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ABSTRACT

We examine the radial evolution of correlation lengths perpendicular (λ⊥C ) and parallel (λ ‖C) to the magnetic-
field direction, computed from solar wind magnetic-field data measured by Parker Solar Probe (PSP) during its
first eight orbits, Helios 1, Advanced Composition Explorer (ACE), WIND, and Voyager 1 spacecraft. Correla-
tion lengths are grouped by an interval’s alignment angle; the angle between the magnetic-field and solar wind
velocity vectors (ΘBV). Parallel and perpendicular angular channels correspond to angles 0◦ < ΘBV < 40◦

and 50◦ < ΘBV < 90◦, respectively. We observe an anisotropy in the inner heliosphere within 0.40 au, with
λ
‖
C/λ⊥C ≈ 0.75 at 0.10 au. This anisotropy reduces with increasing heliocentric distance and the correlation

lengths roughly isotropize within 1 au. Results from ACE and WIND support a reversal of the anisotropy, such
that λ

‖
C/λ⊥C ≈ 1.29 at 1 au. The ratio does not appear to change significantly beyond 1 au, although the small

number of parallel intervals in the Voyager dataset precludes unambiguous conclusions from being drawn. This
study provides insights regarding the radial evolution of the large, most energetic interacting turbulent fluctu-
ations in the heliosphere. We also emphasize the importance of tracking the changes in sampling direction in
PSP measurements as the spacecraft approaches the Sun, when using these data to study the radial evolution
of turbulence. This can prove to be vital in understanding the more complex dynamics of the solar wind in the
inner heliosphere and can assist in improving related simulations.

Keywords: Heliosphere (711), Interplanetary turbulence (830), Solar wind (1534), Two-point correlation func-
tion (1951)

1. INTRODUCTION

Plasma turbulence in the magnetohydrodynamic (MHD)
regime has a well-known tendency to develop and sustain
anisotropy relative to the mean magnetic-field direction (e.g.,
Oughton et al. 2015). This anisotropy has been extensively
studied in observational, experimental, theoretical, and nu-
merical works (e.g., Robinson & Rusbridge 1971; Shebalin
et al. 1983; Matthaeus et al. 1990; Goldreich & Sridhar 1995;
Dasso et al. 2005; Chhiber et al. 2020), and has significance
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for heliospheric plasma dynamics (DeForest et al. 2016),
turbulence transport (Zank et al. 2021), and energetic par-
ticle scattering (Oughton & Engelbrecht 2021). Studies of
anisotropy in the solar wind have most often concentrated on
spectral (i.e., correlation) anisotropy or polarization (vari-
ance) anisotropy, in each case as measured in the inertial
range (Oughton et al. 2015). Generally speaking, the larger,
outer scale, or energy containing eddies are expected to ex-
hibit less anisotropy (Goldreich & Sridhar 1995). Neverthe-
less it is of interest to examine the dynamical development
of outer-scale anisotropy, especially in Parker Solar Probe
(PSP) spacecraft data (Fox et al. 2016), which may provide
valuable insights concerning the dynamics of the young so-
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lar wind. Here we examine the radial evolution of large-scale
anisotropies – at the scale of the correlation length – as ob-
served by PSP, complemented by other spacecraft at larger
distances.

With each additional orbit, PSP compiles measurements
of solar wind plasma in previously unexplored regions. In
the inner heliosphere, the distinctive features of PSP’s or-
bit implies sampling directions along the direction of bulk
plasma flow in the spacecraft frame that differ from earlier
spacecraft. The directions of the flow and the magnetic field
as viewed by the spacecraft can be important when deter-
mining whether observed fluctuations of measured quantities
are varying either parallel or perpendicular to the magnetic
field. The angle between the flow and magnetic-field vectors
(alignment angle, ΘBV) varies mainly due to the change in
the heliospheric magnetic-field direction between PSP aphe-
lia and perihelia, as well as the changes in the spacecraft ve-
locity throughout the orbit. At greater distance from the sun,
the spacecraft speed is smaller, and the magnetic field di-
rection, while still varying, is much less radial than at PSP
perihelia.

The Parker spiral average magnetic-field (Parker 1958) or-
ganizes the baseline trend of these angles with varying ra-
dial distance. However, for PSP’s closest approaches to the
sun, both the flow and the magnetic field are dominantly ra-
dial and PSP most often measures variations parallel to the
magnetic field, yielding a deficit in measurements perpen-
dicular to the magnetic field. This calls for care in interpre-
tation of PSP observations, since the observed correlations
may not be representative of the entire system. Here we
examine separately the radial evolution of parallel and per-
pendicular energy-containing correlation scales. Parallel and
perpendicular angular channels are chosen to correspond to
angles 0◦ < ΘBV < 40◦ and 50◦ < ΘBV < 90◦, respec-
tively.

To expand the scope of the study, we employ observations
by PSP, Helios 1, Advanced Composition Explorer (ACE),
WIND, and Voyager 1. Previous studies have investigated
the relationship between the parallel and perpendicular cor-
relation scales (λ ‖C and λ⊥C ). Ruiz et al. (2011) observed an
anisotropy using Helios 1 data such that λ

‖
C < λ⊥C , whereas

others (Matthaeus et al. 1990; Dasso et al. 2005; Weygand
et al. 2011) reported that parallel lengths are greater near
1 au. More recently, PSP observes in its first five orbits that
λ
‖
C < λ⊥C for heliocentric distances R < 0.30 au (Bandyopad-

hyay & McComas 2021).
We are unable to separately study fast and slow wind in-

tervals here, with the exception of ACE and WIND datasets.
The other datasets used in this study are dominated by slow
wind (VSW < 450 km/s), yielding weak statistical signifi-
cance for results in fast wind (VSW > 600 km/s). With this
limitation in mind, we find evidence for the isotropization of

λ
‖
C and λ⊥C with increasing R. Once isotropy is achieved, it

continues to evolve depending on system dynamics causing
temporary deviations; however, we cannot confidently com-
ment on this evolution beyond 1 au due to weak statistical
significance of parallel intervals observed by Voyager 1. In
Section 2, we explain the methods used to compute the cor-
relation length. Afterwards, we present the radial evolution
of the winding angle and correlation lengths in Sections 3
and 4, respectively, with further discussion in Section 5. We
include instrumentation and data specifics in Appendix A.

2. ANALYTIC METHODS

We define magnetic field fluctuations bbb by subtracting the
averaged magnetic field from the total magnetic field BBB−〈BBB〉,
where 〈·〉 refers to a temporal average over an appropriately
sized interval. For interval duration information, see Ap-
pendix A. The Taylor “frozen-in” hypothesis (TH) (Taylor
1938) implicitly associates a temporal lag τ with a spatial lag
` according to `=VSWτ , where VSW is the bulk flow speed in
the spacecraft frame, computed over a specified averaging in-
terval. This approximate conversion from temporal to spatial
lags is expected to be accurate when VSW is large compared to
characteristic speeds of the local fluctuation dynamics, such
as the rms fluctuation speed or Alfvén speed VA = B/

√
4πρi,

where B is the magnetic-field vector magnitude and ρi is the
ion mass density. At distances near PSP perihelia, VSW is
comparable to VA, weakening the validity of TH (Chhiber
et al. 2019; Perez et al. 2021). In this study, ∼ 1% of PSP in-
tervals (see Appendix A), encompassing only radial distances
R < 0.20 au, exhibit VA/VSW > 0.66, which we considered
to be poor validity of TH. Only ∼ 0.10% of intervals have
VA/VSW > 1. Therefore, TH remains at either intermediate
or high validity for the large majority of this study.

Autocorrelation. The two-time autocorrelation function
RC(τ) of time-stationary magnetic-field fluctuations is de-
fined as:

RC(τ) =
〈bbb(t)·bbb(t + τ)〉
〈bbb(t)·bbb(t)〉

. (1)

The correlation time τe is the characteristic time separation
over which the fluctuations become uncorrelated. Here we
identify τe with the “e-folding” time, i.e., RC(τ = τe) = 1/e.
This correlation time corresponds to the size of the energy-
containing eddies, within the interval used for computation.
Here TH is used to convert τe to a spatial correlation scale,
such that λC =VSWτe.

For all spacecraft in this study, with the exception of ACE,
we use this method to estimate λC. For ACE, we employ
λC values obtained from (Roy et al. 2021), and computed
via exponential fit of the correlation function. A preliminary
estimate τ ′e of the correlation time is first obtained via the
“e-folding” method, given by R(τ ′e)/R(0) = 1/e. Then a lin-
ear least-squares fit to log [R(τ)/R(0)]∼−τ/τe is performed
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over the interval τ ∈ [0,τ ′e/2] to compute τe, which can is
converted to a corresponding spatial scale λC, as above.

3. RADIAL DISTRIBUTION OF ALIGNMENT ANGLE

A key parameter in this study is the angle between the
magnetic-field and flow velocity vectors, denoted ΘBV. In
most cases, the radial velocity component dominates the tan-
gential and normal components, thus motivating an approxi-
mation, and simplification, of this alignment angle when ap-
propriate. This approximation leads to the winding angle
ΘBR representing the angle between the magnetic-field and
radial unit vectors defined as

ΘBR = cos−1
(
〈|BR|〉
〈‖ BBB ‖〉

)
(2)

where BR is the radial component of the magnetic field BBB in a
heliocentric RTN coordinate system (Franz & Harper 2002),
| · | is an absolute value, and ‖ · ‖ is a vector magnitude. The
winding angle may also be referred to as the alignment angle
for convenience. Taking the absolute value of BR is necessary
to avoid its average from vanishing in intervals that include
crossings of the heliospheric current sheet (HCS) with an as-
sociated polarity reversal. If this operation is not performed
prior to averaging then an interval with a HCS crossing may
be improperly labeled as a perpendicular interval.

For ACE, WIND, and Voyager 1, it is sufficient to examine
ΘBR since the observed direction of the flow is dominantly
radial and spacecraft speeds are negligible compared to the
bulk flow speed. However in PSP data the spacecraft velocity
and the tangential component of the solar wind velocity can
be comparable to the radial component of the latter (Fox et al.
2016; Kasper et al. 2019), so the angle between the magnetic
field and the sampling direction is no longer well-represented
by ΘBR. Therefore, we compute ΘBV directly, defined as

ΘBV = cos−1
(
〈|BBB|〉 · 〈VVV SW〉
〈‖ BBB ‖〉〈‖VVV SW ‖〉

)
, (3)

where VSW is the solar wind velocity measured in the space-
craft frame. For any intervals in which the computation of
ΘBV is not possible (due to missing velocity data), then ΘBR
will be used instead. Additionally, we constrain the align-
ment angles to lie in the range between 0◦ and 90◦ by not
distinguishing between parallel or anti-parallel.

The radial distributions of alignment angles are presented
in Figure 1 for all spacecraft excluding Helios 1.1 The count
in each bin is keyed to the color bar. We observe a radi-
ally increasing alignment angle, corresponding to increasing
central density in vertical slices. This is consistent with the

1 Ruiz et al. (2011) show the angles between the magnetic-field and flow vec-
tors for Helios 1; however, their parallel and perpendicular angular chan-
nels are narrower than those used in the present study.

mean Parker spiral magnetic field. We have sufficient cov-
erage of both angular channels, 0◦ < ΘBV < 40◦ and
50◦ < ΘBV < 90◦, for R < 1 au. However, Voyager 1
has a narrower range of angular coverage, since the mean
Parker-spiral magnetic field forms an increasingly large an-
gle relative to the radial (flow) direction, at those distances.

4. RADIAL VARIATION OF PARALLEL AND
PERPENDICULAR CORRELATION LENGTHS

Using results from PSP, Helios 1, ACE, WIND, and Voy-
ager 1, we compare the evolution of perpendicular and paral-
lel correlation lengths from ∼ 0.08 au (16 R�) to 10 au. We
illustrate the results in Figure 2. The top row of panels shows
the radial variation of λ

‖
C and λ⊥C ; the bottom row of panels

shows averages of these quantities within radial bins equally-
spaced in log R. The density of blue and red points (top)
demonstrates the transition from dominant-parallel sampling
close to the Sun to dominant-perpendicular sampling above
1 au, as also seen in Figure 1. Both correlation scales sys-
tematically increase with R by nearly two orders of magni-
tude from ∼ 5×104 km at 0.10 au to ∼ 3×106 km at 10 au.
The values between 0.40 au to 5 au are consistent with previ-
ous work using Helios, ACE, and Ulysses observations (Ruiz
et al. 2014). The increase in λC reflects the “aging” of turbu-
lence, with larger scales participating in the turbulent cascade
as the solar wind evolves (Matthaeus et al. 1998; Bruno &
Carbone 2013) and flux tubes expand (Hollweg 1986). Ra-
dial power-law fits are presented in Table 2. The discontinu-
ity at R = 0.30 au is due to a shift from a 1-hr to 3-hr interval
duration. The effect of interval size on the correlation scale
is well-known (Isaacs et al. 2015) and can also be seen at the
1 au boundary between PSP and ACE/WIND data, where we
change from 3-hr to 1-day intervals.

For a quantitative examination of the radial evolution of
anisotropy, we compute 〈λ ‖C〉/〈λ⊥C 〉, where each of the corre-
lation scales are first radially averaged in bins of size 0.10 au,
for R ≤ 1 au. These accumulated averages are shown in
Figure 3, which demonstrates the radial evolution of the ob-
served anisotropy in the inner heliosphere. Data above 1 au
are not shown because parallel intervals have low statisti-
cal weight. Nevertheless, for the full collection of sam-
ples beyond 1 au, we compute an overall average value
〈λ ‖C〉/〈λ⊥C 〉 ≈ 0.97±0.17 for the heliocentric distances cov-
ered by Voyager 1. Therefore, we observe a continued evo-
lution in the outer heliosphere that may be characterized as
either mild anisotropy or approximate isotropy.

Figure 3 shows that a trend toward increasing anisotropy
develops below ≈ 0.4 au, with λ

‖
C < λ⊥C . This result, also

seen by Bandyopadhyay & McComas (2021), appears super-
ficially to be in contrast to interpretations of images obtained
by STEREO (DeForest et al. 2016) that demonstrate a transi-
tion from striated thread-like morphology to more isotropic
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Figure 1. Radial distributions of alignment angle ΘBV for PSP and ΘBR for ACE, WIND, and Voyager 1. PSP interval sizes are 1 hour and
3 hours for heliocentric distances R < 0.3 au and 0.3 au < R < 1 au, respectively. Single day intervals are used for ACE, WIND, and Voyager
1 for R≥ 1 au. Interval count of each bin is keyed to color bar. White bins denote zero count.
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Figure 2. Correlation lengths observed by PSP and Helios 1 (left), ACE and WIND (middle), and Voyager 1 (right), vs. heliocentric distance.
(Top) results for individual intervals. (Bottom) binned averages with bars representing standard deviation about mean. Blue circles, red triangles,
and black squares represent parallel, perpendicular, and all intervals, respectively. Helios 1 data represented by three turquoise crosses (λ ‖C) and
stars (λ⊥C ) are extracted from Ruiz et al. (2011). PSP data to left and right of vertical dashed line at 0.3 au represent 1-hour and 3-hour interval
sizes, respectively. Columns at ∼ 1 au represent number density (darker shades = larger counts) of 1-day intervals for ACE and WIND grouped
as λ

‖
C (left, blue) and λ⊥C (right, red). Statistics of these distributions are in Table 1. Power-law fits for λC, λ

‖
C , and λ⊥C are in Table 2.

flocculated patterns. It has been argued that this transition
from coronal quasi-two dimensional structure (Zank et al.
2021) to more isotropic turbulence outside the Alfvén critical
zone is driven by dynamics of microstream shears (Ruffolo
et al. 2020). As noted by DeForest et al. (2016), fluctuations
at the correlation scale are much smaller than structure de-
tected in the imaging studies. Therefore there is no direct

contradiction, though the origins of initially very small par-
allel correlation scales remains unexplained. The picture that
emerges is of a faster increase of λ

‖
C up to ≈ 0.40 au, which

can be observed in Figure 3. Possible reasons for this more
rapid increase in λ

‖
C compared to λ⊥C are discussed in greater

detail in Section 5.
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〈λ ‖C〉 [106 km] 〈λ⊥C 〉 [106 km] 〈λ ‖C〉/〈λ
⊥
C 〉

All VSW 1.98±0.09 1.55±0.02 1.28±0.06
VSW < 450 km/s 1.98±0.11 1.67±0.02 1.19±0.07
VSW > 600 km/s 1.78±0.31 1.05±0.05 1.70±0.31

Table 1. Combined ACE and WIND statistics for λ
‖
C and λ⊥C , differentiated by wind speed. Values represent the mean value along with standard

error of the mean, σ/
√

n, where σ is standard deviation and n is number of samples.

λC ∼ Rα±σ R < 0.30 au 0.30 au < R < 1.0 au R > 1 au
λC 0.97±0.04 0.29±0.01 0.27±0.01
λ
‖
C 1.03±0.06 0.28±0.03 0.64±0.12

λ⊥C 0.61±0.06 0.27±0.02 0.23±0.01

Table 2. Radial power-law fits to λC, λ
‖
C , and λ⊥C from Figure 2. Quantities represent fitted parameters α with standard deviation σ about the

best fit.
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Figure 3. Ratios of 〈λ ‖C〉/〈λ
⊥
C 〉 for PSP (blue circles), Helios 1 (red

triangles), and ACE/WIND (black square). Points represent radially
binned averages of results presented in Figure 2. The statistics of
the distribution from ACE/WIND are given in Table 1. Error-bars
represent standard error of the mean, σ/

√
n, where σ is standard

deviation and n is number of samples. We also compute an average
ratio 〈λ ‖C〉/〈λ

⊥
C 〉 ≈ 0.97 over all Voyager data out to 10 au , with

0.17 standard error.

After attaining isotropy near 0.40 au, the turbulence con-
tinues to evolve with increasing radius, with some variation
towards lower λ

‖
C near 0.60 au. The ratio then attains isotropy

again by 0.8 au and increases such that λ
‖
C > λ⊥C near 1 au.

This situation persists at 1 au where similar results are ob-
served in ACE and WIND data. Table 1 shows averages
and standard deviations of the ACE and WIND observations
that are shown as distributions in Figure 2. Dasso et al.
(2005) report that 〈λ ‖C〉/〈λ⊥C 〉 = 0.71 for VSW > 600 km/s
and 〈λ ‖C〉/〈λ⊥C 〉 = 1.18 for VSW < 450 km/s. We report in
Table 1 similar values to those of Dasso et al. (2005) for slow
wind but not for fast wind. A possible reason for the inconsis-
tency in the fast wind ratio lies in the differences in methods
of computing λ

‖
C and λ⊥C .

We provide individual radial power-law fits to results from
Figure 2; these are shown in Table 2 for different ranges
of heliocentric distance. The more rapid radial evolution of
λ
‖
C is reflected by the larger power-law exponents. Once λ

‖
C

catches up to λ⊥C , isotropy is roughly maintained, as can be
interpreted by the combination of nearly equal power-law ex-
ponents for λ

‖
C and λ⊥C as well as their similar radial scaling

for radial distances 0.30 au < R < 1 au.
The connection between PSP and ACE/WIND and their

general consistency presented in Figures 2 and 3 suggest a
reversal of the initial anisotropy at radial distances within
0.40 au. The combined ACE/WIND ratio 〈λ ‖C〉/〈λ⊥C 〉 > 1
for all VSW conditions given in Table 1 confirms this observa-
tion. However, whether this reversal of the initial anisotropy
is preserved past 1 au, or is just a temporary deviation from
isotropy, remains inconclusive. One might presume from the
radial scalings in Table 2 for radial distances beyond 1 au
that λ

‖
C continues to grow past the perpendicular scale. How-

ever, no strong conclusion can be drawn from the available
data since very few parallel intervals are found in the Voy-
ager data. Pickup ions are also expected to affect λ

‖
C above 5

au (Zank et al. 2017).

5. DISCUSSION

Data from the first eight PSP encounters reveals an
anisotropy with λ

‖
C < λ⊥C at ∼ .08 au, also observed by

Bandyopadhyay & McComas (2021). This is likely ex-
plained by the physical size of granulated cells on the Sun’s
surface. The parallel scale is more dependent on the nature
of the mechanisms that inject magnetic energy along the ra-
dial component of the magnetic field in the corona. In this
regard it is possible to develop arguments (Matthaeus et al.
1990; Zank et al. 2021) of a general nature that the scale of
energy injection relative to the magnetic field exerts a strong
influence on the corresponding correlation scales. This rea-
soning may well explain the anisotropy observed in the inner
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heliosphere but there are no observations or detailed theories
as yet that firmly establish this connection.

As one moves outward to∼ 0.40 au, λ
‖
C and λ⊥C isotropize.

A deviation from isotropy occurs once the solar wind reaches
1 au, as observed by PSP, ACE, and WIND. Near 1 au, a
reversal of the initial anisotropy is observed, such that the
parallel correlation scale becomes the larger of the two, with
λ
‖
C/λ⊥C = 1.28 (see Table 1). This is consistent with the ob-

servations by Dasso et al. (2005).
The trend towards greater λ

‖
C/λ⊥C at 1 au and beyond might

be interpreted in at least two different ways:
(1) The anisotropy at 1 au represents a temporary deviation

from the isotropy achieved at ≈ 0.40 au. As a result, for he-
liocentric distances beyond 1 au, λ

‖
C/λ⊥C remains ≈ 1, even

as other transient deviations occur, as seen in Figure 2. We
note that turbulent MHD simulations support this view, find-
ing that, after a startup transient which lasts several nonlin-
ear times, the MHD system settles into a regime in which the
correlation scale ratio remains roughly constant with values
not far from unity (Bandyopadhyay et al. 2019). Analysis of
turbulence “aging” in the solar wind (Matthaeus et al. 1998)
indicates that this condition should be well fulfilled within
1 au and beyond (see also Chhiber et al. 2016).

(2) The anisotropy at 1 au marks a change in system dy-
namics that causes a more rapid increasing in λ

‖
C relative to

λ⊥C beyond 1 au. This can be supported by radial power-law
fits yielding a stronger radial dependence in λ

‖
C . A caveat for

both these possibilities is the weak statistical weight of par-
allel intervals from Voyager 1. Therefore, we cannot draw
any strong conclusions from the evolution of λ

‖
C/λ⊥C beyond

1 au.
A stronger basis for conclusions may emerge from anal-

ysis of the more populated data intervals in the range be-
tween 0.80 au < R < 1 au where one observes anisotropy
increasing with radial distance. For example, there is am-
ple evidence that solar wind turbulence has not yet attained
a fully-developed character in the inner-heliosphere where
there is evidence of increasing small-scale intermittency with
increasing heliocentric distance (Alberti et al. 2020; Telloni
et al. 2021; Cuesta et al. 2022; Sioulas et al. 2022). However,
near 1 au, the rate of increase of intermittency reverses and

decreases moving towards larger radial distances (Parashar
et al. 2019; Cuesta et al. 2022). If the solar wind is still
evolving towards fully developed status near 1 au, then the
outer-scale anisotropy – what we have characterized by mea-
suring λ

‖
C/λ⊥C beyond 1 au, may also still be evolving. In

this sense the trend just inside of 1 au may represent the rel-
atively slower evolution towards a weakly quasi-two dimen-
sional state. Such anisotropy may be the consequence of en-
hanced formation of perpendicular gradients relative to the
large-scale magnetic-field direction (Shebalin et al. 1983),
even if that familiar anisotropy is more often associated with
inertial range scales where the effect is of greater magnitude
than the moderate departure from isotropy observed here in
the outer heliosphere beyond 1 au.

Future PSP orbits will provide the opportunity to examine
the evolution of turbulence correlations closer to the Sun’s
surface. The magnetic field direction and the solar wind di-
rection are expected to be principally radial at the lower alti-
tudes, so most observations will be of the parallel type, when
standard Taylor hypothesis is applicable. However lower so-
lar wind speed, higher Alfvén speed and rapid spacecraft mo-
tion across the radial direction near perihelion may permit
valuable studies of correlation anisotropy be carried out using
modified forms of the Taylor hypothesis (Matthaeus 1997;
Klein et al. 2015; Perez et al. 2021). Large tangential veloc-
ities in the bulk flow close to the Sun (Weber & Davis 1967;
Kasper et al. 2019) may also permit evaluation of perpendic-
ular correlations below the Alfvén transition region (Chhiber
et al. 2022).
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APPENDIX

A. INSTRUMENTATION AND DATA DESCRIPTION

PSP. Level 2 magnetic-field and Level 3 plasma data were extracted from NASA Goddard Space Flight Center Space Physics
Data Facility (SPDF) in heliocentric RTN coordinates at full cadence. We use measurements made by the fluxgate magnetometer
onboard the FIELDS instrument suite (Bale et al. 2016) and by the Solar Probe Cup (SPC) onboard the Solar Wind Electrons
Alphas and Protons (SWEAP) instrument (Kasper et al. 2016). We use available data from the first 8 orbits, resampled as needed
to the desired resolution of 1s. These data cover the time period between October 5, 2018 to June 30, 2021. Interval sizes vary
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by heliocentric distance, such that 1 hr and 3 hr intervals are used for R < 0.30 au and R > 0.30 au, respectively (see discussion
below). A Hampel filter is applied to proton velocity components in real space to remove large outliers. For a definition of
this Hampel filter, see Pearson (2002)and Bandyopadhyay et al. (2018). When the solar wind speed in any PSP interval was
unavailable due to data quality issues, speeds were linearly interpolated using nearby intervals in order to maximize the number
of intervals for which a correlation time can be converted to length via the Taylor hypothesis.

ACE. Magnetic-field data was extracted from SPDF in RTN coordinates at a 1 s resolution for all available times from 5
February 1998 to 30 March 2008. The 1 s resolution data were resampled via an averaging technique to a 1 minute resolution.
The twin triaxial fluxgate magnetometer onboard ACE (Smith et al. 1998) provides magnetic field data and the Solar Wind
Election Proton Alpha Monitor instrument suite (McComas et al. 1998) provides plasma data. An interval size of 1 day is
utilized. From a total of 3707 intervals, 3576 intervals were useful. Here, a useful interval is defined to have no more than 80%
missing data.

WIND. Magnetic-field data were extracted from SPDF in RTN coordinates at a 1 minute resolution for all available times from
5 February 1998 to 5 February 2008. The Solar Wind Experiment (Ogilvie et al. 1995) provides plasma data and the Magnetic
Field Investigation instrument suite (Lepping et al. 1995) provides magnetic field data via a boom-mounted dual triaxial fluxgate
magnetometer. An interval size of 1 day is utilized. From a total of 3650 intervals, 3626 intervals were useful.

Voyager 1. The existing archival Voyager 1 magnetic field data were extracted from SPDF in RTN coordinates at a 1.92s
resolution. Data covers heliocentric distances ranging from 1 to 10 au. The Voyager mission used a dual low-field and high-
field magnetometer system (Behannon et al. 1977) for magnetic-field measurements, and the onboard plasma instrument (Bridge
et al. 1977) for other plasma parameters such as bulk flow speed and proton density. Although missing data and data gaps were
encountered, we discovered several other inaccuracies with respect to the quality of the data, all of which were resolved (Cuesta
2020; Cuesta et al. 2022). The improved dataset is publicly available at https://doi.org/10.5281/zenodo.5711177. An interval size
of 1 day is applied to all heliocentric distances covered by Voyager 1. From a total of 1333 intervals, 780 intervals were useful.

Computation Specifics. Helios 1 results presented in this study were extracted from Ruiz et al. (2011). Results will not reflect
selections of fast and slow solar wind, with the exception of reported statistics of combined ACE and WIND intervals given
in Table 1. We obtained λ

‖
C and λ⊥C from intervals with alignment angles assigned to the angular channels of 0◦ < Θ < 40◦

(parallel channel) and 50◦ < Θ < 90◦ (perpendicular channel), respectively. When narrowing the angular ranges for parallel and
perpendicular classifications by 10 degrees, the results remain nearly the same. Further narrowing of the angular ranges produces
large statistical uncertainties.

Finally, we discuss the interval sizes used in this study. For turbulence analyses, an interval size containing several correlation
scales is ideal. Further, the interval should not be so large that solar rotation effects are included. From Isaacs et al. (2015),
the optimized averaging window for computing correlation scales was determined to be between 10 and 20 hours long at 1 au.
Therefore, we decided that 1 day interval lengths were most suitable when computing correlation lengths for ACE, WIND,
and Voyager 1. For PSP, we selected a boundary at 0.30 au to correspond to a shift from 1-hour to 3-hour intervals with
increasing heliocentric distance. The smaller intervals reflect the decreasing correlation scales with decrease in heliocentric
distance (Chhiber et al. 2021); the average correlation time at about 0.10 au is ≈ 6 minutes, which allows for the minimum
required oversampling (Isaacs et al. 2015). Additionally, closer to the sun, the local magnetic field is dominantly radial resulting
in less opportunities to find longer intervals having perpendicular alignment angles. In order to obtain more statistical weight of
perpendicular intervals at PSP perihelia, 1-hour interval times were selected (see also Bandyopadhyay et al. 2022).

https://doi.org/10.5281/zenodo.5711177
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