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ABSTRACT

In this letter, we investigate the population of energetically-dominant sunward-propagating Alfvén waves
(SAWs) using more than 20 years of data provided by the Wind spacecraft near 1 au. We refer to SAWs as
energetically-dominant sunward-propagating Alfvén waves within inertial range scales. Key parameters such as
normalized cross helicity, plasma incompressibility, and magnetic incompressibility are used to determine the
SAWs. Incorporating the polarity of the heliospheric magnetic field, AW modes are identified, which enables
the determination of the propagation direction. Occurrence rates of SAWs vary from 1% to 14% depending on
the time scale and solar wind stream type considered. Particularly, the relationship between large-scale magnetic
field switchbacks (SBs) and SAWs (for a 1-hour long time scale) is investigated. A methodology utilizing pitch
angle distributions of suprathermal electron strahl is employed to identify inverted magnetic field topology. The
intervals containing SAWs are cross-referenced and examined with intervals identified as SBs. For a sample
of 1636 1-hour SAW intervals, 17.5% are associated with magnetic field switchbacks occurring at scales larger
than one hour. The analysis lends support to the idea of switchbacks as one of the candidate sources for a portion

of the SAW population.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Alfvén waves (23); Heliosphere (711)

1. INTRODUCTION

The solar wind is a tenuous plasma that emanates from the
Sun and permeates the heliosphere. It has been documented
for decades that the solar wind is populated with Alfvénic
fluctuations (e.g. Burlaga (1971), Belcher & Davis (1971),
Volk (1975)). These Alfvén waves (AWSs) are characterized
by aligned or anti-aligned fluctuations in the plasma velocity
and magnetic fields (Alfvén 1942) with du = +db. Here,
du = u — u represents the fluctuating plasma bulk veloc-
ity, and 6b = 6B/,/Juop, represents the fluctuating Alfvén
velocity. p is the mass density and 0B = B — B is the
fluctuating magnetic field. @ and B = By are the mean
values of the velocity and magnetic field, respectively. In
situ, it has been observed that the most energetic Alfvénic
fluctuations normally propagate away from the Sun (anti-
sunward). Nonetheless, there is a rare subset in which AWs
that propagate in the sunward direction are more energetic
than anti-sunward fluctuations. Observation and documenta-
tion of sunward-propagating Alfvén waves (SAWs) that are
energetically-dominant has been sparse, and there has been a
growing need for a more comprehensive survey.

Energetically-dominant SAWs were first observed in data
from Voyager near 1.0 and 2.8 au, and noted to be a small

portion of the overall cross helicity distribution (Matthaeus
& Goldstein 1982). More recently, individual SAW events
have been observed on scales of 3, 12, and 16 hours with
ACE (Gosling et al. 2009) and Wind (Li et al. 2016), and
have been shown to be associated with transient events such
as magnetic reconnection and ion beams (He et al. 2015).
Despite their scarcity, identifying and characterizing SAWs
is necessary, as they may be connected to important phys-
ical phenomena, such as magnetic reconnection (Gosling
et al. 2005, 2009; Kigure et al. 2010), magnetic field switch-
backs (SBs) (Bourouaine et al. 2020; Schwadron & McCo-
mas 2021; Mallet et al. 2021) or due to AW turbulence cas-
cades (Perez & Boldyrev 2009; Perez et al. 2012). It is known
that less energetic SAWs play an important role in models of
solar wind turbulence (Terres & Li 2024). The interaction of
counter-propagating Alfvén waves is known to be a required
component for the initiation of turbulent cascades in the so-
lar wind (Bruno & Carbone (2013), Tu & Marsch (1995)),
as well as the heating of fast solar wind plasma (Chandran &
Hollweg 2009; Cranmer et al. 2009; Perez & Chandran 2013)
and slow solar wind (D’amicis et al. 2019; Bourouaine et al.
2024). In this paper, we focus on the energetically dominant
SAWs (hereafter referred to as SAWs). A comprehensive in-
vestigation of the occurrence of these waves and their sources
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may provide key insight into the mechanisms driving impor-
tant heliophysical processes. As for the potential sources of
SAWs, the primary phenomenon investigated herein is mag-
netic field inversions known as switchbacks.

Switchbacks are transient events in the solar wind char-
acterized by an abrupt reversal in magnetic field polar-
ity (Kasper et al. 2019; Bale et al. 2019; de Wit et al. 2020;
Bourouaine et al. 2020; Jagarlamudi et al. 2023; Raouafi et al.
2023). The magnitude of the magnetic field is nearly con-
stant, indicating the change in the field is purely rotational.
Electron strahl also remains nearly constant, following the
field as it bends (Halekas et al. 2020). The S-shaped struc-
tures were first observed in the 1970s by Helios 1 and He-
lios 2 (Neubauer et al. 1977), then again by Ulysses in the
1990s (Balogh et al. 1999). More recent investigations with
Parker Solar Probe suggest that switchbacks are likely gen-
erated from in-situ expansion (Tenerani et al. 2021) and their
characteristics are associated with the oscillations of large-
amplitude AWs and the geometry of the background field
(Bourouaine et al. 2022). Other sources of switchbacks may
include magnetic flux ropes (Drake et al. 2021), but specifi-
cally examining switchback formation is beyond the scope of
this investigation. Work with PSP also has shown that AWs
travel along the local field through switchback events (Mc-
Manus et al. 2020). The net inward Elsidsser flux observed in
McManus et al. (2020) shows that fluctuations during switch-
backs are largely Alfvénic, thus it is highly likely there is a
connection between switchbacks and SAW observations.

This paper presents the first systematic and most compre-
hensive analysis for identifying SAWs near 1.0 au using a
large set of spacecraft data from Wind. A statistical survey
regarding the occurrence of SAWs near 1.0 au is provided.
A methodology for identifying magnetic switchbacks is also
presented. Confirmed events are cross-examined to identify
if and when SAWs are present during switchbacks. The re-
sults of this investigation support the idea that switchbacks
are a source for a considerable portion of the energetically-
dominant sunward population of Alfvén waves.

2. IDENTIFICATION OF SUNWARD ALFVEN WAVES

Data from Wind is gathered from NASA’s Space Physics
Data Facility (SPDF) (Papitashvili & King 2020). Estimates
of density and velocity are obtained via by Wind’s SWE
Faraday cup (Lin et al. 1995), and magnetic field data from
its MFI fluxgate magnetometer (Lepping et al. 1995). Data
from both instruments have measurement cadences of 24 sec-
onds and span over 21 years of data from 2004 May 01 to
2025 June 12. All values are in the GSE coordinate system,
wherein the positive = direction is the Earth-Sun line.

The time series are discretized into non-overlapping inter-
vals of window length w € {1, 3,6,8,12} hours, and w = 1
hour is used as an example for the majority of the analysis.

Each prospective interval is subjected to pre-processing fil-
ters, the first of which is a filter to identify and discard data
gaps. It is ensured that each interval has less than 20% miss-
ing data for each window size w. For intervals with a suffi-
cient amount of data, the magnetic polarity is then examined.
As we discuss below, one of the primary parameters for quan-
tifying Alfvénicity is the normalized cross helicity, o.. The
empirical estimation of cross helicity from spacecraft mea-
surements (as well as residual energy and other plasma pa-
rameters) is sensitive to how the mean-field value of the mag-
netic field is calculated. As such, sufficiently mixed polarity
of the instantaneous magnetic field may provide an inaccu-
rate value for the local mean (average) magnetic field. To
overcome that, we require at least 80% of the data in each
interval is a single polarity. When either criterion is not met,
the interval is discarded entirely. After implementing the fil-
ters, we are left with a subset of intervals that have dominant
magnetic polarities and no significant data gaps.

For the population of suitable intervals, three characteristic
parameters are utilized to probe for Alfvénic fluctuations: the
normalized cross helicity,
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where n and 7 are the instantaneous and mean plasma den-
sity, respectively, and the magnetic compressibility,
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where B and B = (B) are the magnitude of the instanta-
neous and the mean of the field strength, respectively. Here,
the notation (- - -) is used to denote a statistical ensemble av-
erage. Both 7 and B are calculated as the mean value of
their respective parameters over the duration of the window.
Equations (1), (2), and (3) are calculated for all intervals that
met pre-processing requirements.

The left panel of Figure 1 exhibits a wide range of o, over
all possible values |o.| < 1 (for 1-hour intervals). When
the cross helicity is close to zero, it indicates either a rela-
tive equipartition of energy between AWSs, or that Alfvénic
fluctuations are not largely present. To ensure selected inter-
vals have energetically-dominant Alfvén waves, we impose
a threshold of |o.| > 0.6 (chosen as the value where the en-
ergy of one AW is four times larger than the other). Intervals
with |o.| > 0.6 (with dark blue bars in Figure 1) are then
considered in our analysis.
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Figure 1. Selection criteria for Alfvénic intervals. Left Panel: Distribution of normalized cross helicity for all 1-hour intervals. The absolute

value of o, is considered as the sign merely indicates which Alfvén mode is dominant. The threshold of inclusion,

oc| > 0.6, is denoted by

the dashed line. Right Panel: Distribution of plasma and magnetic compressibilities for all 1-hour intervals. The green square denotes included
intervals satisfying ¢, cp < 0.2. Intervals must satisfy both |oc| > 0.6 and ¢, cp < 0.2 to be considered for analysis.

Similarly, as solar wind data is examined through the
framework of incompressible MHD, we require both com-
pressibilities to meet: c,,cp < 0.2 to ensure incompress-
ibility (shown in the right panel of Figure 1). Other com-
pressibility thresholds were checked (cg < 0.05,0.1), and
did not significantly affect the statistics. Given the thresh-
olds discussed, there are 187,992 non-overlapping intervals
available for study. Of those, 144,188 met the pre-processing
criteria (76.7%). From that subset, 64,588 intervals remain
after applying the Alfvénicity thresholds (34.4% of the orig-
inal data). The methodology ensures that only robust, re-
fined intervals are used as the basis for analyzing the nature
of SAWSs. With the subset of Alfvénic intervals identified, the
next step is to determine the direction of AW propagation.

The propagation direction for Alfvén waves is determined
through the definition of the normalized cross helicity, and
the polarity of the mean magnetic field, Bo = (B). Thus,
cross-referencing with the polarity of the magnetic field, four
situations are possible:

(i) 0. > 0, By, > 0 (anti-sunward AWs)
@ii) o, > 0, Bg; < 0 (sunward AWs)
(iii) 0. < 0, Bg; > 0 (sunward AWs)
@iv) 0. < 0, By, < 0 (anti-sunward AWs)

The sign of the normalized cross helicity provides informa-
tion regarding the propagation direction with respect to the

background field, and the polarity of the mean radial field,
By, then provides the propagation direction with respect to
the Sun. The classification scheme is applied to each non-
overlapping interval that meets the criteria discussed, creat-
ing populations of energetically-dominant Alfvénic fluctua-
tions classified as sunward or anti-sunward. Figure 2 shows
the scatter plot of o, values corresponding to intervals with
SAWs in yellow circles and anti-sunward AWs (also referred
to as ASAWSs) in blue circles. The disregarded intervals are
shown in gray circles.

Of the 64,588 energetically-dominant 1-hour AW inter-
vals observed, 5705 intervals (8.8%) are identified as SAWSs.
Table 1 shows the occurrence of SAWs for energetically-
dominant AW intervals of various window sizes in addition to
1-hour. Statistics for w € {1, 3,6, 8,12} hours are addition-
ally partitioned by solar wind speed. Fast and slow streams
with the same window size correspond to different charac-
teristic length scales, as shown via Taylor’s Hypothesis (Tay-
lor 1938) and the sweeping model of magnetohydrodynamics
(MHD) (Bourouaine & Perez 2019, 2020). Fast streams are
taken as u > 500 kms~!, and slow streams as u < 500
kms—1.

Figure 3 shows the normalized results of Table 1, with
intermediate scales interpolated. For both stream types oc-
currence is observed to be decreasing with increasing win-
dow size w, although slow wind exhibits marginally more
SAWSs than fast wind. The result is plausible, as smaller win-
dows equate to smaller spatial scales via Taylor’s Hypothesis.
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Figure 2. Sample of 1-hour intervals spanning 2022-2025, colored by propagation direction. Of the 18,264 intervals in the sample, 6,934
are filtered out (gray). The 998 sunward AWs, denoted in yellow, are relatively scarce compared to the 10,332 anti-sunward AWs (blue). All

intervals shown meet the compressibility requirement c,,,cp < 0.2.
Energetically-dominant AW Occurrence

SAW Occurence vs. Window Size

All Streams Fast Streams Slow Streams B Fast Wind (Observed)
wlhr] SAW ASAW SAW ASAW SAW ASAW 1% O e )
1 5705 58883 1086 20292 4619 38591 2 s & Slow Wind (nterpolated)
3 815 16757 128 6280 687 10477 §
6 168 6979 23 2750 145 4229 E o
8 76 4604 4 1828 72 2776 2 "
12 26 2496 2 1015 24 1481 g
Table 1. Statistics of energetically-dominant AW modes for various 2 2% 1
window sizes split by solar wind stream type. While the minority
across all scales, SAWs are more common in Alfvénic slow wind 0% 7 I I ! T !

compared to fast wind. Additionally, energetically-dominant SAWs
are more common at smaller scales.

Magnetohydrodynamic (MHD) numerical simulations have
shown that the turbulent cascade in fully developed MHD
turbulence can produce localized spatial patches—within the
inertial range—where either parallel or anti-parallel Alfvénic
(AW) turbulent fluctuations dominate (Perez & Boldyrev
2009). Consequently, solar wind turbulence may contain lo-
calized regions of SAWs embedded within a globally anti-
sunward Alfvénic (ASAW) turbulent background. Further-
more, large-amplitude Alfvén waves are generally believed
to originate from the Sun, whereas smaller-scale Alfvénic
fluctuations are generated locally within the solar wind. The
subset of 1-hour intervals identified as SAWs is the data
used in subsequent analysis regarding large-scale magnetic
switchbacks.

3. IDENTIFICATION OF MAGNETIC SWITCHBACKS

In our analysis, we are interested in large-scale magnetic
switchbacks that last more than one hour. Magnetic field
inversions exhibit a variety of data signatures, and some of
them display high Alfvénicity (Horbury et al. 2018; Kasper
et al. 2019; Bale et al. 2019; Bourouaine et al. 2020, 2022).
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Figure 3. Occurrence of SAW as a function of window size. Slow
solar wind streams (diamonds) contain more SAWs when compared
with fast wind (squares). White markers are interpolated window
sizes using cubic Hermite spline fitting.

We primarily use electron pitch angle distributions (PADs),
which are also obtained from Wind’s SWE instrument with a
cadence of ~12 seconds (Ogilvie et al. 2021).

To locate switchbacks associated with SAW intervals, the
methodology of Owens et al. (2013) is adopted. The method
relies on the concept that suprathermal electron strahl always
follows magnetic field lines, regardless of polarity. As ob-
served by the Parker Solar Probe, if strahl electrons propa-
gate away from the Sun, the only instance where a sustained
sunward electron strahl flow would exist is when the mag-
netic field has folded (Halekas et al. 2020). As such, we can
utilize the pitch angle distributions of strahl electrons to iden-
tify field inversions. Among the various PAD energy chan-
nels available, the 290.1 eV channel is chosen because it is
outside the range of the core electron population while still
having sufficient counts. Pitch angles are calculated with re-
spect to nine-second averaged measurements of the instan-



taneous magnetic field. To determine where the dominant
strahl electron flux exists, a background flux is established
via the mean of the four pitch angle bins nearest to 90° (81°,
87°, 93°, 99°). The parallel and anti-parallel fluxes are de-
termined from the four pitch angle bins nearest to 0° (3°, 9°,
15°, 21°) and 180° (177°, 171°, 165°, 159°), respectively.
Following Owens et al. (2013) methodology, the background
flux must be exceeded by at least 100% for a strahl in either
direction to be deemed present. If and when a definitive strahl
is found, it is compared with the local magnetic field direc-
tion. In situations where the PAD has dominant flux either:
A) parallel to a sunward field, or B) anti-parallel to an anti-
sunward field, it can be deduced that a sunward-propagating
strahl is present. The converse of the situations presented are
classified as anti-sunward strahl, and situations where both
sunward and anti-sunward strahl exist are classified as coun-
terstreaming.

Counterstreaming strahl may occur due to closed magnetic
field lines, or other transient events such as magnetic recon-
nection exhausts and ICMEs (Shodhan et al. 2000; Ander-
son et al. 2012; Borovsky 2021). Intervals where neither
direction of strahl is present or the background flux is not
exceeded are classified as undetermined. Undetermined in-
tervals require additional methods to probe for switchbacks,
and are to be addressed in a separate publication. While PAD
data is available on the order of 12 seconds, strahl classi-
fications are resampled to a time resolution of 24 seconds
to match the plasma and field sampling rates. Utilizing the
strahl categorization and the polarity of the magnetic field,
the local magnetic topology is determined. The topology
classifications are: 1) uninverted field, 2) inverted field, and
3) counterstreaming strahl. The 24-second topologies are ag-
gregated to 1-hour cadence, where the most prevalent clas-
sification (the mode) is taken to be the dominant behavior.
From the resulting classification scheme, any SAWs in in-
verted field intervals are considered to be part of large-scale
switchbacks. Figure 4 shows an example of a switchback in
the inverted category, and Figure 5 shows the results of the
topology classification.

4. DISCUSSION

It is believed that the SAWs in inverted field intervals
are catching the folded portions of switchbacks as found in
Bourouaine et al. (2020). As such, by viewing the intervals
adjacent to the inverted field intervals, the entire switchback
can be observed. Figure 4 shows a SAW interval associ-
ated with a large-scale switchback from the inverted topol-
ogy, with a normalized cross helicity of -0.66. The origi-
nal interval considered is bounded by the dashed red lines.
Upon expanding the interval on either side by six hours, it
becomes apparent that the SAW interval is “on top of” a
field inversion. The radial component of the magnetic field
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Figure 4. SAW parameters during an observed switchback in the
inverted magnetic topology. The original 1-hour interval is centered
within the red dashed lines, with six-hour neighbor windows on ei-
ther side. Panel 1) radial component of the magnetic field (blue)
and proton density (orange); Panel 2) magnitude of the magnetic
field (blue) and plasma bulk velocity (light brown); Panel 3) mag-
netic radial angle; Panel 4) electron strahl PAD; Panel 5) electron
strahl PAD normalized to the background flux. The gray lines in
Panel 3 represent the Parker Angle near 1 au (45° and 135°), along
with 90°.
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Figure 5. Distributions of magnetic topology split by solar wind
stream for 1-hour intervals of energetically-dominant SAW. Coun-
terstreaming strahl is indicated in blue. Uninverted and inverted
topologies are represented by green and red sectors, respectively.

switches from negative to positive (sunward in GSE coor-
dinates), while the magnitude of the magnetic field remains
constant. The plasma density remains fairly homogeneous,
an enhancement in the bulk velocity is observed, and the
magnetic radial angle (defined as ¢ 5 = arccos(B,/B)) flips
from anti-Parker-aligned to Parker-aligned. Panels 4 and 5
show that the PAD (raw and normalized, respectively) ex-
hibits parallel strahl throughout the inversion.

The statistical results of the magnetic topology within 1-
hour SAW intervals are shown in Figure 5. The classifica-
tion scheme is presented both in totality and split by solar
wind stream type. Of the 5705 energetically-dominant SAW
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intervals, 1636 have sufficient PAD data to make topology
classifications. While this represents approximately 29% of
the total SAW intervals, the statistics are sufficient to con-
sider them a representative sample. Counterstreaming inter-
vals are the most common, with an occurrence rate of roughly
69%. Slow streams exhibit marginally more (3.5%) coun-
terstreaming intervals compared to fast streams. The coun-
terstreaming intervals identified are recorded for examina-
tion in subsequent studies, as they are believed to be sig-
natures of magnetic reconnection events that harbor SAWs.
Inverted fields (switchbacks) are the next most common clas-
sification, comprising 17.5% of the sample. Additionally,
the inverted topology is 8.3% more common in fast streams
compared to slow streams. Uninverted intervals are the least
common across both stream types, which supports the no-
tion of energetically-dominant SAWs being rare in pristine
solar wind. SAWs that are not associated with switchbacks
(and do not exhibit counterstreaming strahl) require inves-
tigation for other potential sources such as stream interac-
tion regions (SIRs), rotational discontinues (RDs), and tur-
bulence. The interval and distribution of magnetic topologies
shown in Figure 4 and Figure 5 suggest a significant portion
of energetically-dominant SAWs are associated with large-
scale switchback events.

5. CONCLUSION

This analysis presents a methodology for thoroughly
identifying energetically-dominant sunward-propagating
Alfvénic fluctuations. The methodology is implemented on
~21 years of plasma and magnetic field data from the Wind
spacecraft to obtain the first systematic and most comprehen-
sive characterization of SAW in the solar wind to date. The
occurrence rates of SAWs show dependence on both fast and
slow solar wind stream type and characteristic scale, with

large-scale and fast wind SAWs being the most uncommon.
Our analysis shows that slow wind exhibits slightly more
SAWs than fast wind, but occurrence in both stream types
decreases as window size is increased.

As large-scale magnetic switchbacks are considered to be
a candidate source for SAWSs, a methodology from Owens
et al. (2013) is employed to identify magnetic topologies.
For a large sample of 1-hour SAW intervals, counterstream-
ing strahl is the most common classification, followed by in-
verted field, and lastly uninverted field. The inverted topol-
ogy, taken to be SAWs associated with large-scale switch-
backs, occurs more frequently in fast wind intervals com-
pared to slow wind. Overall, SAWs have been currently iden-
tified in three distinct situations: 1) associated with magnetic
switchbacks; 2) associated with counterstreaming strahl; 3)
not associated with either.

In future work, the investigation conducted at 1.0 au will
be extended to the inner heliosphere, namely with Parker So-
lar Probe and Solar Orbiter. Some radial evolution of SAW
occurrence was examined by Li et al. (2016) for distances
from 1-6 au (via Voyager). Now, with the plethora of inner-
heliosphere data available via PSP and Solar Orbiter, the ra-
dial evolution of SAWSs can be examined with more precision
than past missions. Switchback events have also been readily
observed in the inner heliosphere, and will be invaluable tools
to continue understanding the mechanisms behind SAW gen-
eration. The prevalence of counterstreaming strahl occurring
alongside SAWs also necessitates an investigation into a pos-
sible relationship with magnetic reconnection exhausts. The
remaining intervals will be examined for evidence of other
transient events as potential sources. This study and those in
the future continue to enhance our understanding of SAWs,
and the role they play in solar wind turbulence and heating.
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