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ABSTRACT

Context. The nature and evolution of the solar wind magnetic field rotations is studied in data from the Parker Solar Probe.
Aims. We investigated the magnetic field deflections in the inner heliosphere below 0.5 au in a distance- and scale-dependent manner
to shed some light on the mechanism behind their evolution.
Methods. We used the magnetic field data from the FIELDS instrument suite to study the evolution of the magnetic field vector
increment and rotation distributions that contain switchbacks.
Results. We find that the rotation distributions evolve in a scale-dependent fashion. They have the same shape at small scales regardless
of the radial distance, in contrast to larger scales, where the shape evolves with distance. The increments are shown to evolve towards
a log-normal shape with increasing radial distance, even though the log-normal fit works quite well at all distances, especially at small
scales. The rotation distributions are shown to evolve towards a previously developed rotation model moving away from the Sun.
Conclusions. Our results suggest a scenario in which the evolution of the rotation distributions is primarily the result of the expansion-
driven growth of the fluctuations, which are reshaped into a log-normal distribution by the solar wind turbulence.
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1. Introduction

The solar wind is a turbulent medium whose properties evolve
with radial distance from the Sun (Bruno & Carbone 2013).
In recent years, data from the Parker Solar Probe (PSP)
mission have provided an unparalleled opportunity to study
fluctuations in the solar wind at unprecedentedly close dis-
tances to the Sun (Chen et al. 2020; Adhikari et al. 2020,
2022; Alberti et al. 2020; Zhu et al. 2020; Huang et al. 2021;
Shi et al. 2021; D’Amicis et al. 2021; Hernández et al. 2021;
Telloni et al. 2021; Zhao et al. 2022; Bandyopadhyay et al.
2022; Sioulas et al. 2023a; McIntyre et al. 2023; Cuesta et al.
2023; Bowen et al. 2024), see Raouafi et al. (2023) for a review.
These observations, combined with high-resolution numeri-
cal simulations (Perez & Chandran 2013; Dong et al. 2014;
Verdini & Grappin 2015; Pezzi et al. 2017; Chandran & Perez
2019; Ruffolo et al. 2020; Squire et al. 2020; Meyrand et al.
2021; Shi et al. 2023; Trotta et al. 2023; Sorriso-Valvo et al.
2023; Matteini et al. 2024), have greatly enhanced our under-
standing of the near-Sun solar wind turbulence.

A longstanding debate that PSP data can help solve
is whether the large-amplitude rotations or discontinuities
observed in the solar wind can be attributed to a turbu-
lent phenomenology, or if a different picture has to be
invoked. An alternative scenario is the spaghetti-like solar
wind, in which discontinuities are interpreted as flux-tube
walls crossed by the spacecraft (see Li 2008, and references
therein).

Borovsky (2008) interpreted the possibility that the rota-
tion distribution can be fit with a double-exponential function
as an indication that two populations are present. A population
of small rotations, below ≈30◦, due to turbulence and another
population with rotations above ≈50◦ indicative of the presence
of flux tubes. Further support to this picture was given with the
observation of changes in the plasma properties across discon-
tinuities (Borovsky 2008, 2010, 2020). However, some plasma
properties, such as the alpha-to-proton ratio, do not show a sig-
nificant correlation with magnetic field rotations (Owens et al.
2011).

A different picture emerges from the work of Zhdankin et al.
(2012), who reported a good agreement between the experimen-
tal rotation distributions at 1 au and simulations of MHD turbu-
lence for many different scales within the inertial range. Further-
more, a different model for the rotation distributions was pro-
posed. This model was based on the fact that the vector incre-
ment magnitude probability density functions (PDFs) at 1 au,
computed at different time lags, have a log-normal shape. While
the parameters of the log-normal distributions differ for each lag,
the PDFs can be rescaled to a universal (i.e. scale-independent)
log-normal distribution in the inertial range. From the univer-
sal log-normal, the rotation model was recovered. This picture is
also supported by the agreement between proxies for magnetic
discontinuities and intermittency (Greco et al. 2008), which is a
fundamental property of turbulence.

Several studies of turbulence have focused on the distribu-
tions of rotation angles and magnetic vector increments (see,
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e.g., Perri et al. 2009; Greco & Perri 2014). At large scales, at
1 au, both distributions become scale-independent in the 1/ f
range (Matteini et al. 2018). This behaviour holds for both the
fast and slow Alfvénic wind, but not for the non-Alfvénic slow
wind, as evidenced using Helios data (Perrone et al. 2020). In
both the inertial range and the kinetic range, the increment dis-
tributions are shown to have approximately log-normal shape
and to be mostly due to pure rotations (i.e. without changes
in the magnitude of the magnetic field; Zhdankin et al. 2012;
Chen et al. 2015).

Log-normal distributions are observed in the solar wind
not only for magnetic increments (Bruno et al. 2004), but
also for the magnetic field magnitude (Burlaga 2001), for
the scale-dependent energy dissipation rate (Zhdankin et al.
2016), and as models of the energy cascade rate distributions
(Sorriso-Valvo et al. 1999) in the context of multiplicative ran-
dom cascade models (Castaing et al. 1990). In these models,
the non-conservative (intermittent) behaviour of the local energy
dissipation rate is modelled through the multiplication of ran-
dom variables drawn from the same distribution (Frisch 1995).
The log-normal is one of the possible distributions choices, but
it seems to be the most common distribution in the solar wind
(Sorriso-Valvo et al. 1999, 2015; Zhdankin et al. 2012, 2016),
and it is probably a consequence of dealing with intermittent
turbulent signals. It should be noted that another possibility, not
investigated here, is the normal inverse Gaussian function, which
was tested for the increments of the Elsasser variables in the solar
wind (Palacios Caicedo 2021).

The study of the rotation distributions is of even more
interest due to the recent measurements of magnetic
switchbacks in PSP data (Bale et al. 2019; Kasper et al.
2019; Dudok de Wit et al. 2020; Squire et al. 2020;
Krasnoselskikh et al. 2020; Zank et al. 2020; Tenerani et al.
2021; Larosa et al. 2021; Pecora et al. 2022; Jagarlamudi et al.
2023; Huang et al. 2023a). The origins of these structures
and whether they can be considered a different population
with respect to the background solar wind turbulence are still
unknown (Dudok de Wit et al. 2020; Raouafi et al. 2023).

We study the evolution of the magnetic increments and rota-
tion distributions in the solar wind at different radial distances
to the Sun using PSP data. We focus on the changes in shape of
the distributions, on their universality and on the validity of the
Zhdankin et al. (2012) rotational model closer to the Sun.

In Sect. 2 we describe the data set we used in this study,
in Sect. 3 we report our results, and in Sect. 4 we discuss our
conclusions.

2. Data and methods

We used data from the PSP fluxgate magnetometer MAG
(Bale et al. 2016) at a cadence of four samples per cycle (around
0.22 s) and the electron pitch-angle distributions (ePAD) from
the SPAN-e (Solar Probe ANalyzer for Electrons) instrument
(Kasper et al. 2016; Whittlesey et al. 2020). The data in this
study cover the fist 11 orbits of PSP at distances below 0.5 au.

In the dataset, transients such as coronal mass ejections
(CMEs) were removed by eye, and the heliospheric current sheet
(HCS) crossings were removed with the aid of the ePAD. CMEs
were excluded because they are not part of the steady-state solar
wind, and the HCS crossings were excluded because they are
large-angle rotations related to the change in the heliospheric
magnetic field polarity rather than to turbulence.

We computed the distributions of the magnetic field incre-
ments,

∆B/B =
|B(t + τ) − B(t)|

|B(t)|
(1)

and the corresponding angular rotations,

∆θ = arccos
(

B(t + τ) · B(t)
|B(t)||B(t + τ)|

)
· (2)

Under the assumption of pure rotations between t + τ and t
without a change in field magnitude, the angle and increments
are related by ∆B/B = 2 sin (∆θ/2) (Zhdankin et al. 2012). Each
data point in the time series provides an increment value unless
B(t + τ) or B(t) are data gaps. In this case, no increment value
is obtained. With a data series of increments at a given τ and
distance, we computed the corresponding distribution.

In the distributions, we considered values of ∆B/B and corre-
sponding rotations only for increments up to 2. This upper limit
was set by the fact that a rotation of 180◦ can give a maximum
increment value of 2. Therefore, any value higher than 2 cannot
be the result of a pure rotation. Applying this threshold has the
effect of removing part of the tail of the distributions (the part
due to highly compressive increments), but fewer than 0.6% of
the pre-processed points (without HCS crossings and CMEs) are
lost as a consequence.

3. Results

3.1. Evolution of the increments and rotation distributions
with heliocentric distance

The evolution of the magnetic field increments with distance and
scale is shown in Fig. 1. The different curves show evident varia-
tions with the heliocentric distance. For example, at small scales
τ, the distribution closest to the Sun (blue line) presents the high-
est tail, indicating a higher probability of occurrence for large
increments, whereas it has the lowest tails at large scales.

Figure 2 shows the rotation distributions. Not surprisingly,
the curves behave similar to those of Fig. 1, since the magnetic
field undergoes mostly rotation in the solar wind, especially at
the distances of PSP. The dominance of the rotations is high-
lighted in Fig. 3, which shows the distribution of the parameter
χ = |∆B/B − 2 sin (∆θ/2)|/(∆B/B), a measure of the deviations
from pure rotations. The distributions of χ are strongly peaked
near zero, regardless of distance and scale, with a drop of more
than 2 orders of magnitude between the peak value and the value
at χ = 0.1. This confirms (see Zhdankin et al. 2012 for data at
1 au) the predominance of rotations in the solar wind also in the
inner heliosphere.

The behaviour of the PDFs in Figs. 1 and 2 is due in part
to the fact that by using the same τ at different distances, we
compare distributions with a different underlying average level
of ∆B/B, and that we neglect the evolution of the 1/ f break with
distance (Bruno & Carbone 2013; Chen et al. 2020; Huang et al.
2023b; Davis et al. 2023). In order to clearly determine any
changes in the shape of the distributions, we need to account
for these effects. We did this by rescaling the timescales though
the following procedure: (1) For each of the five distance classes
used in Figs. 1 and 2, we computed the mean scale-dependent
fluctuation level 〈∆B/B〉, obtaining a set of empirical curves
for 〈∆B/B〉 against τ. (2) Based on these relations, we extrap-
olated for each distance the scales τ corresponding to a set of
selected specific values of 〈∆B/B〉, effectively rescaling all the
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Fig. 1. Distributions of the magnetic field increments ∆B/B. The increments are computed at different timescales, τ, for each panel, as indicated at
the top. The different colours represent different heliocentric distances. The shaded area represents the statistical error estimated as the square root
of the number of points in a given bin. The error is not visible in most cases because it is small and comparable with the width of the plot lines.

fluctuations and angular increments to remove the radial evolu-
tion of 〈∆B/B〉. (3) We used these values of 〈∆B/B〉 as proxies
for the scale, while the increments and the corresponding rota-
tions were recomputed with the corresponding set of extrapo-
lated timescales. The different values are reported in Table 1.

The results are shown in Fig. 4, where the distributions of the
rescaled rotations ∆θ are shown for the different values of mean
fluctuations 〈∆B/B〉 (different panels), and for each distance to
the Sun (different colours). At small 〈∆B/B〉 (corresponding to
small scales), the distributions collapse on the same shape for
all distances. As the scale (or, equivalently, 〈∆B/B〉) increases,
the tails of the distribution increasingly separate, in particular,
for short distance R < 0.1 au. This behaviour suggests that the
small-scale distribution is already fully evolved at these dis-
tances, while at larger scales (〈∆B/B〉 > 0.1), it is still in the pro-
cess of evolving to its final state. This scale dependence is highly
suggestive of a turbulence-dominated PDF evolution because in
a turbulent cascade the non-linear time is scale-dependent, with
the smaller scales evolving faster.

3.2. Log-normality and the Zhdankin rotation model with PSP

In Fig. 5 we test whether the fluctuations ∆B/B follow a log-
normal distribution throughout the full range of distances and
scales considered here. The colours now refer to different scales,
through the proxy 〈∆B/B〉, according to the rescaling procedure
described above, while different distances are represented in dif-
ferent panels. The log-normal distribution can be written as

f (x) =
1

xσ
√

2π
exp

−1
2

(
log x − µ

σ

)2  , (3)

where the parameters µ and σ represent the mean and standard
deviation of log(x), respectively. The results in Fig. 5 clearly
show that farther out in the heliosphere, the distributions are bet-
ter fit by a log-normal, even though the fit is reasonably good
even at the closest distances. In order to quantitatively evaluate
the goodness of the log-normal fit, we computed the coefficient
of determination defined as R = 1−Σn

i=1(yi − 〈y〉)
2/Σn

i=1(yi − fi)2,
where yi and 〈y〉 are the measured values and their mean, respec-
tively, fi represents the values of the model, and n the number
of data points. The values of R vary from 0 to 1 as the good-
ness of fit increases. The coefficient of determination is close to
1 for all the cases in Fig. 5, indicating an excellent log-normal
fit of the distributions. For 〈∆B/B〉 = 0.5, corresponding to the
largest scales used here, R increases from 0.90 at distances below
0.1 au to 0.97 at larger distances, in the range 0.4−0.5 au. For the
smallest scales, corresponding to 〈∆B/B〉 = 0.1, R = 0.98 at the
closest distances indicates excellent agreement, which increases
to R = 0.998 for the farthest distances. The bottom right panel of
Fig. 5 illustrates the radial and scale-dependent evolution of the
fitting parameter σ, which was found to be σ ≈ 1 at 1 au using
Wind data (Zhdankin et al. 2012). We observe that σ increases
with increasing radial distance for all scales (again represented
by the different values of 〈∆B/B〉). At large distance, the distri-
butions seem to saturate to high values σ ≈ 1 for all scales, while
at the closest distances, they show a larger spread, and the vari-
ance approaches the saturation value as the scale decreases. In
particular, the variance increases form σ ≈ 0.79 for the largest-
scale distributions (i.e. with 〈∆B/B〉 = 0.5) to σ ≈ 0.85 for the
smallest-scale distributions (〈∆B/B〉 = 0.1).

We tested how other functions that are commonly used in
the literature to describe the magnetic increments fit the PDFs
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Fig. 2. Distributions of the magnetic deflection angles ∆θ. The order of the panels and the meaning of the colours is the same as in Fig. 1.
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Fig. 3. Distributions of χ, the normalised difference between the mag-
netic vector increments and the corresponding angle if this were due to
pure rotation. The different colors represent different values of τ. The
solid lines are drawn at distances below 0.1 au, and the dotted lines are
drawn at distances between 0.4 and 0.5 au.

in comparison with the log-normal function (not shown). A dou-
ble exponential was used by Borovsky (2010) to fit the rotation
angles ∆θ, and it can be also tested for ∆B/B. This function has
two additional fitting parameters with respect to the log-normal.

It gives a determination coefficient very close to one only for
smaller scales, with 〈∆B/B〉 up to 0.3. For larger scales, the
fits fail to converge. The reason is that the small ∆B/B down-
ward section of the curve at 〈∆B/B〉 > 0.3 cannot be reproduced
with a double exponential. The same is found when fitting ∆θ.
We also tested the log-Poisson distribution, which is observed
for other measures of turbulence (Zhdankin et al. 2016). How-
ever, the fits in this case agree poorly at all scales and distances.
The log-normal seems to be the strongest candidate distribution
for the solar wind fluctuations. Incidentally, the log-normality
of the magnetic vector increments can be linked to turbulence
in the context of random cascade models and might ultimately
be linked to the log-normality of the scale-dependent dissipation
rate (Sorriso-Valvo et al. 2015; Zhdankin et al. 2016).

As the next step, we fit the distributions of the magnetic field
rotation angles using the model developed by Zhdankin et al.
(2012). The key ingredient of the model is that the PDFs of
increments at different scales τ can be rescaled into a single log-
normal function. This relies on the observation that at 1 au and
in the inertial range, the log-normal variance is nearly constant
for all scales, σ ≈ 1, and it relies on the assumption that the
increments are due to pure rotations. Under these assumptions,
the model for the rotation angles distributions can be written as

g(∆θ) =
1

K
√

8π tan ∆θ
2

× exp
{
−

1
2

log2
[
2 sin

(
∆θ

2

) (
τ

∆t0

)−α]}
,

(4)

where ∆t0 and α are fitting parameters, and K is a nor-
malisation constant (independent of ∆θ), defined as K =

1
2 erf

{
log

[
2
(
τ

∆t0

)−α]
/
√

2 + 1
}
. The parameter ∆t0 is interpreted

as the outer scale of the turbulence (Zhdankin et al. 2012).
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Table 1. Values in seconds of the lag we used for different distances and different average values of 〈∆B/B〉 to compute the increments.

〈∆B/B〉 = 0.1 〈∆B/B〉 = 0.2 〈∆B/B〉 = 0.3 〈∆B/B〉 = 0.4 〈∆B/B〉 = 0.5

<0.1 au 1.744 14.388 56.026 204.92 714.822
0.1–0.2 au 2.398 20.274 82.186 245.468 678.416
0.2–0.3 au 2.834 21.146 80.878 211.242 493.116
0.3–0.4 au 3.488 25.506 101.588 234.132 522.328
0.4–0.5 au 3.924 28.776 118.592 282.092 671.658
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Fig. 4. Distributions of the magnetic deflection angles ∆θ at fixed values of the average increment value 〈∆B/B〉.

In Fig. 6, we compare the PSP rotation distributions with
the rotation model given by Eq. (4). As discussed in Sect. 3.1,
different scales τ (see Table 1) were again used to account for
radial expansion, and the scales were labeled in Fig. 6 accord-
ing to the mean fluctuation level 〈∆B/B〉 they correspond to. At
small scales, corresponding to 〈∆B/B〉 = 0.1, the agreement is
good for all distances, with some improvement as r increases.
At large scales, the agreement between the PSP distributions
and the Zhdankin et al. (2012) rotation model is generally poor
near the Sun and improves with increasing radial distance. This
behaviour is consistent with the evolution of the increment dis-
tributions observed above. For 〈∆B/B〉 = 0.1 in particular, the
results are consistent as the log-normal fit gives a higher coeffi-
cient of determination for this scale than for the others we con-
sidered. Another possible reason for the discrepancy between the
model and the data for the larger-scale distributions at the clos-
est distance, for example at r < 0.1 au, could be the reduced
extension of the inertial range, which is increasingly limited by
the 1/ f range closer to the Sun (Chen et al. 2020; Sioulas et al.
2023b). However, while this may be the case for the distributions
at 〈∆B/B〉 = 0.5, where the corresponding lag τ ' 7 × 102 s lies
in the 1/ f range, it does not hold for the PDF at 〈∆B/B〉 = 0.3,
for which the corresponding scale τ ' 50 s is within the inertial
range. The discrepancy therefore cannot be attributed to the tran-

sition in the 1/ f range alone. This suggests that the discrepancy
between the model and the observations in Fig. 6 may mostly
arise because the distributions of the magnetic increments closer
to the Sun are not yet fully evolved to the universal log-normal
with σ = 1, as assumed and observed at 1 au by Zhdankin et al.
(2012). In addition, consistently with the evolving state of the
distributions, the fitting parameters ∆t0 and α approach those
observed at 1 au (∆t0 = 6600 and α = 0.46, see Zhdankin et al.
2012) as the radial distance increases.

4. Discussion and conclusions

We presented the radial evolution of the scale-dependent mag-
netic field increments and rotation angle distributions in the inner
heliosphere for distances to the Sun below 0.5 au. Our results
show that both distributions evolve with radial distance in a
scale-dependent fashion.

The increment distributions evolve towards a log-normal
shape, although this evolution is different at small and large
scales, here represented by the values of 〈∆B/B〉 to remove
the radial decay of the fluctuations due to pure expansion. At
〈∆B/B〉 = 0.1, corresponding to small scales, the log-normal
fit is excellent at all distances, according to the values obtained
for the coefficient of determination R. For larger scales, the fit
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Fig. 5. Distributions of the magnetic field vector increments at fixed average ∆B/B. The dashed lines are log-normal fits to the data. The bottom
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performs slightly worse, but it improves with increasing dis-
tance (Fig. 5). This highlights the scale-dependent radial evo-
lution of the increment statistics towards a log-normal, with the
small scales being approximately log-normal independent of the
distance. The log-normal variance σ also shows a clear scale-
dependent radial evolution, which is particularly evident for the
large scales. Its value increases with distance, mostly to capture
the evident evolution of the tails of the distributions.

We then used our data to validate the rotation angle model
distribution proposed by Zhdankin et al. (2012) for measure-
ments at 1 au, which assumes that the variance of the log-normal
magnetic increments distribution is σ = 1. The Zhdankin et al.
(2012) model fits the distributions reasonably well at small
scales close to the Sun and at all scales for larger distances,
with a slight discrepancy that might be due to the log-normal
parameter fitting the increment PDFs being σ , 1 at all the dis-
tances investigated here. However, a more evident disagreement
appears at large scales near the Sun, where there are fewer large-
angle rotations, which questions the universality of the model.
This disagreement, and the improvement of the fit as the radial
distance increases, is consistent with the evolution of σ towards
unity with increasing r. As illustrated in Fig. 6, a single func-
tion based on the log-normality of the increments is thus capa-
ble of capturing most of the rotations far enough from the Sun.
This result challenges the idea of the existence of two differ-
ent populations of solar wind discontinuities (Borovsky 2008).
Furthermore, it possibly suggests, considering the link between
log-normal distributions and turbulence, that the turbulence may
cause the formation of sharp rotations, as investigated in previ-
ous works (see, e.g., Zhdankin et al. 2013; Howes 2016).

The scale-dependent radial evolution of the distributions
towards a log-normal is a key property to consider when inves-
tigating their origin. The observed change in shape may have
two possible interpretations at least. (i) The turbulent interac-
tions in the solar wind might reshape the distribution into a log-
normal. Turbulence simulations are able to approximately pro-
duce log-normal distributions for the magnetic field vector incre-
ments, and they can reproduce the rotation distributions at 1 au
(Zhdankin et al. 2012). Furthermore, log-normal distributions
are observed in turbulence simulations for the scale-dependent
energy dissipation rate and in solar wind data for a proxy of the
same quantity (Sorriso-Valvo et al. 2015; Zhdankin et al. 2016).
Turbulence interactions are faster at smaller scales. The larger
scales would therefore be expected to evolve more slowly, in
agreement with our results. This behaviour is also observed
for the scale-dependent radial evolution of coherent structures
(Sioulas et al. 2022). (ii) The change in shape could be attributed
to the growth of the normalised fluctuations with the expan-
sion, with the constraint of a constant magnetic field magni-
tude. This constraint has to be invoked because expansion alone
can produce the growth of the amplitudes of ∆B/B (Parker
1965; Belcher 1971; Mallet et al. 2021; Squire & Mallet 2022),
that is, shift the unnormalised PDFs to larger ∆B/B, resulting
in a growth of large angular deflection, but it is not expected
to change the shape of the PDFs (see Fig. 4). Therefore, an
additional process is required to explain the full distribution
of the rotations. At large scales, this constraint implies a cut-
off to the distribution at ∆B/B = 2. As a consequence, the
PDF changes its shape when this cutoff is reached due to the
expansion-driven growth of the fluctuations. However, it is not
clear why this cutoff would cause the PDFs to become log-
normal, and the above interpretation would not explain why
the PDFs are log-normal at small scales. Furthermore, the
physical origin of the constraint is an open question as well

(Barnes & Hollweg 1974; Vasquez & Hollweg 1998; Roberts
2012; Matteini et al. 2015; Tenerani & Velli 2018; Squire et al.
2019; Squire & Mallet 2022; Matteini et al. 2024).

The results presented here are also relevant to switchbacks
studies. Even though using ∆θ is not equivalent to using the
parameter z that is typically used to identify the switchbacks
(Dudok de Wit et al. 2020; Pecora et al. 2022; Jagarlamudi et al.
2023), for a given switchback duration, the increment technique
still captures the full switchback structures when τ is of the
order or longer than the duration of the switchback itself, and
it highlights the rotation at the boundaries when it is much
shorter. The radial trends of the distributions at large angles
(Figs. 2 and 4) agree overall with the results in switchback stud-
ies (Tenerani et al. 2021; Pecora et al. 2022; Jagarlamudi et al.
2023; Liu et al. 2023), highlighting the presence of more large-
angle deflections at greater distances.

In light of the results shown here and based on the above con-
siderations, it seems most likely that expansion causes the over-
all relative amplitudes (∆B/B) to grow, and turbulence reshapes
the magnetic field rotations to create the fluctuation distributions
that we measure.
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