means of a numerically obtained time series which is a superposition of harmonic
oscillations with random phases and a prescribed spectrum. This time series is spoiled
by introducing the same sequence of gaps present in the Voyager 2 data. In section
four, the plasma and magnetic field spectrum of both the original gapped signals and
reconstructed datasets are shown and discussed through the evaluation of the spectral
power scaling in the inertial range. Conclusions and future developments follow in
section five.

2. Solar wind at 5 AU

The data set we use is from January 1, 1979 to June 29, 1979 and the RTN Heliographic
reference system is adopted. The RTN system is spacecraft-centered, with radial (R)
axis directed radially outward from the Sun. The tangential (T) axis is given by
the cross product of the Sun rotation axis, northward oriented, and the R axis. The
normal (N) axis completes the right handed set. Figure 1 shows the fluctuations of
each component for this period, where the use of Alfvénic units b = B/

√
4πρ (ρ is the
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Figure 1. Time evolution of velocity (orange lines) and magnetic (green lines)
fluctuations in the RTN reference system. The magnetic field is represented
in Alfvénic units. (a) Radial velocity fluctuations, δV = V − 〈V 〉, and radial
magnetic field fluctuations, δb = b− 〈b〉; (b) Tangential fluctuations components;
(c) Normal fluctuations components. In the top panel, a zoom of a four day
period is highlighted, in which the presence of the gaps can be perceived. The
low-speed wind shows a low degree of Alfvénic correlation.

ions density) for the magnetic quantities allows direct comparison with the velocity
field V . Higher fluctuations of velocity can be observed in the radial direction, while in
the other two directions the magnetic fluctuations are slightly larger. In the same plot
it is also shown a zoom focusing on only 4 days, which shows the sections where data
are missing. In the period considered the solar wind has a mean velocity of 454 km/s,
but the wind has been subject to shocks and interactions between slow and fast wind
streams at smaller radial distance from the sun. In the low-speed wind the fluctuations
are generally higher than in the fast wind, and the magnetic energy is generally higher
than the kinetic energy (Marsch and Tu, 1990a; McComas et al., 1998). In fact, the
energy per mass unit is about 15% higher in the magnetic field with respect to the
plasma velocity, while the integral scales are almost equal, as shown in table 1. In the
same table other characteristic parameters and frequencies are reported. Note that
the normalized cross-helicity σc = 2Hc/E = 2〈δV · b〉/〈δV 2 + δb2〉 is low (≈ 0.01).

The presence of intermittency in the velocity and magnetic fields can be observed
by looking at the probability density functions (PDFs) of the modules of the vector
fields, shown in figure 2 (c). The same plot shows a three-component chi-square
distribution as a reference. Notice that in order to make this comparison, the modules
of the velocity, |V∗|, and the magnetic field, |B∗| , are computed from the standard-
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Table 2. First four statistical moments for the velocity and magnetic fields
normalized modules and for their components. µ is the mean value, σ2 the
variance, Sk the skewness and Ku the kurtosis. Notice that the modules of the
fluctuations (first two table lines) are computed from the standard-normalized
vector components, see Eq. 1 in the text below, so all their statistical moments
are dimensionless. In regard to the fields components, velocity units are km/s
and km2/s2 for mean and variance respectively. The magnetic field units are nT
and nT 2. Skewness and Kurtosis are dimensionless.

µ σ2 Sk Ku

|V ∗|2 3.00 10.47 2.40 10.27
|B∗|2 2.48 17.41 3.17 14.90

VR 454 1893 0.43 3.41
VT 3.21 252.9 -0.99 7.35
VN 0.51 250.3 -0.36 5.80
BR -0.04 0.173 0.53 6.71
BT 0.06 0.85 -0.72 10.2
BN 0.10 0.34 -0.24 7.65

Table 3. Information on time intervals among plasma and magnetic field data
of Voyager 2, for the period Jan 1-Jun 29, 1979. δt represents a time-difference
between two consecutive data points, δts is the basic data resolution. Angle
brackets indicate the ensemble average operator. The total number of samples is
n. Ls indicates the length of a continuous data segment, i.e. a subset with no
missing points with respect to the basic sampling rate.

Jan 1 - Jun 29 n δts (s) δtmin (s) δtmax (hrs) 〈δt〉 (s) Lsmax (hrs) missing data

plasma 115102 96 9.6 44.7 134 19.8 (at doy 176) 28%
magnetc field 248159 48 4.8 44.6 63 19.5 (at doy 168) 24%

normalized vector components:

|V∗|2 =

3∑
i=1

(vi − µvi)2

σ2
vi

|B∗|2 =

3∑
i=1

(Bi − µBi)2

σ2
Bi

, (1)

where µ is the average and σ is the standard deviation. The first four moments for
these normalized modules are shown in the first two lines of table 2. Intermittency
occurs over a broad range of scales and seems to be slightly higher in the magnetic
field data which has larger skewness Sk, and kurtosis Ku (see table 2). Anisotropy
of the fields can be observed by looking at the single components in figure 2(a, b) .
Particularly important are the differences of the radial components compared to the
tangential and normal ones: A quantification of the anisotropy can be appreciated by
comparing the skewness values in table 2.

3. Spectral analysis of lacunous data: methods and validation with
synthetic turbulence data

The data from the Voyagers suffer from increasing sparsity as the probes move outward
in the solar system. There are many causes of data sparsity, noise and artificial
unsteadiness in the signals, the most important of which are: (i) tracking gaps due to
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Figure 2. Normalized proba-
bility density functions (PDF)
of the velocity and magnetic
field components in the RTN
reference system: the veloc-
ity is represented in panel (a)
and magnetic field in panel
(b); both are compared with
a normal distribution (black
line). Panel (c) presents the
normalized PDFs of veloc-
ity and magnetic fluctuations
modules compared with a 3-
component (k = 3) chi-square
distribution (black line).

the V2 location and due to limited deep space network availability; (ii) interference
from other instruments; (iii) possible errors in the measurement chain (from the
Faraday cups up to the data acquisition system and the signal shipping to Earth); (iv)
the temporal sequence of the propulsion pulses (nuclear propulsion) used to control
the Voyager trajectory and thrusters pulses on the spacecraft used to assist in several
critical repositionings of the spacecraft.

We will use the following notation: δt is the time interval between two consec-
utive data points; δts is the resolution of the data used, or the sampling rate of the
instruments; Ls length of a data subset, or segment; Lg is the length of the data gap.
In the period considered, the resolution was 96 s and 48 s for plasma and magnetic
field data, respectively. For the Voyager magnetometer experiment, the 48 s data
comes from averages of higher resolution data (1.92 s and 9.6 s - for a review about
the Voyager MAG experiment, see (Behannon et al., 1977)). The longest continuous
(i.e. no missing data, δt ≤ δts) data subset is Ls ≈ 19.5 hrs. Further information
on these datasets are shown in table 3, while the distribution of δt is shown in figure 3.

In this section we show the analysis procedure followed to perform a reliable
spectral analysis and to quantify the uncertainty of the results of section 4. Two
sequences of synthetic turbulence (named Synt1 and Synt2 ) have been generated
from imposed three-dimensional power spectrum and random phases:

• Synt 1 → E3D(n/n0) = (n/n0)
β

1+(n/n0)α+β

• Synt 2→ E3D(n/n0) = (n/n0)
β

1+(n/n0)α+β

[
1− exp(n−ntotγ + ε)

]



Turbulence in the solar wind, Voyager 2 data 7

100
101
102
103
104
10

5
106

     

100
101
102
103
104
105
106

101 102 103 104 105

δt(s)

n
t

b

a

  

plasma data
V2, DOY [1-180]

mag. data
V2, DOY [1-180]
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(period 1979, DOY 1-180). nt is the number of data points spaced by a time
interval δt, and it is traced as a function of the interval length δt . (a) Plasma
data (i.e. velocity, density, and thermal speed data). The sampling frequency is
δtsV = 96 s, so this value is the most frequent among the data. (b) Magnetic
field data. The data resolution here is δtsB = 48 s. Note that in both cases many
time intervals δt = δts + j · δts, with j = 1, 2, ..., characterize the data. Note also
that δt = δts + j · δts represents a gap of (j − 1) missing data.

β = 2, α = 5/3, n0 = 11, γ = 104, ε = 10−1

Synt1 reproduces the energy-injection range and the Kolmogorov inertial range
of canonical 3D fluid turbulence, while Synt2 reproduces also the dissipative part of
the spectrum. Both the sequences mimic the variance and the integral scale of V2
data, and 1D spectra (see black curves of figure 4) are computed from the relation
for homogeneous and isotropic turbulence E3D(f) = −f dE1D/df (see Monin and
Yaglom, 1971, Chap. 3) , where f is the frequency. The same distribution of gaps
(see figure 3) of the V2 plasma data has been then projected to the synthetic set.

Different methods to compute the power spectral density have been tested, and
the results are shown in figure 4. We consider as parameters for this analysis Lg,
which here represent the maximum size of gaps “filled” by the interpolation, and Ls,
the length of continuous segments. Results of direct FFT after linear interpolation
are shown in figure 4a,b,d,e, showing averaged spectra (ensembles of 80 to 400
subsets). The low-pass character of the linear interpolator is evident, resulting in
an overestimation of the slopes for all cases, which increases with Lg. For Lg = 30
min and Ls = 24 hrs the error of the exponent α is below 3% for both Synt1 and
Synt2 in the range 10−5 ≤ f ≤ 10−3 Hz. The discrepancy for f > 10−3 Hz is about
8%. A windowing technique (Hann window) is necessary to eliminate noise effect
(≈ 1/f) due to segmentation. To preserve the total energy a factor of 2.66 is applied
to the squared Fourier coefficients. The effect of the window can be appreciated by
comparing panel (d) and (e) of figure 4. To extend the analysis to a broader range
of frequencies, we computed the correlation spectra (panels c,f). The red curve of
figures 4 (c,f) results from correlations computed directly from available data. This
procedure is due to Blackman and Tukey (1958) and it has been widely used for solar
wind spectral analysis at about 1 AU, since it allows to greatly overcome the missing
data problem when the missing data are less then 10%. However, for higher degree
of data sparsity the computation of correlations is delicate, since the convergence to
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Figure 4. Different methods of spectral analysis are applied to synthetic
turbulence data with gaps. Lg is the maximum gap length where interpolation is
performed, Ls the length of continuous data segments after interpolation and α is
the exponent of the power law fit. The black curves represent the correct spectrum
to recover. (a,b) Averaged spectra from direct FFT (with Hann windowing) after
linear interpolation on Synt1 sequence. For all the averaged spectra shown, the
number of subsets used is between 80 and 400. The low-pass effect increases as
Lg, and becomes evident for f > 10−3 Hz where the lower error (Ls = 24 hrs,
Lg ≤ 0.5 hr) on the slope is around 8%. For lower frequencies this error is about
2.8%. (d,e) The same method is applied to Synt2, and the effect of a windowing
technique is shown. (c,f) Red line: spectrum from two-point correlation computed
from raw data (Blackman-Tukey method with 10% taper cosine window). The
influence of the gap distribution is evident, if the reader compares the red curve
with the grey one, representing the spectrum of gaps. Indeed both non-physical
peaks and 1/f noise show up. The frequency distance between peaks 2-6 is
constant, ∆fp = 0.0014. Non-physical peaks can be recognized by tracing the
spectrum of the function Φ (grey line). Blue line: correlations computed after
linear interpolation of data; the original spectrum is recovered with an error of
2.5% for all frequencies. Green line: maximum likelihood reconstruction (see
Rybicki and Press, 1992). In this case a discrepancy of about 2.5% is obtained
for an extended frequency range with respect to the direct FFT method (indeed,
up to 4 hrs gaps are recovered).

the correct values is slow and the gap distribution deeply affects the spectral results.
This result (see the red spectrum in panels e and f) progressively underestimates the
spectral slope for f > 10−5 Hz. The peaks 1-6 are due to the gap distribution of figure
3. Indeed, these peaks are evident in the spectrum of the characteristic function Φ
(see the grey curve in panels c,f), where Φ = 1 when the signal is available, Φ = 0
elsewhere. If a linear interpolation of the data is performed, correlations show a much
better convergence to the correct values and the error of the slope α is about 2.5% in
the inertial range (blue curves). Note that in this case no averaging is possible, but
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a smoothing technique is applied by averaging frequencies in a bin of varying width
around each point (energy is preserved).

The last method we test is the maximum likelihood reconstruction described by
Rybicki and Press (1992) and applied by Press and Rybicki (1992). The method is
based on a minimum-variance recovery with a stochastic component. It allows us to
compute different statistically equivalent reconstructions, which are constrained by
the data when these are available. When the data are missing, the reconstruction
consists of the minimum variance interpolation plus a stochastic process based on
a correlation matrix. We compute this matrix from the actual data two-point
correlations. Afterwards, averaged spectra of recovered subsets are computed. We
see that in this case the accuracy of 2.5% can be achieved by filling up to 4 hrs of gaps
(see green curves of figure 4 c,f).

Typically, the fraction of missing data increase as the distance from the Earth,
and differences among the different procedures become more pronounced. Computing
averaged spectra from small subsets allows to estimate well the high-frequency range
of the spectrum but only two decades can be observed. The correlation method suffers
from leakage at the high frequencies due to the low-pass effect of the linear interpolator,
this could lead to an overestimation of spectral slopes in case of data with higher
amount of missing points. This is compensated by the maximum likelihood recovery
method, which interpolates in the gaps according to an input correlation function.
The correlation function can be either a model or an estimate from the actual data.
In this regard, the first method (averaged spectra of small continuous subsets) may be
quite helpful. For instance, for the present data it yields reliable power spectra in the
range f = 2·10−5÷5·10−3 Hz; this means that good two-point correlation functions of
about 14 hours of maximum time lag can be obtained from inverse transform. These
are sufficient to fill almost all gaps using the maximum likelihood recovery method.

4. Power law spectra at 5 AU. Phenomenological interpretations and
relevant spectral accuracy requirements.

Spacecrafts yield power spectra of the velocity and magnetic field in terms of the
fluctuation frequency. The identification of a range in the frequency spectrum for
which a power law applies allows to characterize magnetohydrodynamic (MHD)
turbulence inertial energy transfers. It should be noted that the relative difference
in the power spectral exponents associated to the various forms that the MHD
energy cascade models can take is as low as 10%. In order to distinguish possible
different inertial regimes in terms of the power scaling law exponent, it is useful to
have different independent methods able to discriminate spectral decay variations
well below 10%. This is the fundamental motivation which has prompted this work
toghether with the concomitant spacecraft data sparsity problem. By applying the
Taylor frozen-flow hypothesis, the frequency can be converted to radial wavenumbers.
It should be recalled that the wavenumber space is the prefereed space where the
turbulence cascade among different physical scales is pictured. In this regard, let us
here just mention two classical phenomenological interpretation which, although based
on different physical hypothesis, yield close values of spectral power law exponent
(namely -1.66 versus -1.5, 10% of relative difference). In a supposed existing inertial
regime, the energy E and the wavenumber k satisfy the law E(k) ∝ kα. The values
of α depend on the way the energy is transferred among the inertial scales. The
turbulent energy transfer rate is defined, see e.g. Zhou, Matthaeus and Dmitruk
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Figure 5. Comparison of VT spectra in the high frequency range (24 hours data
subsets) using the three different methods described in Section 3. Spectra by the
correlation method with preliminary linear interpolation (pink line) are computed
on the 6 months period, the slope in the frequency range [2 · 10−5 − 10−3] Hz
is -1.54. The linear interpolation with Hann windowing (red line) consider 24
hours periods. In this case, the largest gap recovered last 30 minutes, and the
spectral slope is -1.47. About the maximum likelihood reconstruction (R & P
Reconstruction, blue line), the largest gaps recovered last 4 hours and the spectral
slope is -1.56.

2004 (Zhou et al., 2004), as ε = u2k/τsp, where uk(k) = (kE(k))1/2 is the velocity
associated to a given eddy, τsp(k) = τ2nl(k)/τt(k) is the spectral transfer time,
τnl(k) = (kuk)−1 is the characteristic eddy turnover time, and τt the time scale of the
triple correlation function. Time τt may depend on any relevant turbulent parameter
and the wavenumber k, depending on the dominant phenomenology. The strain-
dominated MHD turbulence is characterized by the direct interaction among vortexes
having similar wavenumbers. Adopting the Kolmogorov’s concept of independence of
widely separated wavenumbers in the inertial range, the MHD motion is comparable to
a classical hydrodynamics motion in which the energy power law has been determined
by dimensional analysis (Kolmogorov, 1941). In this case the time scale of the transfer
function is equivalent to the eddy turnover time, and so the relation between E and k is
given by E(k) ∼ ε2/3k−5/3. When the magnetic energy in sub-inertial wavenumbers
exceeds the total energy in the inertial range, the asymptotic inertial-range energy
spectrum is instead proportional to k−3/2 and displays exact equipartition between
magnetic and kinetic energy.This happens in the so called sweep-dominated motion
where large-scale and small-scale eddies interact: in particular, a big vortex sweeps
oppositely the small ones, depending on their polarity. In that case, correlations decay
with an effective lifetime determined by propagation of structures at the Alfvén time
scale, τA(k) = (VAk)−1, see Iroshnikov (1963) and Kraichnan (1965), which yields the
-3/2 slope. In the following, the methods described in section 3 have been applied to
the Voyager 2 datasets in order to estimate spectral power law exponents in the first
semester of 1979. Figure 5 shows the output of the three reconstruction methods on
the spectrum of the tangential velocity component of the solar wind in the frequency
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Figure 6. Velocity components and module spectra in the frequency range
6.4·10−8 Hz - 10−2 Hz. Computation by means of the correlation method coupled
to a linear interpolation. About the decay power law exponents associated to
frequency subranges, see table 4.

Table 4. Synthesis of the exponents found for velocity and magnetic fields in
different frequency ranges, computed using the correlation method coupled with

linear interpolation. b is the magnetic field in Afvénic units (b = B/
√

(4πρ)).
For the velocity field, exponents in the higher frequency range are computed
neglecting the peak present at f = 2.6 mHz.

f range |V| |B| |b|

10−6 − 10−5 -1.85 -1.23 -1.38
10−5 − 10−4 -1.72 -1.75 -1.63
10−4 − 10−3 -1.26 -1.75 -1.63
10−3 − 10−2 -1.35 -1.93 -1.80

range corresponding to an observation interval of 24 hours. A set of 80 observations
distributed in between days 1 and 180 is considered. Over the three methods, the
arithmetic mean of the spectral slope is -1.52 with an offset of 0.05, which corresponds
to an accuracy of 3.3%. The offset is mainly due to the contribution of the linear
interpolation which is the least accurate among the three methods, as explaned in
Section 3, see figure 4. All the results shown in the following are instead obtained
by using the correlation method, which has the same accuracy of the Rybicky-Press
method (less than 3%) but is computationally faster.

In figure 6 the velocity spectra representing frequency content in the six months
observation interval are shown for all the velocity components. To highlight slope
variations in the overall six months spectral domain, table 4 gives for the velocity
module, the detail of the spectral slope estimates on each of the four decades
10−6 ÷ 10−2 Hz.

The mean exponent for the kinetic field at frequencies ranging from 10−5 Hz to
10−2 Hz, shown in figure 6, is around −1.5. This value is lower than the -5/3 exponent
and seems to support the MHD cascade model with the -3/2 Iroshnikov-Kraichnan
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exponent. The exponent is not constant in the whole range: it starts with higher values
(−1.85) at low frequencies and decreases after f = 2 · 10−3 Hz, reaching values lower
than −1.35. As shown by (Matthaeus and Zhou, 1989), lower exponent are typical
of weak turbulence, in which the field is characterized by strong mean values respect
to the fluctuations, as in the Iroshnikov and Kraichnan model, where an exponent of
−3/2 is assumed. Higher exponents are found for strong turbulence, as in the −5/3
Kolmogorov model. The flattening in the velocity spectra at high frequencies has been
observed by other authors (Matthaeus and Goldstein, 1982; Roberts, 2010). The first
authors pointed out that the flattening may be due to aliasing, but the last author
excluded this hypothesis. We performed our analysis on synthetic data with the same
significant digits of V2 data to exclude 1/f noise. This flattening was also found for
the proton density and temperature fluctuations (Marsch and Tu, 1990b), as well as
for the Eslässer variables (Marsch and Tu, 1990a). The flattening is most typical of
high-speed streams below 1 AU, in this cases the frequency range observed is more
extended and the change of slope occurs at f ≈ 10−7 Hz. The peak in kinetic spectra
visible at the frequency f = 2.6 mHz is associated to the data acquisition frequency –
indeed, it is a harmonic of the sampling frequency fs = 10.4 mHz. It is not an artifact
of the signal reconstruction methods, since such a peak does not show up in the test
cases of figure 4. Moreover it is most evident in the tangential and normal velocity
components, while it is not present in the magnetic field. Analysis of the Voyager 1
data in the same period shows the same harmonic which is not present, for instance,
in the year 1978.

In the magnetic field spectra shown in figure 7, the exponents found are higher
than those for the velocity and present a −1.75 slope in the frequency range 10−5 <
f < 10−2 Hz. At low frequencies the behavior of velocity and magnetic fields is very
different: while the exponents for the magnetic spectra decrease to around −1.2, the
velocity spectra become steeper, reaching values as high as −1.85. This high slope for
f < 10−5 Hz may be due to the presence of jumps or local trends in the signal (mainly
in the radial velocity), as shown by Roberts and Goldstein (1987) and Burlaga et al.
(1989) . At high frequencies a slight increase in the magnetic slopes is found, with a
variation of the order of 10%, and resulting exponents around −2. The ≈ −1 slope
of the magnetic spectra for the low-frequency range has been discussed by Roberts
(2010), and it may be related to the presence of large-scale Alfvén waves generated
at the solar corona. This range typically reduces with the radial distance and for low
correlated (σc → 0) streams. Though the magnetic field fluctuations in the inertial
range often follow a Kolmogorov -5/3 behavior (Podesta et al., 2007), spectral indices
around 1.8 have been recently observed at about 1 AU by other authors as Šafránková
et al. (2013).

Spectra presented here are in good agreement with those found by Matthaeus
and Goldstein (1982) (magnetic spectral index of -1.7 at high frequencies for Voyager
1 data at about 5 AU) and Klein et al. (1992) (magnetic spectral index of -1.17 at
low frequencies and -1.88 at high frequencies for Voyager 1 data at 4 AU), where an
analysis for V1 spectra of magnetic modules respectively at 5 and 10 AU can be found
for frequencies ranges from 10−7 Hz to 10−4 Hz.

5. Conclusions

In this work we computed the spectra for a frequency range extending over five
decades (6.4 · 10−8 − 10−2 Hz), for the solar wind at 5 AU by recovering the missing
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Figure 7. Spectra of magnetic field components and module (in Alfvén units),
in the frequency range 6.4 · 10−8 Hz - 10−2 Hz. Computation by means of the
correlation method coupled to a linear interpolation. About the decay power law
exponents associated to frequency subranges, see table 4.

data of Voyager 2. Three analysis procedures have been validated by testing various
reconstruction methods on a well-known turbulent system, hydrodynamic turbulence,
in which the same gap distribution as in the V2 plasma data were reproduced. The
estimated uncertainty on the spectral slope is below 3%, therefore this allows to
reliably distinguish the different scaling laws characterizing the physical fields. These
methodologies can in general be applied to other datasets, and the quality of the
spectral estimation will depend on the amount and distribution of the missing data
along the global observation time interval. The exponents of the velocity field are lower
than those of the magnetic fields for high frequencies. At low frequencies, however, the
velocity spectra became steeper, while the magnetic spectral indices decrease at values
lower than 1.5. The results of the analysis are consistent with others in literature,
confirming the validity of the reconstruction techniques used. This outcome allows us
to plan the more challenging reconstruction and the consequential spectral analysis of
Voyager 2 data (since 2007), where only 3% of possible data points are available. This
analysis would be helpful to better understand the heliosheath plasma and magnetic
field behavior. (Richardson et al., 2008; Opher et al., 2011).
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