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ABSTRACT

We analyze magnetic field data from the first six encounters of PSP, three Helios fast streams and
two Ulysses south polar passes covering heliocentric distances 0.1 . R . 3 au. We use this data
set to statistically determine the evolution of switchbacks of different periods and amplitudes with
distance from the Sun. We compare the radial evolution of magnetic field variances with that of the
mean square amplitudes of switchbacks, and quantify the radial evolution of the cumulative counts
of switchbacks per km. We find that the amplitudes of switchbacks decrease faster than the overall
turbulent fluctuations, in a way consistent with the radial decrease of the mean magnetic field. This
could be the result of a saturation of amplitudes and may be a signature of decay processes of large
amplitude Alfvénic fluctuations in the solar wind. We find that the evolution of switchback occurrence
in the solar wind is scale-dependent: the fraction of longer duration switchbacks increases with radial
distance whereas it decreases for shorter switchbacks. This implies that switchback dynamics is a
complex process involving both decay and in-situ generation in the inner heliosphere. We confirm
that switchbacks can be generated by the expansion although other type of switchbacks generated
closer to the sun cannot be ruled out.

1. INTRODUCTION

We have analyzed data from Parker Solar Probe (PSP),
Helios and Ulysses to investigate the evolution of switch-
backs with heliocentric distance ranging from about 0.1
to 3 au. Switchbacks are embedded within a continuous
flux of turbulent, Alfvénic fluctuations that permeates
the solar wind and that dominates the frequency range
f ' [10−6 − 10−1] Hz of the magnetic field energy spec-
trum. Switchbacks make up the subset of largely Alfvénic
fluctuations whose amplitude is large enough that the
magnetic field kinks backwards on itself, leading to a lo-
cal field polarity reversal and to a corresponding radial
velocity jet (Matteini et al. 2014). Although switchbacks
have been observed in the past, both by Helios at dis-
tances R ' 0.3−1 au from the sun (Horbury et al. 2018),
and by Ulysses beyond 1 au, one of the major findings
of PSP is that this peculiar type of fluctuation/structure
appears to be ubiquitous and a prominent feature of the
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solar wind closer to the sun, at distances R . 0.2 au.
Understanding what is the origin of switchbacks remains
an important and open issue because it may exclude or
point to mechanisms taking place in the corona related to
coronal heating and solar wind acceleration. They may
also contribute to feeding the turbulent cascade via their
nonlinear evolution.

Many mechanisms have been proposed to explain
switchbacks. It has been suggested that they are rem-
nants of processes in the corona such as interchange re-
connection (Drake et al. 2020; Zank et al. 2020). In a
high beta plasma, they may also originate from insta-
bilities like the firehose (Tenerani & Velli 2018), which
is known to lead to highly kinked field lines. Switch-
backs may also form dynamically as turbulent fluctua-
tions propagate into the inner heliosphere, induced by
shear flows or by the solar wind expansion itself (Landi
et al. 2006; Ruffolo et al. 2020; Squire et al. 2020; Mallet
et al. 2021; Schwadron & McComas 2021).

Switchbacks have now been characterized extensively
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in their local properties (Horbury et al. 2020; Woolley et
al. 2020; Woodham et al. 2021; Laker et al. 2021). They
are three dimensional field-aligned structures display-
ing the typical velocity-magnetic field correlation that
characterizes Alfvén waves propagating away from the
sun. Just like the overall turbulent, Alfvénic fluctua-
tions, switchbacks are characterized by a nearly constant
magnetic field magnitude, a condition corresponding to
spherical polarization (Tsurutani et a. 2018; Matteini et
al. 2015). A small level of compressibility has been ob-
served by PSP in some switchbacks (Farrell et al. 2020;
Larosa et al. 2021), especially at the boundaries, a prop-
erty that may be related to their evolutionary stage but
that still remains to be investigated.

Interestingly, large amplitude, Alfvénic fluctuations
(in the sense of velocity-magnetic field correlation) and
switchbacks, with constant total magnetic field magni-
tude, provide an exact, nonlinear dynamical state at
the magnetohydrodynamic scales (Goldstein et al. 1974;
Barnes & Hollweg 1974; Hollweg 1974). However, such
a nonlinear state is thought to be unstable, since large
amplitude Alfvénic fluctuations tend to decay due to res-
onant couplings with compressible modes via parametric
and modulational instabilities, proven to persist in var-
ious conditions, including expansion effects and realis-
tic temperature anisotropies. Theoretical investigations
and numerical simulations support the idea that Alfvénic
fluctuations of coronal origins should already begin to
decay close to the sun, say, within tens of solar radii
(Tenerani and Velli 2013; Réville et al. 2018; Shoda et
al. 2018). Recently, we have shown via numerical simu-
lations that a localized switchback is more stable than an
Alfvénic wave of non constant total field magnitude (like
the one considered by, e.g., Landi et al. (2005)), or of
a periodic circularly or arc polarized shear Alfvén wave
(Del Zanna 2001), and that it can propagate for distances
up to a few tens of solar radii (Tenerani et al. 2020). How-
ever, parametric decay eventually sets in, destroying the
switchback well before it can travel distances of the or-
der of 1 au. This suggests that in the absence of ongoing
dynamical forcing – such as solar wind expansion, for ex-
ample – capable of continually replenishing switchbacks
in-situ, their occurrence rate should decrease with radial
distance. Vice-versa, the effect of a continuous forcing
would lead to an increase in the occurrence rate (or to
a steady state) as we move further away from the sun.
Understanding how fluctuations and switchbacks evolve
with radial distance is relevant to understand not just
how switchbacks can form out of the overall turbulent
fluctuations, but also to understand how they may con-
tribute to the evolution of the turbulent cascade in the
solar wind.

In this paper, we study the radial evolution of switch-
backs in the inner heliosphere out to 3 au by combining
data from PSP, Helios and Ulysses. We track the ra-
dial evolution of the magnetic energy density carried by
switchbacks as compared to the overall turbulent fluctu-
ations and we investigate the occurrence rate of switch-
backs. We finally discuss how our results compare and
fit into existing theories and observations of switchback
generation.

2. DATA SETS AND METHODS

In this work, we use magnetic field data from He-
lios 1 and 2 at 6 second resolution (in SSE coordinates;
Schwenn et al. (1975)) and consider a subset of the in-
tervals analyzed by Perrone et al. (2019), who classify
data into three fast Alfvénic streams crossed by Helios
at various radial distances during years 1975-1976. In
this paper we will adopt their same notation to denote
intervals pertaining to stream A, stream B and stream
C, respectively.

For Ulysses, magnetic field data from the VHM in-
strument are resampled at 6 seconds resolution (RTN;
Balogh et al. (1992)). We consider the first and third
south polar passes, that occurred in 1994 and 2006-2007
denoted PP94 and PP06, respectively, to compare data
from different solar cycles.

Finally, we use high cadence magnetic field data from
the FIELDS instrument (in RTN coordinates; Bale et
al. (2016)) onboard Parker Solar Probe (PSP) resam-
pled at 6 seconds during the first six orbits (E1 through
E6), from year 2018 to year 2020. The same analysis
was performed with 1-second resolution and results were
qualitatively similar. The PSP intervals have been iden-
tified by visual inspection to avoid current sheet crossings
(leading to north-south main polarity reversals) and to
select only those intervals with small values of magnetic
compressibility δ|B|/|B| < 0.2, on 5-minute averages,
although the majority of intervals had even lower val-
ues, δ|B|/|B| . 0.1. For the perihelia of E1, E2, E4
and E6 we have also determined what intervals corre-
spond to the same source region via PFSS extrapolation
(Panasenco et al. 2020), in order to compare switchbacks
counts within the same or nearby streams. Plasma data
from Helios (Schwenn et al. 1975), SWOOPS (Bame et
al. 1992), and SPC (Case et al. 2020) are also used to
infer the mean radial speed of the wind for each time
interval.

Mean magnetic field, variances and mean amplitude of
switchbacks, are obtained via temporal averages over a
sliding time window of length τ with τ ∈ [30 min , 12 h],
hence we consider time scales of fluctuations that fall
well into the inertial range and energy-containing range
of Alfvénic turbulence. For a fixed value of the time τ
we calculate the mean magnetic field < B >τ and the
variances of the magnetic field components < δBi

2 >τ .
Switchbacks are identified as follows. For each time scale
τ we search for those intervals in which the angle θ be-
tween the total magnetic field B and < B >τ is larger
than θ = 90◦. In this way we only select fluctuations that
correspond to a backwards kink of the magnetic field.
By using the direction of the total mean magnetic field
rather than the radial direction to identify switchbacks
allows us to avoid including small radial fluctuations in
a non-dominantly radial mean magnetic field. The am-
plitude of the switchbacks in the identified interval is de-
fined as (δBi)

2
τ = E[(Bi− < Bi >τ )2], where E[·] stands

for the mean, that in the case of switchbacks is evaluated
inside the field reversal. This procedure is also used to
determine the cumulative counts of switchbacks, essen-
tially the number of switchbacks of duration less than
τ . We adopt the same method to determine the dura-
tion of the field reversal δt, and we use this information
to investigate the evolution of the probability distribu-
tion (pdf) of switchback duration with radial distance.
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Finally, for each data set of < δBi
2 >τ and (δBi)

2
τ we

then take the mean to obtain the radial trends of such
quantities. Count rates of switchbacks at given τ are ob-
tained by normalizing the number of switchbacks events
in a given interval of duration ∆t by the distance ∆R
spanned in that interval by the switchbacks, which is
∆R = ∆t|Vsw − Vsp| with Vsp the average speed of the
spacecraft, neglecting the contribution from the Alfvén
speed (we verified on PSP data that its inclusion does
not change our results).

3. RESULTS

3.1. Radial evolution of the energy density of
fluctuations

We have analyzed the radial evolution of fluctuations
amplitude from the Helios data within each of the three
fast streams, during the polar passes of Ulysses, and by
combining PSP data. Data from some Helios streams
were also used in the past by Villante & Vellante (1982)
and Bavassano et al. (1982) to infer the radial evolution
of turbulence properties. In particular, they showed that
the rms amplitude of magnetic field fluctuations obey the
WKB prediction δbrms ' R−3/2 to a good approximation
at the lowest frequencies (f ' 10−4− 10−3 Hz), whereas
at higher frequencies they decay faster with radial dis-
tance due to the ongoing nonlinear cascade. Our results
are consistent with such findings, and similar trends are
also found at PSP and Ulysses.

Figure 1 shows an example of the radial evolution of
the variances of the magnetic field for each component
< δB2

i > and of the mean square amplitude (δBi)
2 of

the identified switchbacks for stream A of Helios (in
black color), PSP (in red) and Ulysses PP94 (in blue)
for τ = 8 h. PSP data points from PSP (43 in total)
have been binned in intervals of width ∆R = 0.05 au,
and the dashed lines represent reference slopes of ∼ R−3

for the variances, and ∼ R−4 for the mean square ampli-
tude of switchbacks.The three panels from left to right
show the radial and two perpendicular components of the
field.

By assuming a log-log scale linear relation of ampli-
tudes with radial distance log δB2 = A+ α logR, where
R is in units of au, we have performed a best fit analysis
of the variances of the magnetic field and of the mean
square amplitude of switchbacks at various values of τ .
Results obtained from PSP E1-E6, Ulysses PP94 and
from the average of the three Helios streams A, B and
C are displayed in Fig. 2 and Fig. 3. Fig. 2 shows that
variances follow the radial trend predicted by the WKB
theory to a good approximation, with α . −3 for the
tangential and normal components (and y, z in SSE co-
ordinates) and α & −3 for the radial component. While
the coefficients α for the non-radial components are con-
sistent among the three different spacecraft, we notice
that the radial component of the fluctuations decays at
different rates in Ulysses with respect to PSP and Helios.
In particular the difference between the obtained angular
coefficient α from Ulysses and Helios (or PSP) is larger
than the estimated error, pointing to the fact that at 1
au and beyond, other mechanisms, such as nonlinearities
and possibly interactions with large scale shear flows, af-
fect the evolution of fluctuations also at the larger scales.
In general, however, we recover the trends found by (Vil-

lante & Vellante 1982; Bavassano et al. 1982), with the
fluctuation energy at shorter timescales decaying with
radial distance faster than the larger timescales. The co-
efficient α displays a monotonic dependence with τ and
a change of slope at around τ∗ ' 102 min can be seen
in all the three components, and at the three spacecraft.
The timescale τ∗ ' 102 min roughly corresponds to the
spectral break that separates the inertial range from the
f−1 range of the turbulent spectrum. This particular
time scale depends on radial distance, however, we had to
consider a wide range of heliocentric distances in order to
find the best fit for the angular coefficient α. As a conse-
quence, we cannot capture clearly the shift of τ∗ with R.
Fig. 3 shows the same quantities but for the mean square
amplitude of switchbacks only. Contrary to the overall
variances, the coefficient α does not depend strongly on
τ . The mean values of α for the radial, tangential (y
for SSE) and normal (z for SSE) are listed in Table 1.
For comparison, in the table we report also the mean α
values for the variances obtained for values τ < 100 min
(left values) and τ > 100 min (right values). As can be
seen, the radial component of switchbacks decays much
faster than the overall turbulent spectrum with a coeffi-
cient of about α ' −4, while the non-radial components
have a decay rate −4 < α < −3 which is consistent with
the decay rate of transverse turbulent fluctuations. This
suggests that switchbacks behave as a separate popula-
tion within the turbulent flux of Alfvénic fluctuations in
the sense that their energy density overall decays faster,
pointing to an ongoing continuous dynamical evolution
of these structures.

Figure 1. Variance (dots) and mean square amplitude of switch-
backs (triangles) as a function of radial distance for the radial (left
panel), and perpendicular (middle and right panels) components
of the magnetic field obtained for τ = 8 h. The dashed line shows
the scaling ∼ R−3 and the dot-dashed R−4.

3.2. Cumulative counts of switchbacks/km and pdf

Figure 4 shows the cumulative counts of switchbacks
per km as a function of R at different values of τ . We
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Table 1
Mean value of the power-law coefficient α for switchbacks (first three columns) and of the variances (last three columns). The mean value

of α for the variances has been evaluated for τ < 100 min (left values) and τ > 100 min (right values).

< αr >sb < α⊥,1 >sb < α⊥,2 >sb < αr > < α⊥,1 > < α⊥,2 >
PSP E1-E6 −3.6 −3.1 −3.1 −3.2,−3.0 −3.7,−3.4 −3.5,−3.2

Helios −3.8 −3.4 −3.4 −3.2,−2.7 −3.6,−3.1 −3.6,−3.2
Uly PP94 −3.9 −3.6 −3.0 −3.5,−3.3 −3.5,−3.2 −3.5,−3.1

Figure 2. Angular coefficient α at different τ obtained from the
best fit of magnetic field variances as a function of radial distance in
log-log scale. The dashed horizontal lines mark the value α = −3.

Figure 3. Same as Fig. 2 but for the mean square amplitude of
switchbacks only. The dashed line in the top panel marks the value
α = −4.

have chosen three representative values, τ = 30 min, 3 h
and 8 h, to show how trends change as longer switchbacks
are considered. Data points from PSP (48 in total) have

been binned inside intervals of width ∆R = 0.05 au, and
the error bars represent the range of points within each
bin. Count rates from stream A, B, C, and PP94, PP06
are much less scattered than PSP and on average they lie
systematically below PSP rates as τ increases above 1 h.
Count rates for τ = 30 min in both PSP and Helios show
a decreasing rate with radial distance, although PSP data
points are quite scattered. As timescale increases, and
thus switchbacks of longer duration are included, Helios
displays a net radial increase in the count rates while
PSP rates have a more oscillatory behavior. At Ulysses,
count rates appear to somewhat decrease with radial dis-
tance regardless of the scale considered. This suggests
that switchbacks undergo a complex evolution, where ex-
pansion or other in-situ effects are efficient in inducing
magnetic field folds at larger scales while others decay,
especially the shorter ones. We notice that such trends
are clear particularly in Helios, where switchbacks can be
followed at several radial distances within a given stream.
We argue that the combined effect of the presence of de-
caying and forming switchbacks and the mixing of dif-
ferent source regions and streams can explain the highly
scattered data points found with PSP. For this reason we
have also calculated the cumulative counts per km for E1,
E2, E4 and E6 by considering only those intervals that
correspond to streams originating from nearby regions
on the sun (not shown here). However, due to the few
points satisfying such conditions, it is difficult to infer
solid trends for the count rates in PSP. We find indeed
that some streams display an increasing rate of switch-
backs with radial distance while other a decreasing trend
(not shown). Further away from the sun, within the rel-
atively steady fast streams observed by Ulysses, effects
of the magnetic spiral may also affect the count rates
because the non-radial components of the mean mag-
netic field decrease slower than fluctuations amplitude.
At Ulysses, the tangential mean magnetic field can reach
up to half the mean radial magnetic field. On average,
the mean tangential field forms an angle of about 20◦

with the radial direction. This deviation from a purely
radial mean magnetic field may be sufficient to affect
the strength of the fluctuation amplitude relative to the
mean magnetic field, inhibiting the formation of switch-
backs by expansion effects (see discussion).

In order to gain insight on the evolution of switchbacks
with radial distance, in Fig. 5 we show the probability
distribution of switchbacks as a function of their duration
δt. In this case we have chosen a relatively long value of
τ , τ = 8 h, to include a wide range of time scales. Pdfs
for larger values of τ (not shown here) display the same
qualitative features. Since count rates for PSP are very
scattered, a finer radial resolution of the pdf provides a
better representation of its radial evolution. For PSP
data we therefore show the pdfs for 6 mean radial dis-
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tances. For Helios and Ulysses, instead, we show the
pdfs at the closest and furthest heliocentric distance for
stream A and PP94, respectively (other Helios streams
and PP06 are similar). Inspection of the pdfs shows that
shorter duration switchbacks are more common than the
longer ones, in agreement with previous work (Dudok de
Wit et al. 2020). However, our analysis also shows that
the fraction of switchbacks of longer duration increases
with radial distance, while the opposite trend is typically
seen at the shorter scales, for δt ≈ 10− 100 s.

4. DISCUSSION

A well known property of shear Alfvén waves in the
expanding solar wind is that, for frequencies higher than
the expansion rate, they evolve according to the conser-
vation law of wave action (Bretherton & Garrett 1969;
Jacques 1977). In the radially expanding solar wind this
leads to fluctuation amplitudes scaling as δB2

i ∝ R−3.
Such a scaling holds true for any Alfvénic structure at
arbitrary amplitude, involving also radial fluctuations,
provided the magnitude of the total magnetic field re-
mains constant, so that nonlinearities and coupling with
compressible modes are quenched. On the other hand,
this condition implies that the tip of the magnetic field
is bound to rotate on the surface of a sphere of radius
B, where B is the magnitude of the total magnetic field,
thus imposing a constraint on the maximum possible ex-
cursion of the magnetic field (Matteini et al. 2018).

Our data analysis shows that at the larger scales, those
roughly lying in the f−1 range of frequencies, the over-
all turbulent fluctuations follow to a good approxima-
tion the WKB trend in all three components of the
magnetic field, thus, including the radial component.
However, switchbacks behave as a separate population
in that the radial component of their fluctuations de-
creases with radial distance as the mean magnetic field,
δB2

r ∼ R−4. In other words, while the expansion can nat-
urally drive relative large amplitudes for a radial mean
magnetic field (δBr/ < Br >∝ R1/2) out from the tur-
bulent bath of fluctuations, some other physical pro-
cesses must come into play to prevent relative amplitudes
from increasing without bound and maintaining the ob-
served nearly constant-B constraint. Compressible ef-
fects leading to parametric instabilities and wave steep-
ening/collapse become dynamically important at large
amplitudes of about 10% the mean magnetic field, or
more. Coupling with compressible modes may provide a
possible way to control fluctuations amplitudes whereas
kinetic effects have been shown to play an important role
in controlling the level of plasma and magnetic compress-
ibility (Tenerani and Velli 2013; González et al. 2021).
Our finding of a faster decay of the radial amplitudes may
be an indication of such type of processes, although a fo-
cused numerical study on this problem needs to be done.
Recent simulations in the expanding solar wind have in-
deed shown that switchbacks can form in-situ (Squire
et al. 2020; Shoda et al. 2021), however a study of how
switchbacks evolve once they are generated still needs
to be carried out and it will be of interest to compare
numerical results with our observations.

Mozer et al. (2021) have performed a study of the oc-
currence rate of switchbacks using data from encoun-
ters 3 through 7 of PSP. The authors adopt a Poisson
regression model to infer the dependence of the occur-

Figure 4. Cumulative counts of switchbacks per km obtained for
three different values of τ .

rence rate (counts per hour) of switchbacks on solar wind
speed and radial distance, and conclude that the occur-
rence rate depends on the wind speed (higher rates for
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Figure 5. Probability distribution function of switchback dura-
tion δt for τ = 8 h.

higher wind speed) and does not depend on radial dis-
tance, thus, they exclude in-situ generation mechanisms.
However, our analysis, which includes the wind speed in
the switchbacks count normalization, shows that switch-
backs counts with PSP are extremely scattered and it is

difficult to infer a dominant trend with radial distance.
The highly scattered occurrence of switchbacks is likely
due to the mixing of different streams, as also mentioned
by Mozer et al. (2021), but also to the presence of switch-
backs that decay and reform in the wind. Our analysis
indeed also shows that the occurrence of switchbacks is
scale-dependent, a trend particularly clear in the cumu-
lative counts in the Helios streams, and also shown ex-
plicitly in the pdfs from PSP, Helios and Ulysses data.
Specifically, we have found that the fraction of switch-
backs of duration of a few tens of seconds and longer
increases with radial distance and that the fraction of
those of duration below a few tens of seconds instead
decreases. Switchbacks in the solar wind can decay and
reform in the expanding solar wind, with in-situ genera-
tion being more efficient at the larger scales.

5. SUMMARY

We have analyzed magnetic field data from PSP, He-
lios and Ulysses covering heliocentric distances 0.15 .
R . 3 au at 6 second resolution. We have determined
the radial evolution of the amplitudes of turbulent fluc-
tuations by comparing the magnetic field variances with
the mean square amplitudes of switchbacks, and quan-
tified the radial evolution of the cumulative counts of
switchbacks per km. Our results can be summarized as
follows: (1) radial amplitudes of switchbacks (δBr) de-
crease faster than that of the overall turbulent fluctua-
tions. Specifically, their amplitude square scales approx-
imately as δB2

r ∼ R−4 at all scales as opposed to the
bath of turbulent fluctuations scaling between R−3 at
the larger scales (in agreement with the WKB predic-
tion), and faster at the shorter scales. Thus, switchbacks
amplitudes saturate with respect to the radial mean field;
(2) the evolution of Alfvénic fluctuations at larger scales
(obeying WKB trends) in the expanding wind is a likely
driver for in-situ switchback generation; (3) the occur-
rence of switchbacks in the solar wind depends on the
duration of the switchbacks. Both in-situ formation and
decay are at play in the solar wind; (4) in-situ switchback
generation is more efficient at larger scales, however, we
observe a net decrease of the cumulative counts per km of
switchbacks beyond 1 au at Ulysses, regardless of their
duration. We conclude that it is possible that switch-
backs of two or more type can coexist: those generated
close to the sun that decay as they propagate away, and
those that are reformed or maintained alive in the in-
ner heliosphere by a combination of expansion effects (or
other in-situ drivers) and decay processes. At increasing
distances R & 1 au, effects of the Parker spiral and possi-
bly nonlinearities and large scale shears may be the cause
of the observed net decrease of switchbacks cumulative
counts per km.

This research was supported by NASA grant #80NSS-
C18K1211 and the HERMES NASA DRIVE Science
Center Grant #80NSSC20K0604.
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