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ABSTRACT

Context. We investigated the plasma and magnetic field characteristics of the upstream regions of interplanetary coronal mass ejections
(ICMEs) and their evolution as function of distance to the Sun in the inner heliosphere. Results are related both to the development of
interplanetary shocks, sheath regions, and compressed solar wind plasma ahead of the magnetic ejecta (ME).
Aims. From a sample of 45 ICMEs observed by Helios 1/2 and the Parker Solar Probe, we aim to identify four main density structures;
namely shock, sheath, leading edge, and ME itself. We compared characteristic parameters (proton particle density, plasma-beta, tem-
perature, magnetic field strength, proton bulk speed, and duration) to the upstream solar wind in order to investigate the interrelation
between the different density structures.
Methods. For the statistical investigation, we used plasma and magnetic field measurements from 40 well-observed Helios 1/2 events
from 1974–1981. Helios data cover the distance range from 0.3–1 au. For comparison, we added a sample of five ICMEs observed
with the Parker Solar Probe from 2019–2021 over the distance range of 0.32–0.75 au.
Results. It is found that the sheath structure consists of compressed plasma as a consequence of the turbulent solar wind material
following the shock and lies ahead of a region of compressed ambient solar wind. The region of compressed solar wind plasma is typ-
ically found directly in front of the magnetic driver and seems to match the bright leading edge commonly observed in remote sensing
observations of CMEs. From the statistically derived density evolution over distance, we find the CME sheath becomes denser than
the ambient solar wind at about 0.06 au. From 0.09–0.28 au, the sheath structure density starts to dominate over the density within the
ME. The ME density seems to fall below the ambient solar wind density over 0.45–1.18 au. Besides the well-known expansion of the
ME, the sheath size shows a weak positive correlation with distance, while the leading edge seems not to expand with distance from
the Sun. We further find a moderate anti-correlation between sheath density and local solar wind plasma speed upstream of the ICME
shock. An empirical relation is derived connecting the ambient solar wind speed with sheath and leading edge density. We provide
constraints to these results in this paper.
Conclusions. The average starting distance for actual sheath formation could be as close as 0.06 au. The early strong ME expansion
quickly ceases with distance from the Sun and might lead to a dominance in the sheath density between 0.09 and 0.28 au. The leading
edge can be understood as a separate structure of compressed ambient solar wind directly ahead of the ME and is likely the bright
leading edge of CMEs often seen in coronagraph images. The results allow for better interpretation of ICME evolution and possibly
the observed mass increase due to enlargement of the sheath material. The empirical relation between sheath and leading edge density
and ambient solar wind speed can be used for more detailed modeling of ICME evolution in the inner heliosphere.
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1. Introduction

Coronal mass ejections (CMEs) are magnetized plasma volumes
that are sporadically ejected from the solar corona and propa-
gate through interplanetary space. They typically consist of sev-
eral structures as identified in in situ plasma and magnetic field
measurements; however, these are less well identified in image
data showing CME features of different brightnesses. They are
affected by plane-of-sky projection effects and constraints of
spatial and time resolution as well as brightness limitations
in white-light images of CME events (see e.g., Vourlidas et al.
2013; Kwon & Vourlidas 2017). In white-light coronagraph
data, fast CME events often reveal blurry fronts, which show
the propagating shockwave ahead of the CME bright front, the
so-called bright leading edge. Behind the bright leading edge,
a dark cavity typically occurs, likely due to the lower density

of the expanding magnetic structure, which is commonly inter-
preted as a magnetic flux rope. Sometimes in the trailing edge or
also within this cavity an intensity enhancement is observed (the
so-called bright core), which is typically interpreted as ejected
prominence/filament material dragged out with the expanding
flux rope structure (see Fig. 1). Using in situ measurements
at 1 au, Kilpua et al. (2013) aimed to relate the in situ to the
white-light structures and classified features measured for inter-
planetary CMEs (ICMEs) into shock-sheath, flux-rope-disturbed
front regions, magnetic flux rope body, and a trailing rear flux
rope part. Recent studies followed this approach and treated the
frontal region as separate segment with the characteristics of
enhanced density and flow speed (e.g., Nieves-Chinchilla et al.
2018; Maričić et al. 2020). However, there is considerable
discussion about the proper interpretation of solar wind char-
acteristics observed in situ ahead of the ICME magnetic ejecta
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Fig. 1. Schematic overview of different brightness features identified in
a coronagraph image of SOHO/LASCO/C2 that occurred on 17 June
2000. See also Vourlidas et al. (2013).

(ME) part and also a lack of statistical studies investigating these
structures as function of distance from the Sun. We use the term
ICME predominantly to describe the ME, with the structure’s
shock, sheath, and leading edge (LE) as a consequence of and
being driven by the ICME.

Strong shockwaves and fast MEs with a long-lasting neg-
ative Bz component have been identified as the main driver
of the strongest space weather effects and are therefore most
often the focus of ICME studies. The generation process and
development of the magnetized plasma structures and upstream
regions ahead of the ME, however, are less well investigated
but also play a crucial role in triggering geomagnetic storms
(e.g., Gosling & McComas 1987; McComas et al. 1988, 1989;
Zurbuchen & Richardson 2006; Lugaz et al. 2016). Their char-
acteristics are not well understood, and neither are their inter-
planetary evolution and relationship to the overall ICME mass
estimations (mass accretion, see e.g., DeForest et al. 2013;
Temmer et al. 2021).

The early strong lateral expansion behavior of fast CMEs
may be interpreted as a combination of a bow or piston
driving shock waves in the corona (e.g., Temmer et al. 2009;
Patsourakos & Vourlidas 2009). For strong CME events that
move considerably faster than their coronal and solar wind envi-
ronment, the wave propagating ahead of the strongly expand-
ing driver, that is the ME, may steepen into a shock (e.g.,
Žic et al. 2008). Observational studies showed that the CME
mass increases found close to the Sun (up to 0.1 au) based on
the analysis of remote sensing data, is most probably related to
outflows from the Sun (Bein et al. 2013; Howard & Vourlidas
2018). These outflows form well in temporal association with
coronal dimming regions at the footpoints of a CME and
could be directly related to the early CME mass evolution
(Temmer et al. 2017; Dissauer et al. 2019). Composition mea-
surements revealed that the sheath region between shock and
CME consists of ambient solar wind material, while the CME

clearly represents coronal material (see e.g., Kilpua et al. 2017).
However, from a case study combining EUV, white-light, and in
situ data, DeForest et al. (2013) found that the sheath consists of
compressed solar wind and coronal material. A similar conclu-
sion is given in a more recent case study by Lugaz et al. (2020)
investigating an ICME from Mercury to Earth.

The expansion of the ICME in IP space depends on the pres-
sure balance and interaction processes with the ambient solar
wind and may occur as strong or weak, in a self-similar or non-
self-similar manner (e.g., Vršnak et al. 2019; Gopalswamy et al.
2020; Luhmann et al. 2020). As the solar wind is unable to
fully flow around that growing structure, there might be a ten-
dency of plasma pile up at the ICME apex (Siscoe & Odstrcil
2008). A study by Temmer et al. (2021) derived a strong linear
anti-correlation at 1 au between the sheath density and the
solar wind speed measured 24 h before the shock-sheath arrival.
How the sheath develops in IP space seems to also depend
on the magnetic driver part, as found by Masías-Meza et al.
(2016) and Salman et al. (2021) who used large samples of
in situ measured ICMEs from single and multiple spacecraft
close to 1 au. The variation of the magnetic field inside sheaths
is another important topic, with respect to particle accelera-
tion. It is found that turbulence and compression dominates
and that substructures, such as small-scale flux ropes, may be
located inside (Kilpua et al. 2020). Masías-Meza et al. (2016)
concluded a “progressive sheath-to-magnetic-cloud transition”
that might be related to continuous magnetic reconnection hap-
pening between the sheath and the ME part.

In the current study, we focused on different density struc-
tures that can be identified from ICME in situ measurements. We
aim to better understand the physical processes between shock
and ICME body structure; hence, the ME region. We show that,
comparably to many white-light observations of CME events,
typically fast CMEs reveal two density enhancements that can
be related to the shock-sheath and LE regions ahead of the ME
commonly identifiable by the strong decrease in the plasma-beta.
Furthermore, we aim to provide more details about the physi-
cal characteristics of these different ICME-driven structures in
IP space with distance from the Sun and address the question
of a possible “starting” distance of sheath formation and how
local solar wind conditions might be related to the sheath prop-
erties. For this purpose, we investigated a Helios data set of 40
well-observed ICMEs over the distance range of 0.3–0.9 au. For
comparison, we studied the structure densities for a set of five
observed ICME events between 0.32 and 0.75 au by the recently
launched Parker Solar Probe (PSP) mission.

In Sect. 2, we describe the data and methods, and the results
are given in Sects. 3 and 4. A discussion and conclusion of the
outcomes are presented in Sect. 5.

2. Data and methods

We investigated in situ plasma and magnetic field measure-
ments from two missions covering a wide distance range in the
inner heliosphere. Our main focus lies on the Helios 1/2 space-
craft with a perihelion around 0.3 au (Rosenbauer et al. 1977).
From Helios 1/2, using hourly averaged plasma and magnetic
field data, for 40 well-observed events covering the time range
from 1975–1981 we identify the ICME structures sheath, LE
and ME. The identification of these ICMEs is based on the list
given in Bothmer & Schwenn (1998). An example of the ICME
event in June 1980 from Helios 1 at 0.53 au (DOY171–173; see
also Burlaga et al. 1982; Bothmer & Schwenn 1998) is shown in
Fig. 2. In the appendix, we show the in situ measurements and
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Fig. 2. Overview showing the plasma and
magnetic field data for a unique ICME
event observed in June 1980 measured with
Helios 1 at 0.53 au (DOY171–173; see also
Burlaga et al. 1982; Bothmer & Schwenn
1998). From top to bottom we present the
parameter’s plasma-beta, proton tempera-
ture (in red we give the expected solar
wind temperature ×0.5, as described in
Richardson & Cane 1995), total magnetic
field strength, vector components of the
magnetic field, proton density, and pro-
ton bulk speed. The four identified den-
sity structures are marked, with the shock
arrival discontinuity followed by the sheath
region (blue shaded area) ahead of the den-
sity enhancement of the so-called LE (yel-
low shaded area) ahead of the ME body
(green shaded area). It should be noted that
the green labeled interval matches well with
a bidirectional flow of suprathermal elec-
trons covering the period of 20 June, 02–
21 UT (see Fig. 6 in Bothmer 1999).
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Fig. 3. Overview plot showing the
plasma and magnetic field data for an
ICME observed with PSP in March 2019
(DOY74). Panel parameters and identified
structures are the same as those shown in
Fig. 2. The plasma data are partially noisy.
The time interval of the ICME was identi-
fied by Lario et al. (2020).

identified structures for another sample of Helios ICME events
(Fig. A.2) and provide a table with event dates and distances
(Table A.1).

For comparison, we cross-checked the results with in
situ measurements from the currently operating PSP mission
using data from the Solar Wind Electrons Alphas and Protons
(SWEAP) and the magnetic FIELDS investigations (Bale et al.
2016; Kasper et al. 2016). PSP will encounter the Sun in the
near future, as closely as 0.046 au (Fox et al. 2016). Using the

regularly updated list of ICMEs measured by PSP as com-
piled by Bothmer and Chifu1, we investigated a set of five
ICME events observed from 2019–2021 over the distances 0.32–
0.75 au. Compared to Helios mission time, the solar activity is
weaker; hence, we currently miss events with strong shock and
sheath regions. From daily plots of one-minute resolution plasma

1 http://cgauss-psp.astro.physik.uni-goettingen.de/
pro_work.php
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Table 1. PSP ICME event dates, distances (Dis.), and references.

Dis. [au] Date Reference

0.32 20/Jan/2020 Joyce et al. (2021)
0.48 12/Sep/2020 Bothmer & Chifu list
0.55 15/Mar/2019 Lario et al. (2020)
0.63 11/Feb/2021 Bothmer & Chifu list
0.75 18/Sep/2021 Bothmer & Chifu list

and magnetic field data, we identified the different ICME struc-
tures and derived the average density for each one. An example
of the ICME event in March 2019 from PSP at 0.55 au (DOY74;
see also Lario et al. 2020) is shown in Fig. 3. Table 1 gives PSP
dates, distances, and references for each event. In the appendix,
we show the in situ measurements and identified structures for
the other PSP ICME events (Fig. A.3).

We first investigated the plasma and magnetic field data to
identify the different structures ahead of the ICME (see Figures 2
and 3). After the shock discontinuity, we identified the sheath
structure by its high density, temperature, plasma-beta larger
than one, and strongly fluctuating magnetic field. The LE is
identified by a moderate plasma-beta, increased magnetic field
and density, and discontinuities before and after, marking the
end of the sheath and start of the ME, respectively (see also
Wimmer et al. 2006; Kilpua et al. 2013; Maričić et al. 2020).
The ME structure itself reveals very low plasma-beta, low tem-
perature, and a smooth and rotating magnetic field vector and
decreasing speed profile. Producing such plots from Helios 1/2
plasma and magnetic field measurements and using the criteria
described above, we manually identify the start and end time
of the (shock-)sheath region, the LE and the ME part. For each
identified structure, we extracted the density, bulk speed, total
magnetic field strength, temperature, and duration. In addition,
we investigated the speed and density of the upstream and down-
stream conditions and calculated the average of these parameters
over three hours before and after the shock front arrival. Further
parameters are derived and statistically related to each other by
calculating the Spearman correlation coefficient on a 90% con-
fidence level. We give a correlation matrix of the results in the
appendix (Fig. A.1).

3. Results

The main focus lies on the large statistical ICME events from
Helios 1/2 data. To inspect the conditions in the upstream and
downstream regions, we first derived the Alfvén Mach number
and density compression ratio for each event. The Alfvén Mach
MA is calculated as MA = u/(B/

√
ρµ0), where u is the upstream

solar wind speed, B is the average magnetic field strength of
the sheath region, ρ is the sheath mass density (assuming 4%
helium and 96% protons), and µ0 is the permeability of the vac-
uum. From that we derive an average value and standard devi-
ation of 5.54± 2.37 for MA. For the density jump, given as a
ratio over the downstream and upstream region ρd/ρu, we derive
2.97± 1.59, and we find a value of 3.05± 1.62 when applying
the average density over the entire sheath duration instead of the
three-hour averaged density after the shock arrival. While the
Alfvén Mach number shows a weak dependency over distance,
the derived values for the density jump are randomly distributed
over distance. The correlation matrix in the appendix reveals that
the Alfvén Mach number is, as expected, positively correlated to

Fig. 4. Double logarithmic plot showing the radial sizes, s, of the dif-
ferent ICME structures (see legend) versus solar distance, R. The lin-
ear regression lines for each structure are obtained with: sME(R) =
0.27 × R0.78; ssheath(R) = 0.04 × R0.48; sLE(R) = 0.02 × R−0.07.

the magnetic field strength and fluctuations in the magnetic field
of the ICME structures sheath and LE. The density fluctuation in
the LE is moderately (weakly in the ME) correlated to the Mach
number; however, there is no significant correlation found to the
density parameter of the sheath structure.

Figure 4 shows the radial size of each structure as function
of distance. The radial size is simply determined by multiplying
the duration of the structure with its average speed. A linear
fit is provided for the data points from each structure in order
to study its variation in size over distance with R in au. We
derive for the ME a linear trend with sME(R) = 0.27 × R0.78,
for the sheath structure ssheath(R) = 0.04 × R0.48 and for the LE
sLE(R) = 0.02 × R−0.07. Not surprising, the ME shows the typ-
ical expansion behavior in the inner heliosphere which causes a
strong increase in radial size with distance. We find the sheath
structure enlarging with distance from the Sun, while the LE
structure is actually not showing a clear increase in size. Calcu-
lating the Spearman correlation coefficient on a 90% confidence
level, the ME shows a moderate correlation with distance with
cc = 0.44, the sheath a weak one with cc = 0.26, and no sig-
nificant relation is found for the LE (see appendix). This finding
could be interpreted that the LE is rather a distinct feature from
the ambient solar wind flow and shows low evolutionary aspects.
We find no obvious relation between Mach number and sheath
or LE duration.

We perform a simple exercise to find out more about the
physical nature of the structures sheath and LE. Assuming that
the sheath size is related to the shock standoff distance, ∆, we
use the empirical relation for a spherical obstacle given in Seiff
(1962) to calculate the standoff distance. The empirical relation
is defined as ∆/D = 0.78ρu/ρd, where D represents the radius of
the obstacle and ρu/ρd the ratio between upstream ambient solar
wind density and sheath downstream density, respectively. For
the Seiff relation we used different obstacle sizes, D, namely on
the one hand the ME half-width (size as given in Fig. 4 divided
by 2) and on the other hand the ME half-width plus the LE size.
The calculated values are compared to the sheath size as well as
to the sum of the sheath and LE size. Figure 5 shows the differ-
ence between calculated and observed shock standoff distances
as function of distance together with linear fits. We derive for
distances beyond 0.45 au a clear increase in the scatter and the
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Fig. 5. Difference in shock standoff distance between values calcu-
lated using the empirical relation for spherical objects (S) given in Seiff
(1962) and the standoff distance as derived from observations (O) of
the ICME structures sheath as well as sheath+LE (see symbols in the
legend). For the Seiff relation we used different obstacle sizes, ME half-
width (size as given in Fig. 4 divided by 2) and ME half-width plus
the LE size (ME+LE). The dashed-dotted, solid and dashed lines give
linear fits to the differences found for sheath/ME+LE, sheath/ME, and
sheath+LE/ME.

linear fits show a slight negative slope, that can be interpreted as
deviation from the spherical shape of the ME as it expands (see
also Savani et al. 2012). Largest deviations from zero are found
when comparing the Seiff values, using the ME half-width as
obstacle size, to the sheath plus LE size. Best match is found
when the Seiff values are compared to the observed sheath size.
The structures sheath and LE seem to have a different nature.

Figure 6 shows the density evolution of each structure and
the ambient solar wind in a double logarithmic plot covering the
distance range 0.03–1.6 au. The linear regression line for each
structure is obtained with the values of Np,SW(R) = 7.0 × R−2.1

for the upstream solar wind, Np,ME(R) = 7.1 × R−2.4 for the
ME, Np,sheath(R) = 22.3 × R−1.7 for the sheath, and Np,LE(R) =

26.6 × R−1.5 for the LE. For obtaining additional uncertainty
estimates we use Helios results from previous studies and add
upper and lower boundaries for the ME density (Liu et al. 2005;
Wang et al. 2005; Leitner et al. 2007). For an uncertainty esti-
mate of the density evolution of the ambient solar wind, we apply
results from observations (Venzmer & Bothmer 2018) as well as
recent model results from e.g., Scolini et al. (2021), and use the
standard deviation for the uncertainty estimate of the sheath den-
sity. Inspecting the linear fits for ME and sheath density, we
obtain three intersection sectors. The first (1) close to the Sun
up to about 0.06 au between sheath density and the upstream
solar wind density, the second (2a–2b) between sheath and ME
density over 0.09–0.28 au, and the third (3a–3b) covering 0.45–
1.18 au between ME density and upstream solar wind density.
From that we may conclude, that at about 0.06 au the sheath
might become denser than the ambient solar wind, which could
be interpreted as average starting distance for actual sheath for-
mation. Between 0.09–0.28 au, the sheath density overcomes the
ME density. At this distance range the ME expansion may start
to dominate the propagation phase, that leads (i) to a strong
decrease in density within the ME and (ii) due to the rela-
tive enlargement over distance becomes an efficient piston-type
driver causing plasma pile-up (Hundhausen 1972). At distances
starting around 0.45 au and up to as far as 1.18 au, the ME
becomes lower in density than the ambient solar wind.

Complementary to Helios 1/2 data, we derived the average of
ICME sheath and ME density measurements for a set of five PSP
events observed at distances between 0.32–0.75 au. The results
support our findings from Helios data showing a similar trend
between sheath and ME density as function of distance (cf.,
Fig. 6). However, we note that the PSP events are much weaker
compared to Helios events. They do not drive a clear shock-
sheath region, hence, do not give clear evidence for a strong
pile-up or compression region close to the magnetic structure.
Larger statistics from PSP (I)CME measurements closer to the
Sun would be needed to derive more conclusive supporting evi-
dence about sheath build up processes.

For distances below 0.14 au CME density results are avail-
able from indirect measurements analyzing coronagraph image
data. Using multi-viewpoint SoHO and STEREO remote sens-
ing white-light image data, the 3D CME mass and volume can be
derived to calculate the ME density from Temmer et al. (2021).
To compare with the extrapolated profiles from Helios in-situ
measurements, we show in Fig. 6 the results from the recent
study by Temmer et al. (2021), covering a sample of 29 CMEs
observed during 2008–2014. The median ME density is derived
from remote-sensing image data over the distance range 0.07–
0.14 au (i.e., SOHO/LASCO C3 coronagraph field of view). The
results reveal an ME density that is substantially higher than the
extrapolated ME density profile from Helios in-situ data. How-
ever, the lower ME density estimate (median minus standard
deviation) is quite comparable. The discrepancies might be due
to line-of-sight integration effects causing large uncertainties in
the indirect method, namely 3D mass and volume derivation, as
well as the different data set, that is solar cycle effects. We note
that the steep drop in ME density during the early CME evo-
lution might be a real effect that could be related to a different
expansion behavior of CMEs close to the Sun. It is found that a
strong lateral expansion dominates in the early CME evolution
phase (Patsourakos & Vourlidas 2009; Veronig et al. 2018), that
could lead to a faster decay in ME density when close to the Sun.

Table 2 summarizes for each structure over two distance bins,
average values of density, plasma-beta, temperature, total mag-
netic field, speed and duration. For statistical reasons we divide
the distance coverage 0.3–1 au into two roughly similar distance
bins with r1 < 0.7 au and r2 > 0.7 au, having sample sizes of 16
and 24 events, respectively. The density of the ME drops faster
over distance than in the sheath and LE, which can be understood
as a result of the strong ICME expansion. The plasma-beta of the
sheath stays on average larger than 1, while the LE shows a clear
increase over distance and the values for the ME are found to be
similar. A possible interpretation for this behavior could be the
steepening of the interface boundary because of increasing com-
pression of the ME front similar to the heliospheric development
of interfaces of co-rotating interaction regions as described, e.g.,
in Forsyth & Marsch (1999). The LE decreases over distance in
temperature and density as well as magnetic field, leading to an
increase in the plasma-beta, which could be also a result of erosion
(Ruffenach et al. 2012). The sheath reveals slightly larger temper-
atures than the LE, and the speed of the LE is enhanced com-
pared to the sheath; hence, it shows that the sheath part might
be driven by the LE. The magnetic field drop over distance is
in the same range for all structures. The duration of the struc-
tures clearly increases with distance, except for the LE. The aver-
age values for the ME are in accordance with the results given in
Bothmer & Schwenn (1998).

Figure 7 gives a cartoon illustrating the four different ICME
structures and their average parameter values. According to the
statistical results given in Table 2, we show the change of the
parameter values over the two distance bins with two differ-
ent colors (r1 < 0.7 au and r2 > 0.7 au). This has implications

A70, page 5 of 13



A&A 665, A70 (2022)

2a
2b

1

3a

3b

Fig. 6. Double logarithmic plot showing the average proton density, Np, of the different ICME structures and upstream solar wind (SW) versus solar
distance, R, in au. The linear regression lines for each structure from our study are obtained with: Np,SW(R) = 7.0 × R−2.1; Np,ME(R) = 7.1 × R−2.4;
Np,sheath(R) = 22.3 × R−1.7; Np,LE(R) = 26.6 × R−1.5. The uncertainty ranges for the ME density are derived from previous Helios results from
Liu et al. (2005), Wang et al. (2005), Leitner et al. (2007). For the SW density estimate we added model results given in Scolini et al. (2021). For
the sheath density we use as upper and lower uncertainty the standard deviation as derived in this study. Extrapolating the Helios based fits for
SW, ME and sheath density, three intersection sectors are derived (1, 2a–2b, 3a–3b which are marked by black arrows). 1: between sheath density
and upstream solar wind density at about 0.06 au – which can be interpreted as average starting distance for sheath formation; 2a–2b: between
sheath density and ME density ranging from 0.09–0.28 au; 3a–3b: between ME density and the upstream solar wind density ranging from 0.45–
1.18 au. Complementary we show PSP sheath and ME density measurements for a set of five events supporting the general trend derived from
Helios observations. In addition, we provide results for the mean calculated ME density (solid gray line with upper and lower limit, i.e., standard
deviation, marked as light gray dashed lines) over 0.07–0.14 au based on indirect ME density measurements derived by Temmer et al. (2021).

Table 2. Mean parameter values for two distance ranges.

Parameter Sheath LE ME

Np [cm−3] 108
(

243
32

)
| 36
(

141
9

)
105
(

265
44

)
| 39
(

82
8

)
58
(

105
9

)
| 12
(

38
3

)
β 1.1

(
4.6
0.1

)
| 1.4
(

11.0
0.2

)
0.8
(

1.8
0.1

)
| 1.6
(

8.0
0.1

)
0.1
(

0.3
0.02

)
| 0.1
(

0.7
0.04

)
Tp [x104 K] 39

(
161
6

)
| 26
(

120
3

)
35
(

126
8

)
| 19
(

88
3

)
12
(

33
4

)
| 11
(

70
3

)
B [nT] 48

(
117
16

)
| 17
(

47
7

)
50
(

124
15

)
| 16
(

43
5

)
57
(

138
28

)
| 19
(

43
7

)
v [km s−1] 510

(
1100
310

)
| 500
(

930
350

)
540
(

1040
300

)
| 510
(

980
360

)
480
(

720
350

)
| 480
(

730
340

)
tdur [h] 2.7

(
6.6
0.7

)
| 4.7
(

13.0
0.5

)
2.5
(

10.5
0.5

)
| 2.1
(

13.0
0.6

)
17.7
(

35.5
4.3

)
| 26.5

(
56.8
1.6

)
Notes. Mean values together with their minimum and maximum range

(
max
min

)
are given for two distance ranges r1|r2 with r1 < 0.7 au and r2 > 0.7 au.

Parameters for the different structures given are, proton particle density (Np), plasma-beta (β), temperature (Tp), total magnetic field strength (B),
proton bulk speed (v), and duration (tdur). See also Fig. 7, roughly depicting the average values given here.

on the comparison with remote sensing image data (see also
Vourlidas et al. 2013).

4. Relating sheath and LE density to the ambient
solar wind

The recent study by Temmer et al. (2021) showed another inter-
esting result that is worth investigating with the large statistical
ICME sample from Helios data. At 1 au, a strong linear anti-
correlation between the solar wind upstream speed (averaged
over 24 h before the arrival of the disturbance) and the measured
sheath+LE density was derived (cc = −0.73). In comparison, the

upstream solar wind density showed a less strong relation to the
sheath density, which is most likely due to stronger fluctuations
of the density compared to the speed component of the solar
wind (Gosling et al. 1990, 1991). From that we may suggest that
the ambient solar wind speed has some strong influence on the
sheath build-up. Helios data could be used to empirically define
relations between sheath density and solar wind speed as a func-
tion of distance, which could be applied as additional input for
ICME propagation models (see also Takahashi & Shibata 2017).

As a first step, we simply multiplied the upstream solar wind
speed u (defined as three hours average before the arrival of the
disturbance) with the average proton density Np of the distur-
bance. Results for sheath+LE and ME structure are given in
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shock/sheath LE                     ME

Fig. 7. Cartoon illustrating the four different ICME structures and their
relative parameter values. Top panel: discontinuities are marked as blue
shaded areas before and after the LE, the expansion of the sheath and
ME is marked with dotted red lines. Lower panels: particle density
(Np), temperature (Tp), speed (v), plasma-beta (β) and total magnetic
field strength (B) with magnetic field variations from very fluctuating
to smoothly rotating depicted below. For statistical reasons we derived
the values for two different distance ranges and sketch the change in
the average values accordingly (r < 0.7 au in blue and r > 0.7 au in
black). For the actual average values and minimum/maximum ranges
see Table 2.

Fig. 8. We find that the ME part can be fitted best with a fourth-
order polynomial fit, given by

uNp = 3.25×105r4−1.07×106r3 +1.32×106r2−7.44×105r+1.70×105,

with the distance r in au. At distances r > 0.35 au, the ME
part becomes comparable to the solar wind’s speed-density
profile derived from the Leblanc solar wind density model
(Leblanc et al. 1998) multiplied by the average upstream solar
wind speed of ∼375 km s−1 , as derived from our data sample
(see dashed line in Fig. 8). On the other hand, the sheath+LE
part is best fit with a linear function given by

uNp = −5.70 × 104r + 6.32 × 104.

Fig. 8. Upstream speed, u, multiplied by the average density, Np, of
the sheath+LE as well as the magnetic structure. The solid lines give
the linear and fourth-order polynomial fit, respectively. For compari-
son, the dashed line gives the empirical Leblanc solar wind density for-
mula (Leblanc et al. 1998) for a 1 au density of 9 cm−3, multiplied by
the average upstream solar wind speed as derived for our data sample
(∼375 km s−1).

In our first approach, we were able to use these simple relations
to estimate the density of sheath+LE and ME structure as func-
tion of distance and solar wind speed.

In a second approach, we separated the data into different
distance bins and checked the relation between solar wind speed
and density of the identified ICME structures for each bin sep-
arately. As already defined in Sect. 3, we used r1 <0.7 au cov-
ering 16 events and r2 > 0.7 au with 24 events. We derive a
mean density of Np(r1) = 106.2 cm−3 and Np(r2) = 37.8 cm−3 for
sheath+LE and Np(r1) = 57.6 cm−3 and Np(r2) = 12.4 cm−3 for
the ME. As a comparison, we also used four bins, being aware
of the lower statistics, with r1,2,3,4 = [0.3–0.47, 0.47–0.75, 0.79–
0.92, 0.92–0.98] au covering [9,11,11,9] events, from which
we derived mean densities of Np(r1,2,3,4) = [119.3, 78.4, 42.6,
22.4] cm−3 for sheath+LE and Np(r1,2,3,4) = [70.1, 32.4, 14.8,
7.6] cm−3 for the ME.

Figure 9 (left panel) shows Np of sheath+LE structure in
relation to u for the entire data set and is color-coded for the
two distance bins r1 < 0.7 au (red) and r2 > 0.7 au (blue). Not
surprisingly, we derive a wide range of mean densities of 10–
250 cm−3 that relate to a smaller range of upstream solar wind
speed with 250–650 km s−1. When inspecting the distance bins,
the density ranges become smaller, and we may apply a simple
linear fit to relate u and Np in each bin that can be expressed by

Np(u) = ku + c,

with k being the gradient and c a constant. For comparison, we
plot the density-speed relation from the 1 au results as derived in
Temmer et al. (2021) with a gray line. The parameters for the lin-
ear fits are shown in the legend of the left panel of Fig. 9. When
separating into four bins (not shown), the trend is the same; how-
ever, the scatter becomes larger.

In a next step, we inspected the dependence of c and k over
distance. Figure 9 (right panels) shows the derived constants and
gradients from the fit for each distance bin as a function of dis-
tance (r). In the top right panel, values for c are given. These
were derived by separating the sample into two and four bins,
respectively. In addition, we show the constant from the lin-
ear relation from Temmer et al. (2021) for 1 au. For compari-
son, we also plot the Leblanc solar wind density, normalized for
Np = 9 cm−3 at 1 au (dotted line). The lower right panel shows k
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Fig. 9. Linear fits for the relation between sheath+LE structure density and the upstream solar wind speed at different distances from the Sun. Left:
average density, np, and upstream solar wind speed, u, for two distance bins (red: r1 < 0.7 au covering 16 events; blue: r2 > 0.70 au covering 24
events). Right: constants (top) and slope (bottom) for the fits from the two-bin distribution, as given on the left, as well as for a four-bin distribution
(r1,2,3,4 = [0.3–0.47, 0.47–0.75, 0.79–0.92, 0.92–0.98]). In addition, we give the results from Temmer et al. (2021), who derived a linear relation
between the upstream solar wind speed and sheath density for 1 au for a sample of 29 events. We show a linear fit for each sample and give the
resulting regression formula in the legend.

Fig. 10. Measured average sheath and LE density including error bars,
together with the results from the empirical relation between upstream
solar wind speed and average density between shock and the start of
the magnetic structure (i.e., covering sheath and LE). Correlation coef-
ficients between calculated and measured sheath+LE density are given
as obtained from different empirical models. See legend for more details
on the parameters.

values obtained from the linear fits using two bins, four bins, and
results by Temmer et al. (2021), respectively.

As can be seen, depending on the number of bins the con-
stants c and k change slightly, but they seem to follow a lin-
ear trend over distance, r (given in au). We therefore may
relate the parameters simply by c(r) = p1(r)r + p0 and k(r) =
q1(r)r + q0, deriving p0,1=[234.9,−196.8] and q0,1=[−0.21,0.15]
for the constant and gradient, respectively, from the linear fit
using two bins. For four bins, we derive p0,1=[279.3,−255.1] and
q0,1=[−0.30,0.27]. From that, we expressed an empirical rela-
tion to calculate the ICME sheath+LE density as functions of
distance and solar wind speed ahead of the ICME that can be
given by

Np(u, r) = k(r)u + c(r).

Figure 10 shows the resulting sheath+LE densities as derived
from the empirical relations described above in comparison to
the measured sheath+LE densities over distance. The “simple
linear fit” refers to the first approach using a linear fit to the
sheath+LE density multiplied by the upstream solar wind speed.
The “c=lin, k=lin” refers to the second approach when separat-
ing the upstream speed and density into two distance bins from
which the linear fit parameters are calculated as a function of dis-
tance. In applying these empirical methods, we obtain a strong
correlation with the measured sheath+LE densities with correla-
tion coefficients of cc=0.73 for the simple linear fit and cc=0.75
when separating the data into distance bins.

5. Discussion and conclusion

While the ICME ME region has been in the focus of most recent
studies, here we also investigated the upstream regions ahead
of the ME in detail. Using a sample of 40 ICME events mea-
sured in situ from Helios data and five from PSP, we were able to
identify four distinct density features, shock discontinuity, sheath
region, LE, and ME in most events. The LE of in situ ICME events
ahead of the ME body itself being of low plasma-beta might natu-
rally represent the bright leading edges seen in many coronagraph
images of CME events. The in situ data suggest that this enhance-
ment is due to compressed ambient solar wind plasma and not
part of the CME flux rope body, as was previously often thought.
The averaged density values of the structures, sheath, LE, and ME
were investigated as function of distance from the Sun, together
with other parameters such as speed, temperature, magnetic field,
magnetic field variations, and estimated structure sizes.

We find that the density of the sheath decreases as a linear
function with R−1.7, and that of the LE decreases with R−1.5.
We also derive that the results for ME density decrease as a
linear function with R−2.4, and for the solar wind measured
upstream of the disturbance, this is with R−2.1. The results for the
ME density evolution are in accordance with previous findings
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from studies using Helios data as R−2.4 (Schwenn & Marsch
1990; Wang et al. 2005) and R−2.44 (Leitner et al. 2007). For
the solar wind this is with R−2.10 (Schwenn & Marsch 1990)
or R−2.01 (Venzmer & Bothmer 2018), and from modeling it is
R−2.07 (Scolini et al. 2021). We used these results together with
those for the sheath regions found from the current study, cov-
ering measurements in the range 0.3–1.0 au, and extrapolated
them to closer and slightly farther distances through which we
obtain intersection regions. These show, on one hand, that the
ME becomes lower in density than the ambient solar wind
at a distance from 0.45–1.18 au. In agreement, the study by
Wang et al. (2005) found that the ME density becomes lower
than the ambient solar wind at about 1.17 au. Moreover, Liu et al.
(2005) reported average ME densities that are slightly lower
than the solar wind density at 1 au. The lower density inside
the ME in comparison to the ambient solar wind can be under-
stood as a result of the ongoing ICME expansion (see e.g.,
Richardson et al. 2006). On the other hand, we find interesting
results with respect to the density relation between the sheath
and ME, as well as between the sheath and ambient solar wind
for distances closer to the Sun. At about 0.06 au, the sheath
density, on a statistical basis, becomes higher than the ambi-
ent solar wind density. That result could be interpreted as the
distance where the sheath starts to be formed. We note, how-
ever, that we did a simple extrapolation from measurements
derived at greater distances from the Sun. Physical processes
might change below the sub-Alfvénic point, which was recently
measured by ground-breaking PSP measurements at a location
of roughly 0.08 au (see Kasper et al. 2021). Nevertheless, from
remote sensing image data, we can see that 0.06 au is about
the distance at which CMEs have fully developed their struc-
ture, as observed in white-light data (e.g., Vourlidas et al. 2000;
Pluta et al. 2019). At about 0.28 au at the latest, the ME density
might fully drop below the sheath density, which could be related
to the stronger expansion of the ME in comparison to the sheath
and/or a change in the expansion behavior of the ME. Recent
model results by Scolini et al. (2021) report a more rapid ME
expansion up to 0.4 au compared to greater distances from Sun
where the ME expansion is found to be more moderate. Inter-
estingly, Sachdeva et al. (2017) found that, on average, at the
distance of about 0.2 au, the drag force starts to dominate over
the Lorentz force initially driving the CME. PSP results from
the smaller sample of five events basically support the results
derived with Helios data. However, we note that the PSP events
are much weaker compared to Helios events and do not drive
strong shocks; hence, they do not show the different structures
so clearly. To confirm our results, future CME in situ measure-
ments from the SWEAP and FIELDS investigations together
with remote sensing observations from WISPR (Vourlidas et al.
2016) aboard PSP for distances below 0.1 au will be of great
interest (Bale et al. 2016; Kasper et al. 2016).

From this study, we find that the enhanced density struc-
ture ahead of the ME, that is the LE, is not the front of the
flux rope itself, but rather a plasma region that consists of com-
pressed or piled-up plasma; hence, it has some width, but it is
not a structure that expands. The current study implies that the
bright leading front of CMEs imaged by coronagraphs is similarly
not the front of the CME flux rope (see Fig. 1). Vourlidas et al.
(2013) interpreted the bright LE as a pile-up of ambient coro-
nal loops. We find that the sizes of sheath regions and ME struc-
tures increase with distance to the Sun, while the LE size does
not show significant variations. We are aware that in situ we
analyzed localized variations and not all analyzed events reveal
unique boundaries between individual features, as in the case
of the ICME observed by Helios 1 shown in Fig. 2. The issues
found are similar to the non-simultaneous appearances of typical

ICME signatures, which were most often not observed all together
(Zurbuchen & Richardson 2006). It is also likely that the differ-
ent identified regions depend on the CME/ICME kinematics with
respect to the ambient solar wind and that they vary with dis-
tance from the Sun and depending on the crossing of the ICME
in the different events. Assuming that the sheath is related to
the shock-standoff distance, we used the relation between shock-
standoff distance and obstacle/driver size as given by Seiff (1962)
and compared these results to the observed sheath and LE size,
respectively. For the sheath size, a rather good match is found
with a simple approximation of a spherical object. If one consid-
ers the LE as part of the sheath, as has been done in several other
studies, the sheath size would increase in absolute size but with-
out a radial trend. Compared to previous studies, Janvier et al.
(2019) derived a sheath duration of 2.4/7.2./12 h, respectively, for
distances of 0.3/0.72/1 au and 7.2/14.4/19.2 h for the ME dura-
tion. Kilpua et al. (2013) obtained an average sheath duration of
9.1± 4.0 h for 1 au, 7.1± 4.1 h for the front region and 20.6± 9.1 h
for the ME. The current study shows a lesser increase over dis-
tance for the sheath size. Even summing up sheath and LE regions,
we derive 5.2 h (r < 0.7 au) and 6.8 h (r > 0.7 au), which is
much shorter in comparison. The ME is found to be larger on
average, with 17.7 and 26.5 h, respectively, for r < 0.7 au and
r > 0.7 au. We note that the Helios data set covers a different solar
cycle in comparison with the studies from Kilpua et al. (2013) and
Janvier et al. (2019); hence, results might deviate from the more
recent events. We also note that the different ICMEs might have
been intersected at different distances from the apex, leading to
deviations in the sheath and LE region sizes and properties, as
already pointed out.

For the sheath size, we find the highest correlation with the
ambient solar wind density (cc = −0.52) and the plasma-beta of
the ME (cc = −0.51). A weak correlation between the sheath
size and driver speed (LE, ME) exists, as well as a weak anti-
correlation to the sheath density itself. From ICME measurements
at 1 au, Masías-Meza et al. (2016) found that slow ejecta on aver-
age drive a more massive sheath region. In total, the statistics in
the appendix also show that the ME magnetic field is very strongly
related to the LE and sheath density. We thus support the results
of Salman et al. (2021), who concluded that ME properties shape
the sheath properties and that slower CMEs, spending more time
in the solar wind, do not drive larger sheaths. These results are
important for better understanding the CME mass evolution due
to sheath enlargement. We also support results from Maričić et al.
(2020), who derived strong correlations between the magnetic
field in the sheath and LE, indicating a strong physical relation
between these two structures.

The study by Temmer et al. (2021) found a strong anti-
correlation (cc = −0.73) between sheath+LE density for a set
of 29 ICME data at L1, and the ambient solar wind speed mea-
sured 24 h ahead of the disturbance. In contrast, the current
study covers a distance range from 0.3 au to 1 au. For that, we
find the sheath density to be moderately anti-correlated with
the local solar wind plasma speed upstream of the ICME shock
(cc = −0.41). Repeating the analysis of the upstream solar wind
speed-sheath density relation for two different distance bins (r1,
r2), for the events measured at distances larger than 0.7 au, we
derive an increase in the Spearman correlation coefficient with
cc = −0.58 (80% confidence level). For events closer to the
Sun, the relation is less clear and the scatter increases. Assum-
ing there is a local dependency between the sheath density and
the ambient solar wind speed, these results allow us to define
some empirical relations. Those enabled us to model the den-
sity of sheath and LE structure over distance simply by knowing
the upstream solar wind speed at that distance. This supports the
more reliable model output of the background solar wind speed
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component, and the results presented here could be implemented
in numerical models in order to add the pile-up or compression
of material ahead of the propagating ICME. In a similar way,
Kay et al. (2020) related the downstream density and magnetic
field strength to the upstream properties from which an empirical
model is derived to predict the sheath structure at 1 au.

We summarize our main findings as follows:
– Four main density structures, namely shock, sheath, leading

edge, and magnetic ejecta are identified in plasma and mag-
netic measurements of 45 studied ICMEs observed by the
Helios 1 and 2 and PSP spacecraft.

– The radial distance from the Sun at which the sheath forms is
estimated at about 0.06 au, where the inferred sheath density
exceeds the ambient solar wind density.

– The sheath density might start to become prominent over the
ME density in the 0.09–0.28 au distance range where the ME
expansion would likely be stronger than further out in the
heliosphere.

– The ME density is inferred to become lower than the ambient
solar wind density in the distance range from 0.45–1.18 au.

– The sheath characteristics seem to be related to the upstream
solar wind and ME properties.

– Assuming a local linear relation between sheath density and
ambient solar wind speed, we give empirical relations that
could support CME propagation models.

Investigating the shock-sheath and leading-edge structures sepa-
rately as a function over distance using Helios data is an impor-
tant first step and shows interesting results as to where these
structures might form. With PSP approaching the Sun in the
near future and reaching as close as 0.05 au, we will certainly
detect more and stronger CME events to obtain measurements
that might reaffirm the presented results and give more detailed
insight into the sheath build-up processes. With increasing solar
activity we expect also stronger events to obtain more con-
clusive results (see also Venzmer & Bothmer 2018). Moreover,
the Wide-field Imager for PSP (WISPR Vourlidas et al. 2016)
enables comparative studies with remote sensing white-light
data and high spatial resolution.
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Appendix A: Statistics and additional ICME
information

Figure A.1 shows the statistical relation between various param-
eters extracted from Helios 1/2 plasma and magnetic field data.
The Spearman correlation coefficients are calculated on a 90%
significance level. Correlations with significances below are
not given (i.e., left blank). For each structure, the matrix cov-
ers sheath (sh), leading edge (LE), and magnetic ejecta (ME),
and their average parameters in density (den), magnetic field

(mag), speed (v), and respective fluctuations (fl) from the stan-
dard deviation of these parameters. Furthermore, we give the
plasma-beta (pb), upstream solar wind speed measured at three
and 24 hours, respectively, ahead of the disturbance (u_u3h,
u_u24h), as well as downstream solar wind density and speed,
respectively, measured three hours after the disturbance (d_d3h,
u_d3h). The calculated correlations additionally cover the size(s)
of each structure, the Alfvén Mach number (Mach_A, see
Section 3), and the distance at which the measurements were
taken.
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Fig. A.1. Spearman correlation coefficient matrix for different solar wind parameters, calculated on a 90% significance level. Correlations with
significances below this are not given (i.e., left blank).
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Fig. A.2. Sample ICME events observed with Helios 1 and 2 at different distances from the Sun. See Table A.1 for details.
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Fig. A.3. ICME samples observed with PSP. See Table 1 for details.

Table A.1. List of ICME Helios events.

s/c year DOY R [au] list s/c year DOY R[au] list

H1 1975 7 0.92 B&S H1 1980 90 0.88 B&S
H1 1975 63,64 0.39 B&S H1 1980 162,163 0.41 B&S
H1 1975 92 0.48 B&S H1 1980 171,172 0.53 B&S
H1 1975 313 0.87 B&S H1 1980 175 0.57 B&S
H1 1976 187 0.98 B&S H1 1980 189 0.73 new
H1 1977 29,30 0.95 B&S H1 1980 203 0.84 new
H1 1977 78,79 0.57 B&S H1 1981 103 0.89 new
H1 1977 159,160 0.86 B&S H1 1981 117,118 0.79 B&S
H1 1977 240,241 0.84 B&S H1 1981 146,147 0.48 B&S
H1 1977 268,269 0.57 B&S H1 1981 156 0.35 new
H1 1977 335 0.75 B&S H1 1981 170 0.34 B&S
H1 1978 3,4 0.95 B&S H2 1976 90 0.47 B&S
H1 1978 46,47 0.95 B&S H2 1977 76 0.71 B&S
H1 1978 61,62 0.87 B&S H2 1977 335 0.70 new
H1 1978 132 0.41 new H2 1978 4,5 0.94 B&S
H1 1978 363,364 0.85 B&S H2 1978 47,48 0.95 B&S
H1 1979 58,59 0.96 B&S H2 1978 114 0.32 B&S
H1 1979 62 0.94 B&S H2 1978 358,359 0.85 B&S
H1 1979 148,149 0.43 B&S H2 1979 93 0.68 B&S
H1 1980 82,83 0.92 B&S H2 1979 129 0.30 B&S

Notes. List of ICME Helios events with year and day of year (DOY), spacecraft (s/c) providing the in situ measurements, Helios 1 (H1) or Helios
2 (H2), and s/c distance from the Sun (R). 34 events are covered in the catalog from B&S. Six new ones were added within the framework of this
study.
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