Effect of interplanetary shock waves on turbulence parameters
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Abstract. We have performed an extensive statistical inves-
tigation of how interplanetary fast forward shocks affect cer-
tain turbulence parameters, namely, the normalised cross-
helicity, o, residual energy, o, and magnetic helicity, o,.
A total of 371 shocks detected by Wind at 1 au and seven
shocks by Solar Orbiter at 0.3-0.5 au have been analysed.
We explore how the aforementioned turbulence parameters
and their variation across the shock depend on the shock
characteristics, parametrised in terms of the gas compres-
sion ratio, upstream plasma beta, velocity jump and shock
angle. In the shock vicinity, fluctuations tend on average
to show anti-sunward imbalance (measured as positive o
when rectified to the Parker spiral direction), a dominance of
magnetic energy (negative o) and zero o, all being typ-
ical properties of the solar wind. Anti-sunward imbalance
and equipartition (o ~0) in the upstream is increasingly
prevalent with increasing shock velocity jump and decreas-
ing upstream beta and shock angle. Shocks with large veloc-
ity jumps and gas compression ratios have considerably more
balanced (o ~ 0) and more magnetically dominated fluctu-
ations downstream than upstream. From upstream to down-
stream, we also find that the occurrence of time periods ful-
filling strict criteria for Alfvénic fluctuations (AFs) usually
decreases, while those meeting the criteria for small-scale
flux ropes (SFRs) increases. The occurrence of AF-like peri-
ods peaks for quasi-parallel shocks with large velocity jumps
and small upstream beta values. The occurrence of SFRs in-
creases with increasing gas compression ratio and upstream
beta. The shocks observed by Solar Orbiter below 0.5 au
display similar distributions of turbulence parameters and
upstream-to-downstream changes to those detected at 1 au.

These results are relevant for understanding turbulence and
charged-particle acceleration at collisionless shocks.

1 Introduction

The solar wind is a continuous flow of collisionless plasma
from the Sun into interplanetary space (Parker, 1958). It is
permeated by a variety of waves, structures and a turbu-
lence cascade in which energy injected at large scales trans-
fers through an intermediate inertial range to kinetic scales,
where it finally dissipates (e.g., Bruno and Carbone, 2013;
Verscharen et al., 2019). The dominant fluctuation modes in
the solar wind are Alfvénic in nature (Belcher and Davis,
1971), exhibiting strong correlation or anti-correlation be-
tween the magnetic field and velocity vectors. Alfvénic fluc-
tuations are particularly dominant in fast solar wind streams
(e.g., Snekvik et al., 2013) but are also observed in the
slow solar wind (e.g., D’ Amicis et al., 2021). The origin of
the anti-sunward-propagating Alfvén waves seen at injection
scales, which supply energy to the turbulent cascade at iner-
tial scales, has been linked, for example, to convective mo-
tions in the photosphere, with the waves resulting from these
motions being swept into interplanetary space with the solar
wind outflow (e.g., Tomczyk and MclIntosh, 2009; Cranmer
and Van Ballegooijen, 2005).

Sunward propagating Alfvén waves may be generated by
reflection of outward propagating waves in the stratified
plasma and via non-linear processes such as the parametric
decay instability (e.g., Goldstein, 1978; Gary, 2001; Sishtla
et al., 2022), and also in regions where large velocity shears
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are present (e.g., Soljento et al., 2023). The sunward uc-rectional Alfvén wave eld. The normalised magnetic helic-
tuations below and above the critical point must in turn beity (Matthaeus and Goldstein, 1982) is de ned as the ratio
generated in the sub-Alfvénic and super-Alfvénic solar wind, of the magnetic helicity and total energy spectra. Its value is
respectively. zero for linearly polarised Alfvén wave turbulence at MHD
An important question is how fast forward interplane- scales (in contrast to the kinetic range). It has been shown,
tary shock waves affect the parameters that characterise stoth in the interplanetary case (Ruohotie et al., 2022) and at
lar wind uctuations (e.g., Zank et al., 2021). Interplane- Earth's bow shock (Trotta et al., 2022), that ux ropes trans-
tary shocks are ubiquitous in the solar wind (e.g. Kilpua mitted across shocks increase their magnetic helicity content,
etal., 2015), and are usually driven by interplanetary coronalwith important consequences for a series of key phenomena
mass ejections (ICMEs; e.g., Kilpua et al., 2017) or they arelike particle acceleration (Kilpua et al., 2023).
formed ahead of fast—slow stream interaction regions (e.g., Near-ecliptic Parker Solar Probeobservations of the so-
Richardson, 2018; Jian et al., 2006). Several statistical anallar wind within 1 au show that the cross-helicity of in-
yses have been conducted to investigated how shock wavesrtial range uctuations approaches zero with increas-
affect uctuation power levels and spectral slopes (e.g., Parking heliocentric distance from the Sun, while residual en-
et al., 2023; Borovsky, 2020; Pia et al., 2016; Kilpua et al., ergy shows less clear radial trends (Chen et al., 2020; Shi
2021; Piha et al., 2021), including also theoretical consid- et al., 2021; Sioulas et al., 2023). Thelyssespolar so-
erations (e.g., Zank et al., 2021). They have shown that théar wind observations at distances between 1.4 and 4.3 au
uctuation power (and power normalised to the mean back-showed similarly that inertial range uctuations become
ground eld, to a lesser extent) is enhanced from the up-more balanced (i.e. have lower cross-helicity) with in-
stream to downstream, while spectral slopes both in the increasing distance from the Sun, while also becoming less
ertial and ion dissipation ranges are unaffected or steeperquipartitioned (i.e. becoming more magnetically domi-
somewhat. The enhancement of uctuation power is relatednated) up to 2 au (Bavassano et al., 2000At the orbit of
to the compression at the shock and possible generation dhe Earth, residual energy is on average negative (e.g., Perri
new uctuations downstream of the shock. The steeper specand Balogh, 2010; Chen et al., 2013; Soljento et al., 2023).
tral slopes downstream could be related to an increase of in- Borovsky's (2020) statistical study of inertial range uctu-
termittent structures such as current sheets. The steepeniragions associated with 109 shocks with density compression
of the spectral slope (or its invariance) at the shock transitiorratio larger than 2 included examination of Alfvénicity as
is in contrast to observations at planetary bow shocks, wherele ned in terms of the degree and sign of correlation between
in some cases ab ! range is found in the downstream, sug- the magnetic eld and velocity uctuations and Alfvén ra-
gesting that the turbulence spectrum is reset (Hadid et altio. The authors found that Alfvénicity on average decreased
2015; Huang et al., 2017, 2020). Such “fresh injection” in the at the shock transition from upstream to downstream (re-
shock downstream has also been modelled by means of kigion durations 60-120 min) regardless of the driver of the
netic simulations of shocks interacting with laminar and tur- shock. Soljento et al. (2023) analysed differences in the dis-
bulent plasma, showing its relevance at small scales (Trottaributions of normalised cross-helicity and residual energy
etal., 2023). upstream and downstream of 74 ICME-driven shock waves,
Also among the key parameters for characterising turbu-with their study considering the whole sheath region (up to
lence are the normalised cross-helicity, residual energy, 1 day in duration) downstream of the shock. They found
f - and magnetic helicityf < (e.g., Matthaeus and Gold- that turbulence became more balanced (i.e. mhore O val-
stein, 1982; Roberts et al., 1987). The normalised crossues) downstream and that there was slightly more energy in
helicity and residual energy may be interpreted as, respecmagnetic eld than in velocity uctuations (i.e. more nega-
tively, the balance in power between Alfvénic uctuations tive f o values) in the sheath. The latter nding is consistent
propagating parallel and anti-parallel to the mean magnetiavith the Borovsky (2020) work. These ndings are also con-
eld, and how energy is divided between kinetic (i.e., veloc- sistent with the study by Good et al. (2022), who performed a
ity) and magnetic eld uctuations (Bavassano et al., 1998; superposed epoch analysis of cross-helicity and residual en-
Verscharen et al., 2019; Bruno and Carbone, 2013). Thesergy in 176 ICME-driven sheath regions, of which 97 were
parameters may thus be used to describe "Alfvénicity' in thebounded by shocks. Previous theoretical studies (e.g., Vainio
solar wind and they also affect the energisation of chargedand Schlickeiser, 1998, 1999) and simulations (e.g., Sishtla
particles at interplanetary shock waves (Vainio and Schlick-et al., 2023) may explain the transition from imbalanced
eiser, 1998) by affecting particle scattering close to theto balanced turbulence via the presence of both transmitted
shock: if turbulence is Alfvénic, normalised cross-helicity (anti-sunward propagating) and re ected (sunward propagat-
will (i) determine the effective scattering-centre speed rel-ing) uctuations as imbalanced upstream waves interact with
ative to the medium and, thus, the so-called scattering-centréhe shock.
compression ratio at the shock, which governs rst-order Most studies on the effect of shocks on normalised cross-
Fermi acceleration at the shock, and (ii) the rate of secondhelicity, residual energy and magnetic helicity have been case
order Fermi acceleration, which does not operate in a unidistudies. We summarise in the following some of their key
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ndings. Zhao et al. (2021) analysed an ICME-driven shock to 10 s cadence. Fro®olar Orbiter, we have used magnetic
wave that was observed on 19 April 2020%glar Orbiterat eld measurements from the magnetometer (MAG; Horbury
0.8 au and the next day byindat 1au. Theyfound &fVind et al., 2020) and plasma data from the Solar Wind Analyser
that the cross-helicity at injection scales (time scales from 1 ((SWA; Owen et al., 2020) suite. BotNindandSolar Orbiter
upward) was almost zero downstream of the shock, suggestdata were obtained from the NASA Goddard Space Flight
ing balanced turbulence with waves propagating both paralleCenter Coordinated Data Analysis We{CDAWeb). Solar
and anti-parallel to the magnetic eld. The residual energy in Orbiter was launched on 10 February 2020. The spacecraft
turn changed at the shock transitiorvdindto a more nega- has a heliocentric orbit with a perihelion distance of 0.28 au
tive value, indicating more power being in the magnetic eld and aphelion distance ofl au. ForSolar Orbiterthe nomi-
uctuations. These results are consistent with the statisticaihal cadence of the plasma data was 4 s and for the magnetic
studies by Borovsky (2020) and Soljento et al. (2023) cover- eld 0.125 s, which were also interpolated to 10 s cadence.
ing inertial range uctuations. Zhao et al. (2021) also noted The shocks were gathered from the Heliospheric Shock
that inertial range magnetic helicity values, analysed both atlatabase developed and maintained at the University of
Solar Orbiterand Wind, were enhanced both upstream and Helsinki (Kilpua et al., 2015) as well as from the Harvard-
downstream of the shock and coincided with increased waveésmithsonian Center for Astrophysics interplanetary shock
activity. Their observations suggested the presence of kineticlatabase for th@vind spacecraft Only fast forward shocks
Alfvén waves at the proton cyclotron frequency downstreamhave been analysed in this study. We excluded shocks that
and lower-frequency and non-compressive ULF range wave$iad data gaps in the upstream or downstream.Sidiar Or-
excited by streaming particles upstream. Trotta et al. (2024bpiter shocks were obtained from the SERPENTINE project
studied a strong shock wave that was detectedPigker  shock catalogue (Trotta et al., 2024a). We selected only
Solar Probeat 0.07 au on 5 September 2022 andSnplar  those shocks fronsolar Orbiterthat were observed below
Orbiter at 0.7 au the following day. Similar to Zhao et al. 0.5 au and for which there were both plasma and magnetic
(2021), this event showed enhancement of magnetic helicityeld data available without data gaps in their upstream and
close to the proton cyclotron frequency in the downstreamdownstream. The nal set of analysed events includes 371
while the signature disappeared downstream. In a coupledVindshocks and seveBolar Orbitershocks.
turbulence transport model, Adhikari et al. (2016) identi-
ed increases inf o andjf »j across the shock that were in 2.2 Calculation of shock parameters
some agreement with observations from ¥ied spacecraft
at 1 au, although three of the four observed shocks that theWe divide the analysed shocks into different categories ac-
analysed in detail saw a decreasd inin the downstream cording to their properties that include: the gas compression
and more variablgf ,j behaviour. ratio (Ay), i.e. the downstream to upstream density ratio; the
In this work, we perform to our knowledge the rst com- upstream plasma beta, i.e., the ratio of plasma to mag-
prehensive statistical analysis of how the normalised crossnetic pressure; the velocity jump across the shoek)( and
helicity, residual energy and magnetic helicity vary at inter- the shock obliquity or shock anglég), i.e., the angle be-
planetary shock waves that takes into account the effect ofween the upstream magnetic eld direction and shock nor-
the shock properties. Our analysis uses 371 shocks observedal. The shock angleg, plays a fundamental role in shap-
by theWindspacecraft in the near-Earth solar wind and sevening the shock structure and in accelerating charged particles
shocks observed yolar Orbiterbetween 0.3-0.5 au. as it controls the dynamics of charged particles close to the
shock. Quasi-parallel shocks (Burgess et al., 2005), which
have\ g, Y 45 , have extended foreshock regions where par-

2 Data and approaches ticles can escape upstream from the shock and, therefore, are
related to smaller and more gradual increases in the eld
2.1 Data and event selection magnitude and plasma parameters than quasi-perpendicular

shocks (Bale et al., 2005); quasi-perpendicular shocks, which
We have used data from théind (Ogilvie and Desch, 1997) have\g, i 45 ), have particles that stay close to the shock
andSolar Orbiter(Muller et al., 2020) spacecraft. Tigind and a sharper shock transition. The upstream plasma beta
data extends from 1995 — 2023, a time range spanning 2.8an affect the shock vicinity by controlling the generation
solar cycles, whil&olar Orbitershocks are analysed for the and growth of plasma waves; for example, high plasma beta
period 2020 — 2023, covering the rising phase of Solar Cyclegives rise to whistler waves and enhances the amplitude of
25. The magnetic eld observations frowiind are provided turbulent uctuations.
by the Magnetic Fields Investigation (MFI; Lepping et al.,
1995) and the plasma data by the Three-Dimensional Plasma 1http://cdaweb.gsfc.nasa.gov/
and Energetic Particle Investigation (3DP; Lin et al., 1995).  2http://ipshocks.helsinki. /
The nominal cadence of the eld and plasma data used was 3https://cfa.harvard.edu/shocks/wi_data/
3 s. As the cadence varied slightly, the data were averaged “https://data.serpentine-h2020.eu/catalogs/shock-sc25
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The shock parameters for all shocks have been determinedere negative (positive) values indicate greater power in
using a publicly available software package, SerPyShocksuctuations propagating parallel (anti-parallel) to the back-
(Trotta et al., 2022), which allows calculation of basic shock ground eld, andf » 0 gives the balanced case.
properties as a function of mean values calculated over vary- The normalised magnetic helicity (Matthaeus and Gold-
ing upstream and downstream windows. We have used maxstein, 1982; Zhao et al., 2021) is calculated as

imum 20-min and minimum 2-min averaging windows for h .

. X i
both the upstream and downstream, excluding 1 min before 1a_ 1o

, 2Im , Ja-T, .a-T

and after the shock. To calculate the speed jumps, only the .= A3)
values obtained using the the maximum averaging window i, gta—@?,j, Ja-gq?,j, .'a-q?
(20 min) both for the upstream and downstream have been
used. where, gta—-€, ¢ta—Tand, . la—Care the wavelet trans-

Shock angles have been estimated using the mixed-mod®rms of the Cartesian magnetic eld componegt9and:
method, which incorporates both the magnetic eld and ve-(e.g., the GSE or RTN coordinate systems) arid the fre-
locity data in the calculation of the shock normal (Abraham- quency of the wavelet function. The negative values of mag-
Shrauner and Yun, 1976; Trotta et al., 2022): netic helicity indicated left-handed polarised waves while

positive values indicate right-handed polarised waves. In the

Ash = .1 B VO V. solar wind at 1 au, normalised magnetic helicity in the in-
B V° V] jection range is on average strongly negative, on average zero
where B and V are changes in the magnetic eld and ve- gé?ﬁlmzeorggl) range and positive in the dissipation range (e.g.,

locity vectors from downstream to upstream, respectively. We have calculatedy, f 5 andf < in 1-h regions both
25 A < -

upstream and downstream of the shocks, excluding 1-min
intervals immediately before and after the shock time. The

The cross-helicity and residual energy can be calculated fronfvavelet spectrograms were calculated separately for these in-
the power spectral densities (PSDs) of the velocity and magtervals, and values outside the cone of in uence have been re-
netic eld. Here the Elsasser variables help to simplify the moved. Probability distribution functions (PDFs) have been
analysis. These variables were rst de ned and used by El-built for f 2, f Aandf < for all shocks, as well as for shock
sasser (1950) to transform the incompressible magnetohysubsets separated by the shock parameters.
drodynamic (MHD) equations into a symmetric form. The  The direction of the interplanetary magnetic eld (IMF),
Elsasser variables are given by=v b, wherev repre-  Which de nes the IMF sector, can be either towards or away
sents the velocity antd = Be" 5d is the magnetic eld in from the Sun. Thus whether uctuations in correspond
velocity units, wherd is the ion density. Fluctuations in to sunward or anti-sunward uctuations is dependent on the
represent Alfvénic wave packets propagating parallel to thed MF sector. To explore in more detail how the shock transi-
magnetic eld, and uctuations iz- are wave packets prop- tion affects the relative power in sunward and anti-sunward
agating anti-parallel to the magnetic eld. propagating waves, we also nd the recti ed cross-helicity,
As stated in Sect. 1, the residual energy is de ned as thef 2, Wherez (z ) uctuations are xed to always corre-
partition of energy between kinetic and magnetic uctua- SPonds to anti-sunward (sunward) uctuations, and posi-
tions, i.e., the difference in the trace PSDsvodndb, de-  tive (negative)f , indicates an anti-sunward (sunward) im-
noted as g and 1, respectively. The quantity is typically balance.The winding angle of the Parker spiral in the
normalised to take values betweerl-1%and is thus calcu- ~ €cliptic plane, gparker, is determined by the radial solar

2.3 Calculation of turbulence parameters

lated as wind speed,Er_(, , radial distance from the Sun,A and
the angular velocity of the Sun, , such that qparker =

fas E 1 (1) tan 111A %«Er_(, °. For data in GSE coordinates at 1 au,
E. 1 the towardssector has on average an IMF clock angle

. . " s below 45 or over 225, while in the away sector g is in
with negative (positive) values indicating an excess of mag-, . : I
L2 . T the interval »5 225 Y4the Parker spiral winding angles
netic (kinetic) uctuation power anfl, 0 an equipartition

of energy, which is a property of ideal Alfvén waves. at 1 au are thus on average815 and 135 in the towards

The cross-helicity may be de ned as the balance betweenand away Sectors, resp_ectl\_/ely. . Lo
To perform the recti cation, the magnetic eld sign is

the uctuations propagating parallel and anti-parallel to the . o .
magnetic eld, and thus is given by the difference in the ipped when the IMF is in the away sector before calculating

trace PSD of andz . Similar to residual energy, the cross- the cross-helicity. For this analysis, we only use cases where

helicity is also normalised to take values betweef-1%: the IMF stays consistently in one sector throughout the 2-h
interval investigated to avoid inconsistencies from IMF sec-

tor reversals. This part of the analysis was only performed
fa=— ¢ () for the Wind shocks due to the relatively low number $6-




Kilpua et al.: Shock effect on turbulence parameters 5

lar Orbiter shocks available. In total, 238/ind shocks were
investigated for their effects dn,.

3 Results
3.1 Example events

Here we describe a few examples from the full set of anal-

ysed events. Figure 1 shows a shock detectatfiat on 8

July 2019 at 18:26 UT. The shock was nearly perpendicular,

with \ = =839 , moderate values of+ = 455kms ! and

Ay=20, and | = 2-1. The IMF cone angle was consistently

in the towards sector during the 2-hr period shown and thus

positive f , values (red) indicate anti-sunward propagation

and negativd , values (blue) sunward propagation. The up-

stream region was dominated by anti-sunward uctuations at

all frequencies, but there were some local patches of predom-

inantly sunward uctuations and uctuations witffi ,j 0.

The turbulence in the upstream is however globally balanced

(Chenetal., 2013), indicated by the average valué gifbe-

ing 0.20. The uctuations in the downstream region are also

relatively balanced with the averagfe,j = 028 but now, in

contrast to the upstream, sunward uctuations dominate. The

residual energy was mostly negative in the upstream with the

average value off i = 0448, indicating a clear excess of

magnetic uctuation energy, while in the downstream the av-

erage istf Al = 019 showing global equipartitioning. The Figure 1. A shock observed byind on 8 July 2019. From top to
downstream region closest to the shock exhibits patches witlyottom, the rst ve panels show: the magnetic eld magnitude and
more power in kinetic uctuations whereas the region deeperthe GSE components; solar wind speed; density; temperature; and
in the downstream is dominated by patches with more powefMF clock angle. The bottom three panels show wavelet spectro-
in magnetic uctuations. The magnetic helicity in turn did grams of normalised cross-helicity, residual energy and magnetic
not show clear changes from the upstream to downstreanfielicity. Dashed white lines show the frequencies limiting the high
having values mostly quite close to zero as is usually the caslequencies / small scales (16.7 mHz / 1 min) and low frequencies /

in the inertial range for solar wind at 1 au (see Sect. 2.3). Théarge scales (1.67 mHz /10 min) used in the analysis. Black contours

h L In the spectrograms delineate where absolute values of parameters
average magnetic helicities in the upstream and downstream

. exceed 0.7, and grey contours outljfij j 0-3 andjf 2jj 03 re-
are 0024and 0-073 respectively. o gions. The pink and cyan contours in the bottom panel outline the
Another example of a shock detected Wmd is shown  jyiervals that ful | the criteria for Alfvénic uctuations and ux

|n F'g 2, WhICh OCCUI‘I‘ed on 31 OC'[ObeI‘ 2001 at 1347 UT ropes imposed th, f A andf < (See Sect. 3.3.3 for deta“s).
It was nearly parallel, with = =969, + =687kms 1,
Ay=3+3, and = 1+4. The IMF was in the away sector and

so anti-sunward uctuations had negative (blue) and sunward,es were however again close to zero with valueé€59and
uctuations positive (red) cross-helicity values. The majority  0036in the upstream and downstream, respectively.

of uctuation power in both the upstream and downstream The cyan and pink contours in the bottom panels of Figs. 1
was anti-sunward. The upstream is clearly unbalanced withand 2 delineate regions ful lling the criteria for Alfvén waves

averagejf »j = 0464 while in the downstream cross-helicity and small-scale ux ropes; this aspect of the analysis is dis-
is again relatively balanced with averagfe,j =030. The  cussed in Sect. 3.3.1.

residual energy showed signi cant equipartition in the up-

stream region (averagea= 0027) with patches of neg- 3.2 Shock parameters

ative and positive values. The downstream region was in-

stead characterised by predominantly negative residual erFigure 3 shows histograms of the selected shock param-
ergy f A= 027), except for a localised region just after eters, namely the gas compression ratio (i.e. downstream-
the shock. Both the upstream and downstream regions hatb-upstream density ratio), plasma beta, velocity jump and
signi cant instances of strong magnetic helicity at all fre- shock angle across all 371 shocks from Wied spacecratft,
quencies, particularly in the upstream. The averfageval- and also for the 233 shocks for which the recti ed cross-



6 Kilpua et al.: Shock effect on turbulence parameters

quasi-parallel shocks are more dif cult to identify from the
ambient wind due to their tendency for more gradual tran-
sitions from upstream to downstream, complex structure of
the shock surroundings, and more modest eld jumps. How-
ever, the shocks in the 20th percentile subset are all in the
quasi-parallel regime g, Y 45 ).

3.3 Statistical results at 1 au
3.3.1 Shock in uence on turbulence parameters

We rst investigate how the turbulence parameters in the up-
stream and downstream depend on the selected shock pa-
rameters. The results are shown in Fig. 4 for the individ-
ual events in the upstream (darker colours) and downstream
(lighter colours). The values are calculated from the wavelet
spectrograms over frequencies 1.67-16.7 mHz (1-10 min
timescales), which fall within the inertial range of MHD tur-
bulence (e.g., Bruno and Carbone, 2013; Verscharen et al.,
2019) at the orbit of the Earth. The curves in Fig. 4 give 40-
event running medians.
The points in the two top panels show the absolute val-
ues of the 1-h averages of normalised cross-heligHy,{j)
and 1-h averages of the recti ed cross-helicity 4i). We
have chosen to show the absolute values of the averages for
the cross-helicity to give a better estimate of how balanced
or imbalanced the turbulence is. This is because the balance
Figure 2. A shock observed bwindon 31 October 2001. The panel @nd imbalance are global rather than local properties (e.g.,
layout is the same as in Fig. 1. Chen et al., 2013), and taking the magnitude rst would lose
information about the global signed average. As detailed in
Sect. 2.3, the recti ed cross-helicity xes the propagation
helicity (f ,; Sect. 2.3) could be determined. The solid ver- direction with respect to the Sun; negative recti ed cross-
tical lines indicate the medians and the dashed lines givénelicity indicates sunward propagation and positive values
the 20th and 80th percentiles that we later use to divide theepresent anti-sunward propagation in the plasma frame. The
shocks into two subsets. These percentiles were chosen two bottom panels show the averages of the residual energy
give suf ciently distinct populations but with a suf ciently and magnetic helicitytf oi andHf < i, respectively).
large number of events (74 in each of the subsets) for the Before discussing the dependence on the shock character-
robust statistical analysis. istics, we will summarise some overall properties of the in-
The median values @, are slightly over 2.0 for all events  vestigated turbulence parameters. Firstly, the two top panels
and for those used in thie, analysis. The histograms are of Fig. 4 show thajHf »ij andh ,i spread over all possible
biased towards smaly values but have tails that extend values. The means over the whole data set are shown in Ta-
to Ayi 4, i.e., beyond the theoretical limit for perpendicu- ble 1 as well as the percentage of the events thajffigdj Y
lar MHD shocks. For the majority of shocksy j 1, with 0<3, i.e. globally balanced uctuations, antf ,ij j 05, i.e.
the distributions having long, tails. The 20th percentile of globally imbalanced uctuations. Both in the upstream and
u» however, is at 0.89; the 20th percentile subset thus repredownstream about one-third of the events have balanced uc-
sents cases where the magnetic pressure dominates in the upations while the upstream has considerably more imbal-
stream. The upper quartile population with& 3 represent  anced events, 50% compared to 40%, respectively. The uc-
in turn cases that have their upstream beta clearly above theiations propagate predominantly anti-sunward as featured
typical solar wind values, (; 1 2;e.g., De Keyser etal., by the clear majority oftf ,i values being positive (over

2001; Mullan and Smith, 2006). 80%, Table 1). The residual energies are in turn nearly all
The + distribution peaks at 70kms * with a tail ex-  negative indicating that magnetic energy in uctuations dom-
tending to + 250kms 1. Finally, the\ = angles indi- inates over kinetic energy. According to Table 1 the per-

cate a clear preponderance of quasi-perpendicular shocksentage of the events where uctuations are close to global
( Bni 45) with the median beingsl . As discussed in equipartition, i.e.jif aij Y 03, is considerably higher for the
Kilpua et al. (2015), this could be partly a selection bias asupstream than for the downstream (46% and 36%, respec-
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Figure 3. Histograms of parameters for interplanetary shocks detected byitnetspacecraft during 1995-2023. The dashed grey lines
show the 20th and 80th percentiles. The top row shows the distribution faviladl shocks and the bottom row shows the distribution for

those used in the, analysis. From left to right, the panels show the distributions for the shock gas compression ratio, upstream plasma beta,
velocity jump across the shock and shock angle.

tively). Finally, Fig. 4 shows that the average magnetic helic-highest, i.e., feature the highest imbalance, for <5 after

ities are clustered around zero. which the median curves clearly decline towards more bal-
anced uctuations. The second columns in the top rows show

Table 1. Mean values of key parameters and percentages of timéhat the cross-helicities both in the upstream and downstream

when uctuations are balanced, imbalanced, predominantly anti-exhibit the highest imbalance of uctuations fo 1 2,

sunward, and equipartitioned, and when Alfvénic uctuations (AFs) which are, as previously mentioned, common 1 au values.

and small-scale ux ropes (SFRs) are present. For the lowest (,. 1) and higher (, & 3) upstream beta
values a considerably smaller fraction of uctuations are im-
upstream  downstream balanced (except for the very largest plasma beta, but the
meanjHf 2ij 0.49 0.43 number of events too small to draw strong conclusions). Both
meanft 5i 0.38 0.36 the upstream and downstream also exhibit clear increase of
meanff Al -0.33 -0.35 jH »ij andHf ,i with the increasing shock velocity jump up
bal medan '<‘I\"(03 313 32?)/ to V 100 150kms ! after which in the upstream the
_balance J“T 2l ] ) 0 0 curves level off while in the downstream uctuations become
imbalancedjtf 2ij i 05) 50% 40% . . .
. S again more balanced. Finally, the last panel in the top row
anti-sunward|ff i j 0) 82% 84% . .
equipartitionedtf ajij ¥ 03) 46% 36% shows that there is a vyeak tend_ency for uctuations to be_
mean AF occurrence 14.8% 10.8 % more balanced for quasi-perpendicular shocks than for quasi-
mean SFR occurrence 1.1% 1.7 % parallel shocks, but the median curves show large uctua-
tions and there are relatively few parallel shocks in the distri-
bution.

Figure 4 shows a large scatter as a function of the dis- Tpe 1 Al and I <i values do not show such obvious

played shocks parameters for all cases but some trends afgands with the shock parameters as was previously found
visible. ThejH ,ij values (also the recti ed ones) are the






