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Abstract. Recent space missions enable multi-point analysis of solar wind turbulence in
the inner heliosphere. We identify an ICME event in March 2022, and estimate changes of
spectral properties such as spectral index, magnetic helicity, and magnetic compressibility
across an ICME-driven shock using the spacecraft of Solar Orbiter, ACE, DSCOVR, and
Wind. Another ICME event identified by Trotta et al. [2023] is adopted for the comparison
of these properties. Despite a small number of events leading to inconclusive results of
evolution with the heliocentric distance, several common trends are observed in both cases:
little change of spectral steepness, decreasing jump of magnetic helicity and compressibi-
lity, and increasing power enhancement of fluctuations from up- to downstream with the
heliocentric distance. However, for a deeper insight on the nature of the radial propagation
of these parameters, statistical analyses with a larger number of events are essential.

Introduction
Interplanetary coronal mass ejections (ICMEs), the large-scale structures of dynamically evolving plasma and

magnetic field from the Sun and extending into interplanetary space, have been of a significant scientific interest
due to their influence on space weather [e.g., von Steiger and Richardson, 2006]. ICMEs have been observed
with a set of coronagraph images from the Large Angle Spectroscopic Coronagraph (LASCO) [Brueckner et al.,
1995] at the Solar and Heliospheric Observatory (SOHO) spacecraft allowing the estimation of ICME expansion
speed and acceleration [Maunder et al., 2022]. Observed CME events are listed in SOHO LASCO CME catalog.
However, not all ICMEs are observed by this coronagraph due to the projection effect [Howard and Tappin,
2009]. By analyzing the in-situ measurements of plasma parameters (i.e., magnetic field, proton velocity, and
proton density profiles), the ICME observations can be supplemented. The observations of ICME events usually
exhibit several distinctive structures; shock, sheath, and magnetic flux rope [Kilpua et al., 2017]. The magnetic
flux rope contains a smooth rotation of the magnetic field and a relatively low proton density, and the ICME-driven
shocks are identified with a sudden jump in the magnetic field, velocity, and density. The sheath region is between
these two structures.

Interplanetary (IP) shocks propagating through the heliosphere lead to plasma heating and compression, and
their complex properties often vary with distance [Pérez-Alanis et al., 2023]. Recent space missions such as Solar
Orbiter, Parker Solar Probe, Juno and Wind facilitate multi-point in-situ measurements of solar wind turbulence
at different locations of the heliosphere. In order to investigate the evolution of the shock properties, tracking an
individual IP shock is required using these spacecraft. As presented in Lugaz et al. [2018] and references therein,
many multi-spacecraft analyses have been conducted with diverse angular separations and at different heliocentric
distances. The recent study by Möstl et al. [2022] identifies a large number of ICMEs, and the events are listed in
the HELIO4CAST ICME catalog.

Despite the wealth of knowledge on this topic, understanding the nature of ICME-driven shocks, such as
the evolution of the magnetic field fluctuations, helicity, and compressibility altering with heliodistance still holds
a gap. Our study aims further investigation of the complexities of the interactions between IP shocks and turbu-
lence varying with distance from the Sun. We analyze an ICME event observed from Mar-11 to Mar-13, 2022
(2022-Mar, hereinafter) by Solar Orbiter, Advanced Composition Explorer (ACE), Deep Space Climate Observa-
tory (DSCOVR), and Wind. We compare this ICME event with another event, Nov-03, 2021 identified by Trotta
et al. [2023] (2021-Nov, hereinafter). In the section of Methods, we outline the data sources and methodology em-
ployed in our investigation. Next, a detailed analysis of the spectral properties of the magnetic field fluctuations,
magnetic helicity, magnetic compressibility, and their dependencies on heliodistance are presented. A deeper
discussion of the results and the conclusion of this study follow in the last section.
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Figure 1. Positions of the Earth (green square), STEREO-A (red square), and Solar Orbiter (blue square) at
19:52:00 on March 11, 2022 (left panel), and at 14:00:00 on November 03, 2021 (right panel) in the Stonyhurst
heliographic coordinate system. Solid and dotted lines connected from the Sun represent spiral magnetic fields
and radial propagation, respectively. ACE, DSCOVR, and Wind are assumed to be near the Earth (at L1).

Methods
Estimation of the evolution of ICME-driven IP shocks needs the spacecraft located at different distances

in the heliosphere. The timing of radial alignments for various spacecraft are calculated by Telloni [2023], and
the detailed positions of the spacecraft can be checked with the open-source Solar MAgnetic Connection HauS
tool (Solar-Mach) [Gieseler et al., 2023]. Figure 1 (left) presents the positions of the near-Earth spacecraft (green
square), STEREO-A (red square) and Solar Orbiter (blue square) in the Stonyhurst heliographic coordinate system
at 19:52 on 2022-03-11 (2022-Mar) and at 14:00 on 2021-11-03 (2021-Nov, right panel). In the event of 2022-Mar,
Solar Orbiter is located at approximately 0.44 au and the spacecraft relatively fixed at the first Lagrangian point
(L1) near the Earth at 1 au (ACE, DSCOVR, and Wind) are expected to measure the same radially expanding
plasma, while Solar Orbiter is radially aligned with L1 at 0.84 au in 2021-Nov. The longitudinal separation
of STEREO-A is 34◦ and 37◦ for 2022-Mar (left) and 2021-Nov (right), respectively. Based on a qualitative
comparison of plasma parameters with those from the other spacecraft shown in Figure 2, STEREO-A seems
encountering the same ICME event due to its expansion with distance. However, the properties of shocks driven
by the ICME could deviate at such a large longitudinal separation. Thus, a shock detected by STEREO-A is not
included in this study, anyway its magnetic field components, proton velocity, and number density are shown in
Figure 2 for comparison.

Profiles of the magnetic field, velocity, and density which include ICME structures such as shock, sheath,
and magnetic flux rope from the noon of March-10 to the noon of March-15 in 2022 (2022-Mar) are presented
in Figure 2. The identification of the shocks represented as cyan dotted lines are based on a methodology from
Krupařová et al. [2013]. The velocity and density from ACE and DSCOVR are not shown due to unavailability of
the data in the given time interval. Magnetic field data are measured by the fluxgate vector magnetometer (MAG)
instrument at Solar Orbiter [Horbury et al., 2020], the Magnetic Field Instrument (MFI) of 1-s resolution at ACE
[Smith et al., 1998], the magnetometer instrument with 1-s resolution at DSCOVR [Szabo et al., 2016], the In situ
Measurements of Particles and CME Transients (IMPACT) suite at STEREO-A [Luhmann et al., 2008], and the
Magnetic Field Instrument (MFI) with 92-ms resolution at WIND [Lepping et al., 1995]. The velocity, density,
and temperature are measured by the Solar Wind Analyser (SWA) at Solar Orbiter [Owen et al., 2020], the Plasma
and Suprathermal Ion Composition (PLASTIC) instrument at STEREO-A [Galvin et al., 2008], and the Solar
Wind Experiment (SWE) instrument at Wind [Ogilvie et al., 1995].

In order to analyze the shock parameters, we adopt 15-minute intervals prior to and after the shock crossing
as upstream and dowsntream, respectively, skipping 5 minutes in the shock vicinity to aviod near-shock wave
activities and instabilities driven by reflected particles [Lalti et al., 2022]. The shock normal is estimated by
the magnetic coplanarity theorem [Paschmann and Daly, 1998], and the angle between the normal and average
upstream magnetic field is indicated as θBn. The power spectral densities (PSDs) of the magnetic field fluctuation
components are analyzed by the continuous wavelet transform (CWT) with a Morlet wavelet (ω0 = 6) [Torrence
and Compo, 1998] in 3-hour intervals for up- and downstream omitting 5 minutes from the shock vicinity. The
spectral index α in the inertial range is determined by a linear fit of the PSD with the minimization of χ squared
in the frequency range of [0.003, 0.03 Hz], and the change of the spectral index across the shock (marked with
the superscript as “up” and “down”, respectively) is labeled as a ratio, Rα = αdown/αup. The normalized
magnetic helicity, σM = 2Im(B̃∗

T B̃N )/(B̃2
R + B̃2

T + B̃2
N ) is the measure of handedness of the magnetic field
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fluctuations where the direction of the average magnetic field is “rectified” by multiplying a negative sign when
it points outward the Sun, so that a positive value corresponds to right-handedness and a negative value for left-
handedness. B̃R,T,N are the elements of the wavelet transformed energy spectral tensor in the RTN-coordinate
system. Magnetic compressibility, CB which is the amount of compressible fluctuations in the total fluctuations
is computed as the ratio between the PSD of the magnetic field magnitude and total magnetic field fluctuations,
CB = PSD|B|/PSDB. The changes of σM and CB from up- to downstream are determined as ratios between their
up- and downstream median values |RMH| and RCB

, respectively, within the inertial range of 0.003–0.03 Hz. The
median value of the power enhancement of magnetic field fluctuations in the inertial range is marked as RPSD.

Figure 2. Profiles of solar wind parameters (B, Vp, and Np) from the noon of March 10 to the noon of March
15 in the year of 2022. Magnetic fields are measured in the RTN coordinate system (pink for radial, light green
for tangential, and light blue for normal components). Vp and Np are represented by red and green solid lines,
respectively. Identified shocks are represented by cyan dotted lines. Even though plasma data from ACE and
DSCOVR are not available in this time interval, the shocks are identified based on the Wind observation.
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Figure 3. PSD (top panels), magnetic helicity σM (middle panels), and magnetic field compressibility CB (bottom
panels) observed by Solar Orbiter, ACE, DSCOVR, and Wind in 2022-Mar (left panels) and 2021-Nov (right
panels). Up- and downstream spectra are presented as dotted and solid lines, respectively.

Estimation of shock properties at different heliodistances
Spectra of the magnetic field fluctuations, magnetic helicity, and magnetic compressibility across ICME

shocks derived from Solar Orbiter, ACE, DSCOVR, and Wind observations on 2022-Mar are shown in the left
panels and the event of 2021-Nov in the right panels of Figure 3. The up- and downstream PSDs are presented
with the dotted and solid lines. Solar Orbiter was closer to the Sun in both cases (0.44 and 0.84 au, respectively)
and observes a higher power of the magnetic field fluctuations with a less steep inertial range spectral slope in
the up- and downstream than the spacecraft near 1 au (Figure 3 top panels). This result is in agreement with
Šafránková et al. [2023] presenting a larger power and a smaller inertial range spectral index at closer distances to
the Sun. The magnitude of σM in the 2022-Mar event (Figure 3 left middle panel) exhibits increase in the 0.2–2 Hz
range, while they present a flatter spectra within the inertial range. Additionally, the σM spectra in this frequency
range (0.2–2 Hz) measured by ACE and Solar Orbiter show a clear change across the shock, suggesting a small
structure or wave activity in turbulence decay by shock. On the other hand, in the case of 2021-Nov (Figure 3 right
middle panel), significant variations of σM across the shock are observed in a similar frequency range (0.07–1 Hz)
by ACE, Wind, and Solar Orbiter. As the dependence of CB on distance is reported by Chen et al. [2020], the
lowest level of the CB spectrum in the upstream is observed by Solar Orbiter, the nearest spacecraft to the Sun, in
both 2022-Mar (Figure 3 left bottom panel) and 2021-Nov events (Figure 3 right bottom panel) within the inertial
range, and upstream CB from the other spacecraft are similar. The CB spectra transmitted to the downstream of
shock show a different tendency which might be associated with other shock properties rather than with distance.
Further analysis of this point will be treated in the discussion section.

The variations of the shock properties, i.e., the change of the inertial spectral index Rα, magnetic helicity
|RMH|, magnetic compressibility RCB

, and fluctuation power RPSD with distance from the Sun, are presented
in Figure 4. Comparing average values measured at L1 by Solar Orbiter observations, a few common trends
with distance between 2022-Mar and 2021-Nov can be seen. Rα remains approximately unity in 2022-Mar with
distance, which implies that the modification of energy dissipating mechanism for the magnetic field fluctuation
by the IP shock is not observed up to 1 au. In 2021-Nov, Rα measured by Solar Orbiter is markedly larger
(1.68) than that from the other spacecraft. The upstream spectrum for this event presented in Figure 3 shows
a small bump, which can cause a shallower upstream spectral index. It is reasonable to state that IP shocks
do not modify the turbulence dissipation with distance if spectral bumps are not considered. |RMH|, and RCB
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Table 1. Ratios of the average upstream and downstream turbulent parameters.

Spacecraft Heliodistance (au) Shock arrival (UT)
(1) (2)

Solar Orbiter 0.44 [0.84] 19:52:23 2022-Mar-11 [14:04:26 2021-Nov-03]
Wind 0.98 [0.98] 10:01:26 2022-Mar-13 [19:35:01 2021-Nov-03]
ACE 0.98 [0.98] 10:11:14 2022-Mar-13 [19:24:05 2021-Nov-03]

DSCOVR 0.98 [0.98] 10:14:29 2022-Mar-13 ]19:24:50 2021-Nov-03]

θBn(
◦) Rα |RMH| RCB

RPSD

(3) (4) (5) (6) (7)

Solar Orbiter 30.2 [45.3] 0.98 [1.68] 12.09 [0.95] 17.34 [3.14] 8.88 [47.98]
Wind 19.8 [33.1] 0.85 [1.14] 1.84 [0.87] 9.59 [1.12] 12.56 [67.13]
ACE 6.9 [9.6] 0.94 [1.31] 0.29 [0.25] 3.63 [1.13] 9.65 [92.19]

DSCOVR 5.7 [13.3] 1.09 [1.02] 0.38 [0.68] 11.21 [2.10] 8.12 [71.52]
L1 average 10.8 [18.7] 0.96 [1.16] 0.84 [0.60] 8.14 [1.45] 10.11 [76.95]

Note. The values outside brackets are computed for the event of 2022-Mar, while the
2021-Nov values are inside the brackets. From column (4)–(7), the change of parameters
are represented as ratios between up- to downstream values. The row of “L1 average”
indicates the average values measured by ACE, DSCOVR, and Wind.

Figure 4. Variations of the ratios Rα, |RMH|, RCB
, and RPSD for the events of 2022-Mar (left panels) and 2021-

Nov (right panels).

show a common decreasing trend with distance in both 2022-Mar and 2021-Nov. The |RMH| trend suggests that
magnetic field fluctuations in the downstream compared to upstream becomes less helical with distance. The
compressive component of magnetic field fluctuations in the solar wind increases with distance, whereas RCB

shows the opposite tendency. On the other hand, RPSD, the power enhancement of fluctuations, is positively
correlated with the distance from the Sun. This implies that the greater dissipation of turbulent magnetic energy
by shock is observed in a larger distance. Smith et al. [2001] study the heating of solar wind by the dissipation
of magnetic fluctuations, suggesting a potential relation between the power enhancement and plasma heating by
shock. However, the demonstration of this relation is not simple. The entropy increase is observed across shock
[Borovsky, 2020], and a greater increase with a farther heliospheric location is found [Adhikari et al., 2020]. Even
though the entropy increases monotonously with distance, proton temperature in the solar wind does not. Thus, the
association of the evolution of RPSD with the plasma heating by shock as a function of the heliocentric distance
remains unsolved. All mentioned values are summarized in Table 1.
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Discussion and Conclusion
We focus on the evolution of the interaction of ICME-driven shocks with solar wind turbulence at differ-

ent distances. We estimate various quantities such as spectral properties of the magnetic field fluctuations and
plasma parameters in the up- and downstream of two ICME-driven shocks, 2022-Mar and 2021-Nov. This study
intrinsically has a limitation connected with a small number of cases to derive conclusive results. Nevertheless,
common trends of variations of parameters with distance are observed: 1) little change in the spectral index, 2) the
decreasing magnetic compressiblity and helicity change, and 3) increasing power enhancement across shock with
the heliocentric distance. As previously stated, these trends are obtained by averaging values at 1 au (measured
from ACE, DSCOVR, and Wind), containing a further question; which one is a true value representing properties
at a certain distance. Due to lack of in-situ observations, the decision of such values inevitably faces difficulty. In
this context, we use their averages as a reasonable number for 1 au in our estimation.

The change of CB in the heliosphere studied in Shi et al. [2021] suggests that solar wind turbulence is more
Alfvénic closer to the Sun. Furthermore, the decay of compressible fluctuations of the magnetic energy with
heliodistance follows a lower rate than that of total fluctuations, which results in the increase of the magnetic
compressibility in farther distances from the Sun [Šafránková et al., 2023]. This is indicated in the CB spectra
in Figure 3. The shocks compress plasma turbulence and their strength enlarges with the heliocentric distance
[Pérez-Alanis et al., 2023]. Decreasing RCB with the heliodistance indicates that the effect of the shock strength
on CB is not directly associated with the increase of compressible fluctuations in the downstream, or the amount
of these fluctuations in plasma is governed by another condition which compensates the shock intensity such as
the upstream Alfvénicity. A statistical study with a larger number of cases is required for more precise estimation
of the compressibility transmission through shocks at different heliodistances.

It is important to check whether all spacecraft observe the same IP shocks driven by the ICME. The angles
between the mean magnetic field and shock normal θBn are presented in column (3) in Table 1. As reported in
Zhao et al. [2021] analyzing an ICME-driven shock with Solar Orbiter and Wind, θBn is expected to increase with
distance as the ICME propagates. However, θBn becomes lower at 1 au in our cases. Trotta et al. [2023] using
five L1 spacecraft show the θBn decrease. Although statistically significant trends cannot be exhibited as only
two cases are considered, the variation of θBn could result from the locally rippled shock surface as Zank et al.
[2021] suggest. As presented in Figure 1, Solar Orbiter and L1 fleet spacecraft are well aligned, suggesting they
are expected to observe the same radially propagating shock. The investigation of the θBn evolution with distance
requires more events observed at different locations.

We adopt 3-hour up- and downstream intervals from the shock crossing for all spacecraft. The downstream
plasma measured at Solar Orbiter is far away from the shock crossing at L1 which could be already transmitted
to the magnetic cloud of ICME. Even though estimating the parameters of the same propagating plasma is recom-
mended, plasma within the magentic cloud cannot be used for our analysis considering its distinctive properties
such as low beta. Thus, as a caveat, we may compare slightly different up and downstream plasmas observed by
multiple spacecraft.

Our study provides further insights into the evolution of spectral properties of magnetic field fluctuations,
magnetic helicity, magnetic compressibility, and power spectral density across ICME-driven shocks. We quantify
their changes in the inertial range as a ratio of the downstream average quantities to those of upstream. Addition-
ally, in order to estimate the evolution of the changes across shocks with heliodistance, we employ data from the
multiple spacecraft, i.e., Solar Orbiter, ACE, DSCOVR, and Wind at different locations in the inner heliosphere.
Due to a small number of events (2022-Mar and 2021-Nov), we do not observe a significant relation of the shock
property with the heliocentric distance. However, the insignificant change of spectral index, decreasing magnetic
helicity and compressibility changes, and increasing power enhancement across the ICME-driven shock with dis-
tance are commonly found in both 2022-Mar and 2021-Nov events. The present study should be considered as
a preparatory phase for more complex study that will be based on much larger number of shocks observed in
a broader range of heliospheric distances, and its main aim is to identify caveats that such study can encounter.
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